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SUMMARY

In the 21st century, thin glass has been used as a screen protector for electronic devices and
smartphones. During the last 10 years, several studies have been carried out to introduce the thin glass
in the building industry. The advantages of this material are light weight, high strength and high
flexibility. On the other hand, thin glass, due to its low thickness, has a limited bending stiffness.
Therefore, it is challenging to apply this innovative material in the building field. Within this research,
the stiffness of thin glass is increased by the realization of a thin glass cold bent sandwich panel.

The proposed sandwich panel is realized by using thin glass faces and a 3D printed polymeric core. Due
to the high flexibility of the glass, the material can be easily bent and glued to the core. The curved core
hold the cold bent glass in shape without the use of any frame. This results in a cold bent sandwich panel.

In order to realize the core of the sandwich panel, two different pattern has been investigated and
compared. The first one is a pyramidal spaceframe, manufactured with FDM technique. This core
topology is characterized by a high strength and stiffness related to a low density pattern. The second
core type is a closed square cells pattern, realized by laser cutting technique which has a higher shear
stiffness but also a higher relative density.

The two sandwich panels are reproduced and studied with numerical models by the use of Finite
Element Software. The aim of this study is to investigate the structural behaviour of the sandwich panels.
From the numerical results, information regarding the failure methods of the sandwich panel is
obtained. The connections between the glass faces and the core of the sandwich structure revealed to
be the most critical part. The panel is expected to have its first failure in the glue connection, then the
stiffness of the panel will decrease due to the absence of the sandwich behaviour, finally the glass pane
will fail.

To validate the numerical results, laboratory tests have to be carried out. Before performing the tests,
the sandwich panels is manufactured. First of all, the bottom pane of the sandwich is cold bent on a
wooden mould. Then, the glass and the core are glued together and the glue is cured through the use of
UV light machine. Subsequentely, the core itself is used as a mould to cold bend the top glass pane and
the gluing porcess is repeted. Finally, the panel is ready to be tested.

The manufactured panels have been tested with simply supported boundary conditions and loaded by
a point load. The experimental results are in line with the numerical results. Also in the tests the first
failure appeares in the glue connection between the core and the glass faces. Moreover, the pyramidal
spaceframe pattern shows a stiffer behaviour compared to the closed cell pattern. The closed cells
pattern did not behave as expected, due to the chosen manufacturing conditions related to the laser
cutting technique. In detail,the joints within the ribs of the core behaved as hinged connection instead
of fixed connections. Therefore, the pyramidal spaceframe pattern has been chosen for the final design.

Lastly, a final design has been carried out in order to demonstrate the suitability of the reserached cold
bent sandwich panel in the building industry. A panel of 1200mm x 3000mm has been realized by the
use of 0,5 mm Falcon glass ply and an 11 mm, 3D printed interlayer, realized by PETG. The sandwich
panel is assumed to be applied to the Netherlands Architecture Institute (NAI) building in Rotterdam.
The composite panel is supported on two edges and loaded by self-weight and wind load.

The design of the curved sandwich panel revealed to be a feasible facade panel proposal. The feasibility
is defined in terms of a structural facade element, which fulfil the limits of safety and comfort. The curved
sandwich panel, proposed in the final design, results to be 280 times stiffer compared to a curved two
layered thin glass laminated panel.



Furthermore, it was demonstrated that the proposed sandwich panel could guarantee a weight
reduction of more than 80% in comparison to the glass used nowadays in building facades. This
characteristic not only facilitates the assemblage of the facade, but also can bring to the usage of a lighter
support structure. This can bring advantages both in terms of cost of the total structure and energy
required to assemble the building.
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Symbols

A Area of the glass panel m?2

B Panel width mm

b Panel strip mm

E. Core Young’s modulus MPa
Glass Young’s modulus MPa
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Core Shear modulus MPa
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Total Height sandwich panel mm
Core height mm
Panel length mm
Normal Force N
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Poisson ratio -
Distributed transverse load kN/m?
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Density kg/m3
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Acrylonitrile Butadiene Styrene
Asahi Glass Co.
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Introduction

1. Introduction

The use of thin glass has become popular in the 21st century within the electronic field. Many electronic
devices, such as smartphones and tablet, use thin glass as a screen protector. Although this function may
seem curious for a brittle material as it is glass, thin glass shows a high scratch resistance and high
strength. Since 2010, the chemical composition of thin glass has been investigated by Gomez (2011)
and the possibility of using thin glass as a building material has been proposed first by Lambert &
O’Callaghan (2013) and later by Hundervad (2014). Hundervad has noticed that the tendency in
architecture of making increasingly bigger glass panes, brought the panels to become considerably
heavier. As they became heavier, the necessity to thicken the panes and to laminate them was needed
for structural purposes and safety reasons. Glass panes have been produced increasingly thicker to
satisfy the requirements. This tendency brought to the necessity of having heavier supporting
structures, which means more use of supporting material since more mechanical capacity is needed.
Hundervad underlined the fact that we should investigate a manner to “save material rather than using
more of it” (Hundevad, 2014). Therefore, the technology of thin glass, already existent in the electronic
field, was proposed and investigated to be used in the building industry.

Thin glass can be classified as an innovative material, if considered to be used for the building
environment. It is certain that aluminosilicate thin glass, compared to currently used soda lime glass,
offers two main advantages:

" T o

1. Weight reduction 2. Less energy required for production
since a thinner glass is used because less raw materials are used

A summary of the characteristics of thin glass is summarized below. Once the material has been
chemically strengthened, aluminosilicate thin glass shows the following characteristics (Hundevad,
2014):

e Lightweight structure: the dead load will considerably decrease.
o High strength: since the chemical procedure will enlarge design stresses up to 10 times stronger
than thermally tempered glass.

o High flexibility: the combination of thin glass and a high strength allows large deformations
without breakage.

The high flexibility of the glass, combined to the thinnest of the material, brings thin glass to exhibit large
deflections, due to a poor bending stiffness. In order to use thin glass as a structural material, the
stiffness has to be increased, to reduce the deflection of the structure, and thus, to assure comfort.
Different strategies to improve the bending stiffness of thin glass have been proposed by Hundervad,
Lennert and O’Callaghan, and have been summarized by Simoen (2016) as it is shown in the figure
below.

11|Page
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Stretch or Adjust Boundaries Bending Increasing Moment of Inertia Deflate Inflate

Figure 1.1 Stiffening method available

Nowadays, much attention is given at curved building envelopes. For this reason, it seems reasonable to
investigate a thin glass curved panel. Moreover, in order to increase the stiffness of the thin glass, a
sandwich panel is realized, which increases the second moment of inertia of the structure. The purpose
of this study is to research the increase in stiffness of a thin glass cold bent sandwich panel.

Bending Increasing Moment of Inertia

Figure 1.2 Stiffening method investigated in this research

1.1  State of the art

In the last years, the literature available on thin glass has been deeply expanded. The possibility to
increase the stiffness of thin glass by laminating the panel, proposed by Lambert and O’Callaghan
(2013), has been further investigated by Akilo (2018) and Neeskens (2018). In their research,
chemically strengthened thin glass has been laminated with a 3D printed polymeric material.

The project, carried out by Akilo (2018), investigates how to stiffener thin glass by the usage of sandwich
structures. The utilization of two innovative techniques have been combined: thin glass to be used in
the building industry and Additive Manufacturing, better known as 3D printing. The result of the
research shows a panel which is 125 times stiffer compared to two thin glass panes laminated together.
The appearance of the sandwich panel is shown in the following figures.

12|Page
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Figure 1.3 Composite panel with Thin Glass faces and 3D printed polymeric core (Akilo, 2018)

Moreover, Neeskens (2018) has investigated new patterns for the core of the sandwich panel. After
having analysed different types of structures, the use of a Voronoi pattern has been chosen as a final
design. The core of the structure has been optimized according to different boundary conditions. Three
different panel proposals are shown in Figure 1.4.

This research demonstrates how versatile this panel is. The applicability of this panel can be highly
required by architects who want to design their own core pattern. Moreover, the pattern can be
optimized depending on the function, the loading conditions and many other parameters.

Veasgess

ol

Figure 1.4 Thin Glass composite panel - Voronoi structure (Neeskens, 2018)
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According to the research of Lambert & O’Callaghan (2013), further investigation for the utilization of
chemically strengthened glass in cold form surfaces and tensile membrane structure would be of great
interest. Researches on the suggested strategies to increase the bending stiffness of thin glass have been
carried out in the last years, enlarging the available literature on this topic.

The option of cold bending the glass has been investigated by Carlyn Simoen and Rafael Ribeiro Silveira,
both from TU Delft University. Simoen (Simoen, 2016) investigated the feasibility of a second skin facade
made by cold bent thin glass panels. The material has been deeply researched and then the design of a
cylindrically bent panel has been realized. The outcome of her research is shown in Figure 1.5.

Figure 1.5 Cold Bent Thin Glass for a second skin facade (Simoen, 2016)

As further research, Silveira (Silveira, 2016) investigated the possibility of realizing an adaptive second
skin facade, by taking advantage of the flexibility of thin glass. The design proposes a movable facade
panel, realized by adaptive supports. Those supports are created by a rail system frame on the edge of
the panel. This solution enables the glass to curve and to change its shape according to different external
conditions.

14|Page
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Figure 1.6 Adaptive thin Glass facade (Silveira, 2016)

The work of Topcu (Topcu, 2017) further explores the adaptive thin glass facade concept and focus on
the possibilities to create a water and airtightness facade in closed conditions (Louter, et al., 2018). After
having investigated different design possibilities, the author proposes an adaptive thin glass facade with
magnetic sealing at the edges.

Figure 1.7 Adaptive thin glass facade - water and airtight boundary conditions (Topcu, 2017)
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During the last year, this concept has been further developed by the research of Miri (Miri, 2018) and
the research of Zha (Zha, 2018). Miri has integrated the use of Shape Memory Alloy (SMA) in the
windows configuration. By the use of SMA, the glass will be pulled or bent to reach the desired shape in
accordance with boundary conditions, since the SMA will shorten when heated. At the same time, Zha
has introduced soft pneumatic actuators as a boundary element. The conceptis to bend thin glass though
inflations of the pneumatic.

Moreover, Schlosser (Schlosser, 2018) has investigated the post-breakage behaviour of cold bent
laminated thin glass panels. All the researches, which has been named above, are realized with a single
ply of glass. If thin glass is proposed as an alternative to soda-lime glass in the building industry, safety
has to be treated accordingly. The need for laminate thin glass panel becomes of prime importance. The
study of Schlésser has enlarged the knowledge on the post-breakage behaviour of curved thin glass
laminated panels (Figure 1.8).

Figure 1.8 Thin Glass as Cold Bent Laminated Panels (Schlosser, 2018)

1.2  Problem Statement

The flexibility of thin glass can be seen as an advantage, because it allows creating curved shapes with
cold bending technique easily. On the other hand, it can also be seen as a limitation for this product to
be used in building applications. If this flexibility is not adequately controlled, the glass will exhibit large
deflections. The deflection does not have to exceed the limit value of the Serviceability Limit States (SLS),
given by the normative. Deflection of thin glass could bring to noise production and technical problems
in long term applications. Moreover, large deflections could induce fear perception by users.

16| Page
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1.3  Research Objective

The purpose of this research is to broaden the knowledge of thin glass and its structural behaviour, to
propose this material to be used as a facade panel in the building industry. The objective of the project
is to design, prototype and testing the realization of a curved sandwich panel, composed of cold bent
thin glass faces, kept in shape by the core of the sandwich structure. The purpose of the curved panel is
to be used in freeform curved building facades, fulfilling the limitations imposed by the existing
normative.

Main Research Question

To what extent can thin glass be stiffened by the realization of a cold bent sandwich panel - made by thin
glass faces 0,5mm and a polymeric core - to be used in the building industry as a facade element?

Sub-questions

The first sub-question is related to the material, glass. It will be addressed in Chapter 2, and answered
in Paragraph 2.6:

o  What are the characteristics of chemically strengthened aluminosilicate glass, compared to the
commonly used soda lime silica glass?
e To what extent can thin glass be cold bent?

Later, the theory of sandwich structure will be introduced in Chapter 3 and the related sub-questions
will be answered in Paragraph 3.6.

e To what extent will a sandwich structure increase the stiffness of the panel?
o  Which technique is the most appropriate for realizing the core?

Then, Additive Manufacturing technique is introduced in Chapter 4 and the following sub-questions
will be answered in Paragraph 4.5:

o What is Additive Manufacturing (AM)?
e  Which techniques of AM are currently available?
e Which core material is the most appropriate for the analysed problem?

From Chapter 5, the Preliminary design will be introduced. In Paragraph 5.3, the cold bending procedure
of thin glass will be illustrated, and the following sub-questions will be answered.

e How can the cold bending process be modelled in FEM?

Moreover, in Paragraph 5.5 the numerical calculation of the design proposed will be illustrated and the
following sub-question about Finite Element Software will be addressed.

o  Which differences between the software Femap and Karamba can be underlined after the analysis
of the models?

Finally, the manufacturing and testing of the panel will be presented and the last sub-question is
answered in Paragraph 7.4:

o  Which test set up can be used to test this cold bent sandwich panel?

17|Page
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1.4  Hypothesis

Based on the previous consideration about the research investigation topic and the proposal approach
which will be used, a hypothesis is developed. It has to be verified that if the two proposed approaches
are combined - cold bending the glass and making a sandwich panel - the arch-shaped panel will stay
in shape by itself, without the need of a frame. The hypothesis is that cold bent glass will be kept in shape
by the core of the sandwich structure, resulting in the realization of a free-standing arch (Figure 1.9).
This characteristic could simplify the assemblage of the facade, since the panel is already in shape. This
hypothesis will be considered during the development of the research and it will be addressed in the
conclusions of the report.

-
T

Figure 1.9 Arch with a frame (left) - Freestanding arch (right)

18| Page



Introduction

1.5 Methodology

This research can be classified as a Practical Investigation of a new technology: a curved sandwich panel
realized by thin glass faces and a polymeric core. This research will involve laboratory testing and it will
follow an experimental approach. Experimental data will be analysed to draw conclusions. The
methodology used in each part of the thesis is explained below:

Part I - Literature Review

In the first part of the graduation, a literature review will be performed to determine the properties of
glass and particularly, thin glass. Furthermore, the structural behaviour of sandwich panels will be
analysed. The available techniques and materials to realize the core will be researched. Then, the
technique available to optimize the core will also be addressed.

Later, the first sub-questions will be answered and the starting points for the preliminary design will be
delineated. The type of glass, thickness and dimensions will be set and the material and the technique
to realize the core will be defined.

Part Il - Preliminary Design

Starting from the conclusions of the literature review, the material and the dimensions of the sandwich
panel will be defined. Then, the loading and boundary condition will be illustrated. The sandwich panel
will be designed by the use of Rhino + Grasshopper and then studied in this preliminary design by the
plug-in Karamba, a parametric structural engineering tool to perform structural calculations. Since
Grasshopper is a parametric programme, it enables to quickly change the design accordingly with the
result obtained. Simplified analytical calculations will also be made to check numerical calculations.
Moreover, when a preferred design will be reached, the model will also be tested by Femap, a Finite
Element Program developed by Siemens to ensure the correctness of the numerical results.

Part IIl - Manufacturing and Laboratory Testing

This phase will be performed in the laboratory. The preliminary design, carried out in the previous stage,
will now be manufactured, assembled and tested. The thin glass panel will be cold bent by the use of a
wooden mould. Subsequently, experimental testing will be performed. Having considered the possible
failure modes in the design phase gives the opportunity to predict how the panel is expected to fail. The
assumption made according to the numerical models can now be verified with experimental results. The
comparison of the results given by the numerical calculations and the experimental testing will be
performed, analysed and commented.

Part IV - Final Design

The information gained from the numerical and experimental results will be used to create a final design
of the cold bent sandwich panel. Finally, all the data will be evaluated together to draw conclusions and
recommendations for further researches.

The schematization of the methodology used in this graduation project is summarized in Figure 1.10.
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Part I: Literature Review Glass - the material

2. Glass - the material

2.1 Introduction

In this chapter, the main features of glass are introduced. The chemical and physical properties of the
material will be investigated. Then, the processing and post-processing techniques available nowadays
will be illustrated. Finally, an overview of the material, which includes both glass and thin glass, will be
presented. The following research sub-question will be answered:

o What are the characteristics of chemically strengthened aluminosilicate glass, compared to the
commonly used soda lime silica glass?

2.2  Material Properties

2.2.1 Chemical properties

Glass is a non-crystalline amorphous solid. Although at nano-level there can be recognized some regular
elements, there is no systematic repetition of this structure and thus no crystallinity, as can be seen in
Figure 2.1. This lack of a crystalline structure does not allow any dislocations; therefore neither any
plasticity in the material. Glass can only deform elastically, or it immediately breaks (Veer, 2007).

Calcium

. Sodium

® Oxygen
® Silicon

Figure 2.1 Atomic structure of Soda Lime Silica Glass

Silica (Si0O2) is a common fundamental constituent of glass. The content of silica can be used to classify
different categories of glass. The chemical differences between soda lime silica glass, borosilicate glass
and aluminosilicate glass are summarized in Table 2.1 (Schittich, Staib, Balkow, Schuler, & Sobek, 2007
and Louter, 2017). As shown in the table, borosilicate glass contains approximately 7 - 15% of boron-
oxide, which is not present in soda lime silica glass. Since the coefficient of thermal expansion is lower,
borosilicate glass has a higher thermal fatigue resistance. For this reason, it is used for special purposes,
for instance when fire protection is required. This glass also has high resistance to alkaline solutions
and acids (Schittich, Staib, Balkow, Schuler, & Sobek, 2007). Soda lime silica glass is generally used in
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the building industry, due to the lower cost of production. Whereas borosilicate glass is adopted when
particular characteristics are required. On the other hand, in aluminosilicate glass, an increased amount
of alumina (Al203) can be noticed. This characteristic gives to aluminosilicate glass a higher melting
point, in fact, it is used for fire-resistant glazing applications (Schittich, Staib, Balkow, Schuler, & Sobek,
2007). Aluminosilicate glass is similar to borosilicate glass, but it has greater chemical durability.

Soda Lime Silica Borosilicate Aluminosilicate
Glass Glass Glass

Silica Sand SiO; 69 -74 % 70 -87 % 58 -62 %
Lime CaO 5-12% - 5-8%
Soda Naz0 12-16% 0-8% 0-1%
Boron-Oxide B,03 - 7-15% 0-5%
Magnesia MgO 0-6% - 4-7%

Alumina Al,O3 0-3% 1-8% 14 -18%
Others - 0-5% 0-8% 0-6%

Table 2.1 Soda Lime Silica Glass, Borosilicate Glass and Aluminosilicate Glass — Compositions

(Schittich, Staib, Balkow, Schuler, & Sobek, 2007)

Different material properties give different characteristics to the final product, which can be used in
accordance with the specific demand. General characteristics and possible applications of soda lime
silica glass, borosilicate glass and aluminosilicate glass are summarized in Table 2.2.

Primary Thermal Shock Chemical Applications
Components Resistance Resistance
Soda-Lime SiO; Fo.od and beverage containers
- Na:0 Low Average Windows
Silica Glass
Ca0 Lamp envelopes
Industrial equipment
Borosilicate SiO2 . : Exterior lighting
Glass B,03 Average - High High Laboratory and kitchen
glassware
Cookware
Aluminosilicate Si0; Hich Hich Glass ceramics
Glass Al;03 & & Resistors for electronic

circuity

Table 2.2 Soda Lime Silica Glass, Borosilicate Glass and Aluminosilicate Glass - Properties and Applications
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2.2.2 Physical Properties

Glass shows a linear elastic behaviour with a brittle fracture. This can be seen in the stress and strain
relationship diagram in Figure 2.2. This figure shows a qualitative comparison of the physical properties
of glass, compared with the one of steel and wood. Those two building material shows a plastic range in
their behaviour, while no yielding capacity is shown in glass. Glass breaks suddenly and without any
warning, for this reason, safety measures have to be taken in order to use glass as a building material

(Paragraph 2.4).
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Figure 2.2 Physical Properties of Glass, Steel and Wood (Wurm, 2007)

The binding energy of the SiO4 tetrahedron gives to glass a high strength in the material, which is up to
8 000 MPa in the literature (Wurm, 2007). However, the tensile strength achievable in practice is not
even close to this value, it is less than 1%, because the presence of flaws on the glass surface can create
the material to crack, due to the brittle nature of glass. The strength of glass depends on the degree of
damage of the surface, taking into account scratches and flaws. Tensile stresses at these notch sites lead
the stress concentrations in the crack root, which cause the propagation of the crack. Therefore, the
tensile or bending strength of glass reflects the surface quality and it is not a constant value.

e ]

| | | | | crack
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Figure 2.3 Flaws in the glass surface act as stress concentrators (Louter, 2017)
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An overview of the main properties of Soda Lime Glass, compared to Aluminosilicate Glass, in particular,
Falcon Glass and Leoflex Glass from AGC, is shown in Table 2.3.

Soda Lime Silica Aluminosilicate
Falcon Leoflex
Glass Glass
Mechanical
Density p kg/m3 2500 2480 2480
Young’s Modulus E MPa 70 000 73000 74 000
Shear Modulus G MPa 30000 30 000 30 000
Poisson Ratio v - 0,22 0,22 0,23
Bending strength fox MPa 45 45 45
hdnett o wm - -
CT: 150 CT: 314 CT: 260
Knoop Hardness HRoiz  MPa = be-fore . 45526b:fft2rreccTT 706 after CT
Thermal
Transition Temp T, °C 530 575 604
Thermal Expansion o 10-6 °C-t 85E7 91E~7 98E-7
Thermal Conduct A W/m°C 0,96 0,95 -
Light Transmission LT % 90 91 91
General
Max Panel Size A mm X mm 3210x 18000 3210x 1600 2070x 1650
Thickness Range t mm 2-19 05-21 0,55-2

Table 2.3 Properties of Soda Lime Glass compared to Aluminosilicate Glass (Falcon Glass and Leoflex Glass)
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2.3 Production Process

In this paragraph, the production processes available to realize glass will be presented. First of all, the
floating process, which is the most common production technique used nowadays, will be explained.
Later on, newer production processes, known as the down-drown process and the overflow fusion
process, will be described. Those last processes are used to fabricate thin glass in particular.

2.3.1 Floating Technique

The process used to produce glass sheets is called Float Glass Process (Figure 2.4) and it was invented
and patented in 1959 by the British manufacturer, Alastair Pilkington, reason why this process is also
known as Pilkington process.

The first step consists in collecting the required raw materials and mixing them together. Then, the
mixing is melt in a furnace at a temperature of approximately 1400 - 1600 °C. Once the glass is
completely melted, the temperature is stabilized around 1200°C. The melted glass floats on top of a bath
of molten tin. This part of the process assures the flatness of the outer product. The speed of the roller
dictates the thickness of the glass: the higher the speed, the thinner the glass. Later, the sheet of glass is
slowly cooled to prevent the arising of stresses. As the last step, the glass is inspected and then cut
according to the required dimensions. Standard sheet dimensions are 6m x 3,21m, while the nominal
thickness realized with this process are 2, 3,4, 5, 6, 8, 10, 12, 15, 19 (and 25) mm. Oversized sheets can
be realized in required and exceptional cases, if the equipment available is able to realize the required
dimensions.

Raw material sios

Sl

6x321m

pyrolysis spray Annealing lehy Optical laser
s >
1
MELTING FLOATING COATING COOLING INSPECTING CUTTING STORING
Optional

Figure 2.4 Float Glass production process (Tangram Technology, s.d. 2009, edited by Simoen, 2016)

2.3.2 Production Process for Thin Glass

In order to realize thinner glass, an adapted process of the common Float Glass production process can
be utilized. However, thin glass can be better realized by two other processes: the Overflown fusion
process and the Down-drawn process (Figure 2.5). Those methods are vertical drowing production
processes. They both have the advantage of generating the sheet of glass without being touched by
molten tin. Therefore, both side of the glass has the same properties, and no flaw is generated.

The Overflow fusion method (Figure 2.3, right image) consists in pouring the molten glass from a V-
shaped tank. When the tank is full, molten glass “overflows” from both sides and fuses at the bottom of
the V-shaped tank. After a cooling phase, the glass is cut into specific sizes.
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The Down-drawn process (Figure 2.3, left image) is actually inspired by ancient techniques for making
glass. It is similar to the Overflow fusion method, but the tank has a thin hole at the bottom, from which
molten glass can flow. The molten glass is cooled to ambient temperature by annealing furnaces. After
this controlled cooling process, the glass is cut into specific sizes.

DOWN-DRAW PROCESS OVERFLOW-FUSION PROCESS

Molten glass

Overflow  —

Platinum —
Edge

Smooth

Annealing Surface

Furnace

Roller Re-uniting

point

Glass sheet

Figure 2.5 Thin glass production processes - Down-Drawn Process (left) and Overflow Process (right)

(Albus & Robanus, 2014)

2.4  Post Processing

Once the glass has been produced, some post-processing operations are needed to meet requirements
for performance, safety, shape and appearance. To avoid unexpected breakages, post-processing
measurements are taken in respect of specific regulations. First of all, the glass has to be cut, according
to design dimensions. Then, the edges can be left as cut or chamfered, or they can be treated as
preferred: ground, polished, round or facetted (Louter, Material Characteristics, Production, Processing
& Products, 2017). If a hole is needed in the glass, drilling has to be realized before any surface
treatment, like coating, is done. Moreover, specific treatment to strengthen the glass can be performed:
thermal or chemical treatment can be realized.

2.4.1 Thermal and Chemical Treatment

Thermal Treatment

Thermal treatment is a typical process of prestressing, according to EN 12150, in which the glass is
moved forward on rollers into the heating zone and is heat up above the transition point. After this
phase, the glass is blown with air. During the phase of cooling to ambient temperature, the glass is
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permanently moved forwards and backwards on rollers in the furnace. The thinner the glass, the greater
the so-called roller waves occur (Neugebauer & Waller-Novak, 2018).

Thermally treated glass can be distinguished in: thermally toughened, heat-strengthened and heat-
soaked thermally toughened safety glass (Schittich, Staib, Balkow, Schuler, & Sobek, 2007).

Thermally toughened glass: The flat glass pane is heated to its transformation point (min 640°C). Once
the entire glass has reached this temperature, the material is cooled down. The surface cools faster than
the core of the glass. This creates additional compressive stresses in the surfaces, which make the glass
stronger.

Heat-strengthened glass: The production of Heat Strengthened Glass is similar to the one of thermally
strengthened glass, since the glass is heated and cooled with air. However, the cooling phase is done
more slowly, resulting in lower stresses at the surface, but better breakage behaviour.

Heat-soaked thermally toughened safety glass: Toughened glass is heated for a specific period at
moderately high temperatures to reduce the possibilities of spontaneous fracture in service. Heat
soaking is recommended where roof applications are required.

The principle of glass tempering consists in prestressing the glass, as it is shown in Figure 2.6. A layer of
compressive stress on the surface of the glass can make the glass stronger and more resistant to existing
flaws and imperfections.

ANNEALED GLASS TEMPERED GLASS
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Figure 2.6 Principle of glass tempering (Louter, 2017)

The fractural pattern of glass depends on the amounts of energy stored in the glass. For this reason, the
post breakage pattern is different, because it is related to the energy released by the panel. As a general
rule of thumb, the more energy the glass contains, the smaller the particles are that results in breakage
(Hundevad, 2014). The fractural patter of annealed, heat strengthened and fully tempered glass is
shown in the following picture.
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Figure 2.7 Fracture pattern - (a) Annealed, (b) Heat strengthened and (c) Fully tempered glass
(Schittich, Staib, Balkow, Schuler, & Sobek, 2007)

Chemical Treatment

The chemical treatment is the one generally used for thin glass, and for this reason, it will be explained
more in detail. Chemical tempering is a post-process procedure in which the glass is submerged in a salt
bath. The bath contains potassium salt (typically potassium nitrate). During this time, exchanging of ions
will occur: the sodium ions in the glass will be replaced by potassium ions, which are larger (Figure 2.8).
When large diameter K+ replace the space of smaller Na+, the larger ions are squeezed into a smaller
space. Since the volume of the glass has to remain constant, the ions are compressed to fit the space.
This squeezing force is better named as compressive stress. This procedure will generate a uniform
layer of Compressive Stress on the outside layer, as it is shown in Figure 2.9 (Materials., September

2007).

Before ion exchange

After ion exchange

K K W
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The ion exchange mechanism of glass strengthening

Figure 2.8 Chemical Strengthening Ion Exchange (http://www.neg.co.jp/en/product/dp/dinorex, s.d.)
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Heat Treated Glass Chemically toughened Glass
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Figure 2.9 Comparison of stresses introduced by Heat treated glass (left) and chemically toughened glass (right)

The degree of chemical tempering is measured by the magnitude of Compressive Stresses (CS) and the
depth of the compressive stress layer, also called Depth of Layer (DOL). The process depends on the
time the glass is left in the bath, the temperature of the salt bath and the composition of the salt bath.
Generally, at a higher temperature the DOL will be deeper, thanks to a higher value of ion exchanging;
while the CS will be lower, due to the relaxation of stresses at a higher temperature.

The effect of the chemically strengthened glass has been compared between Aluminosilicate glass and
Soda Lime glass, in the research of Gomez (Gomez, S. et al., 2011). As it has been explained above, the
exchange of smaller sodium ions with bigger potassium ones, creates a compressive layer in the glass
surface producing compressive stress (CS). On the other hand, just below the compressive stress, a
volume under tensile stress (TS) will equalize the situation. As time and temperature increase, DOL
increases, while CS decreases. The interesting fact is that comparing to Soda Lime Glass, Gorilla Glass, a
particular Aluminosilicate type of glass, is not only able to reach a deeper DOL, but also maintaining
higher CS. Those facts underline the potentialities of using a chemical treatment on this type of glass.
The results of the experiments (Gomez, S. et al., 2011) are shown in the picture below:
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Figure 2.10 DOL vs CS for a set of commercial Soda Lime Glass (SLS) and Gorilla Glass (GG) (Gomez, et al., 2011)
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Another feasible alternative of Gorilla Glass is offered by AGC Group. Similar results can be achieved

with Falcon glass, a new type of Aluminosilicate thin glass, suitable for chemical toughening and
produced by very high quality, cost-efficient float process. The comparison between Soda-Lime Glass,

Falcon and Aluminosilicate Glass is shown in Figure 2.11. The specific performances of Falcon glass are
summarized in Appendix A.
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Figure 2.11 Performance achievable with chemical tempering (AGC Group, 2016)
2.4.2 Laminated Glass

Laminated glass consists of two or more layers of glass bonded together with an intermediate layer. The

lamination process is usually obtained by treating glass to heat (140°C) and pressure (up to 14bar) and
takes place in autoclaves. Lamination does not avoid brittle glass behaviour, however, laminated glass
is a type of safety glass that holds together when shattered (Schipper, 2015). In the event of breakage,
the glass is held in place by the interlayer, typically polyvinyl butyral (PVB). The interlayer keeps the
broken glass bonded to the other ply of glass, preventing the panel from falling apart. Laminated glass
is typically used when there is a possibility of human impact or when the glass could fall is shattered.

| ] Q
O

Layering Compressing
(Panes + PVB foil)

Autoclave Finished Laminated
(Heat + Pressure)

Safety Glass
Figure 2.12 Lamination process with Autoclave (Schittich, Staib, Balkow, Schuler, & Sobek, 2007)

& Sobek, 2007).

Laminated glass without safety features can be used for sound insulation. The interlayer can be made
from casting resins as well as other organic or inorganic compounds (Schittich, Staib, Balkow, Schuler,
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2.4.3 Curved Glass

Curved glass can be produced in case a not flat surface is required. There are two ways of bending the
glass, the first is hot bending, while the second is cold bending.

Hot Bending

Hot bending can be realized by means of gravity or by pushing the glass into a mould at a temperature
of about 640°C. The first technique is also known as “sag bending”, where the glass, once heated, will
deform under its own weight, and it will assume the shape of the supporting mould. The second process
consists in putting a glass pane into a top and bottom mould with the desired shape, it also allows to
realize double curved shapes. Moreover, a smaller bending radius, which means bigger curvature, can
be reached with this second technique. Both hot bending processes are shown in Figure 2.13. Curved
panes can be allowed to curve down normally, or they can be subsequently prestressed. Due to their
shape, curved panes are less flexible than flat ones and so are less able to deform under load.

£53 HIE
e bl

Figure 2.13 Hot Bending - Sag bending technique (left) and Autoclave (right) - (Louter, Material Characteristics,
Production, Processing & Products, 2017)

Cold Bending

Cold bending is a process that uses the linear elastic deformation behaviour of glass. Since cold bending
is a linear elastic process, the glass has to be mechanically fixed once it has reached the desired shape.
Permanent tensile stresses are induced in the glass due to cold bending, which is why usually a stronger
glass is used (thermally or chemically strengthened). When single curvature is considered, the thickness
of the glass is decisive for the tensile bending stress and the possible bending radii. The minimum
bending radius Rmin depends on the thickness of the glass and the strength of the glass.

1 My, /W
Rnm EI  EI

E

Ky =

N =

E -

Then, the minimum bending radius can be written as:
Eh

R.. =——
min 20_

Where o is the glass bending strength, E is the Young’s Modulus, which is around 70 GPa for glass, and
h/2 is the distance of the outer fiber from the neutral axis, considered at midway in this case (Figure
2.14).
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Figure 2.14 Relation between bending radius R and glass bending strength o

Cold bending has copious advantages. First of all - as it can be deduced from the name - it does not
require a heating process, and thus, it is less expensive to realize. The glass sheet is fabricated as a flat
panel, and then it is curved in situ. Moreover, cold bending does not introduce optical distortions, so the
final product assures an optical and technical quality. The negative side of the process is that the
material and shape properties limit the range of adequate double curved shell geometries that can be
realized. Since cold bending of glass is an elastic, reversible procedure, the applied deformation has to
be fixed either by fastening to a supporting substructure or by “conserving” the curved shape by
laminating the curved glass panes with a shear-stiff interlayer (Fildhuth & Knippers, 2011).

Double curvature shapes could also be of interest with the usage of glass, due to the load bearing
behaviour for glass applications. The load bearing behaviour is via membrane forces. In particular
anticlastic geometries results in small, uniform bending moments and high membrane forces. Those can
be distinguished into circular in-plane tensile forces along the pane periphery, and compression about
the center (Fildhuth & Knippers, 2011). Limitations of glass are the low tensile stress resistance and the
possible dimensions of laminated glass elements, which bring the glass shell design a challenge.

An experimental study has been carried out by Thiermo Fildhuth and Jan Knippers (Fildhuth &
Knippers, 2011). The behaviour of double curved cold bent glass laminated shell is investigated to be
used as a roof or fagade panels. The analysis has been made for three basic shell shape of 10m x 10m,
and then some parameters have been varied to observe the different trends. Joint stiffness, load cases,
minimum radii of the shell, and support conditions were the parameters used in the study. From the
results (Fildhuth & Knippers, 2011), it can be seen that the facade panel has better behaviour compared
to the roof glass panels. Moreover, shell shapes allow sufficient structural stiffness and membrane
behaviour, which permit high transparent, attractive shell for architectural applications. According to
Fildhuth and Knippers, the realization of double curved cold bent glass panel is a possible process for
facade applications. Many examples have been already researches. The focus point of the research is
now to find the correct interlayer to keep the curved glass in shape without the use of a frame or
supporting structures.
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2.5  Thin Glass - potential applications

Thin glass has become popular in the 21st century, with electronic devices. It is a common material to be
used as screen protector of many smartphones. Since 2010, the possibility of using thin glass as a
building material has been investigated.

After having explained the characteristics of thin glass, from its chemical composition to the way it is
produced, the structural benefit of thin glass are listed by Hundevad (Hundevad, 2014):

e Lightweight structure - the dead load will considerably decrease.

o High strength - since the chemical procedure will enlarge design stresses up to 10 times
stronger than thermally tempered glass.

e High deformation - the combination of thin glass and a high strength allows large deformations
without breakage.

e (Cold for bending - easily to perform due to the flexibility of the glass sheet.

Hundevad suggests not to continue in the prevailing trend of making the glass thicker to enlarge the
design strength, which would be useless with the new technology of thin glass. However, the design
approach needs to be adjusted accordingly. The author believes that the characteristics of high
deformation and high strength should be combined to form a curved structure. “Applying a curvature to
aflat panel results in an increase in stiffness where the forces inside the glass change from being bending
forces to in-plane forces” (Hundevad, 2014).

Lastly, energy considerations are underlined in the final paragraph of the paper (Hundevad, 2014). The
lightweight of the structure leads to less material to be fabricated, which leads to energy savings. A rough
calculation estimates that chemically toughened glass could reduce overall energy consumption up to
20% compared to that of conventionally heat tempered soda lime glass, by enormous savings in CO-
emissions for the future. On the other hands, it needs to be underlined that the emissions due to the
chemically strengthened process are still unknown. For this reason, an average between the reduction
from the less material used and the addition of chemically strengthened process, cannot be drawn yet.

Other interesting researches on thin glass have been performed by Lambert and O’Callaghan. The paper
presents the properties of Gorilla Glass™ (Code 2318), a type of glass developed by Corning®,
chemically strengthened and its potential applications. The Fusion glass fabrication process has been
developed by Corning in 1964 (Lambert & O’Callaghan, 2013). The process has been explained in the
previous chapter (Paragraph 2.3.2 Production Process for Thin Glass). This process grants to have a very
thin sheet of glass as a final product. After having being submerged in a salt bath, the thin sheet of glass,
chemically strengthened by ion exchange, will also reach a high strength. According to Lambert and
O’Callaghan, Gorilla Glass has a significant architectural potential.
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The most significant part of the paper is the Potential Applications chapter, in which the authors
underline possible research fields. Due to the limited bending stiffness offered by the thin glass in its flat
form, three approaches are proposed to improve the stiffness of the glass:

1. Laminate the glass to a core structure
2. Cold bend the glass
3. Treat the material as a fabric glass

The paper deeply analysed the first option, by carrying out tests on a laminated flat plate composed by
code 2318 and other types of glass, such as annealed soda lime glass, heat strengthened soda lime glass,
fully tempered soda lime glass or even with polymeric materials such as polycarbonate,
polymethylmethacrylate and thermoplastic polyurethane. According to the paper, by laminating the
code 2318 with other types of glass, the result is something very similar to the laminated glasses, already
present on the market, but with a higher failure resistance. Thus, this product could be a valid alternative
to laminated heat strengthened safety glass or security glazing and for those reasons is deeply
investigated in the paper. Testing is performed to compare the behaviour of a two plies heat
strengthened laminated panel, with a three plies laminated panel: chemically strengthened glass in the
outer ply and soda lime glass in the core. The first panel exhibits a brittle failure mechanism, while the
chemically strengthened laminated panel can be associated to a ductile failure mechanism. This
behaviour is confirmed by laboratory tests as shown in the following figure.
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Figure 2.15 Comparison between laminated standard soda-lime glass and laminated panel with code 2318 glass

and soda-lime glass (Lambert & O’Callaghan, 2013)
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The same approach has been investigated by Michele Akilo and Tim Neeskens. Their research have been
illustrated in the Introduction, Paragraph 0, Figure 1.3 and Figure 1.4.

According to Lambert and O’Callaghan (Lambert & O’Callaghan, 2013), further investigation for the
utilization of chemically strengthened glass in cold form surfaces and tensile membrane structure would
be of great interest. In Paragraph 1.1, the available researches on the suggested strategies have been
illustrated.

2.6 Conclusion
After having discussed the characteristics of glass, the first sub-question can now be answered:

What are the characteristics of chemically strengthened aluminosilicate glass, compared to the
commonly used soda lime silica glass?

The first difference is shown in the chemical composition of aluminosilicate glass, where a lower
percentage of silica sand is replaced by a higher amount of alumina (Table 2.1). This aspect provides to
aluminosilicate glass a higher melting point. In fact, it is used for fire-resistant glazing applications. The
density and the strength of the two materials are about the same. However, the strength of
aluminosilicate glass can be increased more effectively by the chemically strengthened procedure. In
fact, alkali aluminosilicate glasses are more prone to chemically strengthened treatments compared to
soda lime silica glasses, since high alkali content facilitates the glass for ion exchange and a thicker
compression layer is created. For this reason, aluminosilicate glass has been chosen to be used in this
research. With the usage of aluminosilicate glass, a lower thickness and high strength glass can be
obtained, as a result of the chemically strengthened procedure. The same characteristics in strength
could not be achieved with the use of a ply of soda lime silica glass of the same thickness.

To what extent can thin glass be cold bent?

Theoretically, if a single curvature wants to be reached, the minimum bending radius Rmin depends on
the thickness of the glass and the strength of the glass. As it has been demonstrated in paragraph 2.3.3,
the minimum bending radius can be written as:

Where o is the glass bending strength, which has been defined 260 MPa for Leoflex glass (Appendix A),
E is the Young’s Modulus of Leoflex glass, which is 74 GPa, and t/2 is the distance from the outer fiber
to the neutral axis, considered at midway in this case. Therefore, the minimum bending radius that can
be obtained with thin glass, 0,55mm Leoflex Glass is 78,3mm. The same calculations can be performed
with the properties of Falcon Glass.

Cold bending is a process that uses the linear elastic deformation behaviour of glass. Since cold bending
is a linear elastic process, the glass has to be mechanically fixed once it has reached the desired shape.
Permanent tensile stresses are induced in the glass due to cold bending, which is why usually a stronger
glass is used (thermally or chemically strengthened). When single curvature is considered, the thickness
of the glass is decisive for the tensile bending stress and the possible bending radii.
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3. Sandwich Structures

3.1 Introduction

In this chapter, the theory of sandwich structures will be explained. Initially, sandwich structures will
be briefly discussed through a historical background. Then, the sandwich theory will be summarized.
After having explained the advantages of sandwich structures, the following sub-questions will be
answered:

e To what extent will a sandwich structure increase the stiffness of the panel?
o Which technique is the most appropriate for realizing the core?

3.2 Historical Background

A sandwich panel consists of two thin, stiff, strong sheets made by a dense material which are bonded
with a thick layer of low density material, named core (Allen, 1969). The roles of the core are mainly
two: it has to keep apart the faces at the designed distance and it must not allow the faces to slide. These
requirements can be translated into having a rigid and robust element, which is able to transfer shear
from one skin to the other (Hexcel Composites, 2000). The separation of the skins by the core increases
the moment of inertia of the panel with little increase in weight, producing and efficient structure for
resisting bending and buckling loads (Petras, 1998). An example of a sandwich panel is shown in the
following figure.

Figure 3.1 Sandwich Structure with Honeycomb Core (Petras, 1998)

The behaviour of a sandwich structure can be compared to the one of an I-beam. The web of an I-beam
resists the shear forces, while the flanges resist the bending moment experienced by the beam. Similarly,
the core of a sandwich structure carries the shear forces while the faces resist the bending moment. An
increase of the thickness of the sandwich structure brings to the increasing of the stiffness of the panel.
An indication of how much the stiffness is increased by the use of a sandwich structure, is given in the
following table. Table 3.1 shows the results of the research on sandwich panels obtained by HexWeb
(Hexcel Composites, 2000).
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Sandwich Structures

Solid Material Core Thickness t Core Thickness 3t
v
r [T
%E 2 a
Stiffness 1,0 7,0 37,0
Flexural Strenght 1,0 3,5 9,2
Weight 1,0 1,03 1,06

Table 3.1 Relative Stiffness and Weight of Sandwich Panels compared to Solid Panels (Hexcel Composites, 2000)

Sandwich structures are popular in high performance applications where the weight must be kept to a
minimum, for example aeronautical structures, high speed marine craft and racing cars (Petras, 1998).
The concept of a sandwich structure was already present in nature. Nature discovered and evolved low
density cellular material soon after life began on earth. Figure 3.2 shows how well nature exploits these
clever design practices to create structures that can support high bending loads at a minimal weight

(Wadley Research Group, 2014).

Cellular Core

Figure 3.2 Cross sections of (top) the break of a Hornbill and (bottom) an avian wing bone

Engineers imitated the nature in its type of structures. One of the first industry which starts using
sandwich structures was the aerospace industry. The first honeycomb structure was designed for the
Mosquito airplane, during the Second World War. The purpose of this structure was to find a light weight

but strength resistance structure, combined to seek structural efficiency.
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Figure 3.3 Mosquito aircraft (left), sandwich structure of an airplane wing (right)

3.3  Sandwich Theory

In order to investigate the theory of sandwich structures, let’s consider a cantilever beam with a
punctual load applied at the end. The applied load creates a bending moment which is maximum at the
fixed end, and a shear force along the length of the beam. Tension will occur at the upper face of the
sandwich, while compression in the lower face, as it is shown in Figure 3.4. In order to reach this global
behaviour, it is essential that the adhesive layer is strong enough not to delaminate and to ensure
structural integrity. The function of the core is to transfer shear between the faces of the composite
panel and to make it work as a homogenous structure (Hexcel Composites, 2000).

Skin in tension

Core in shear

Skin in compression

Figure 3.4 Sandwich Beam behaviour under loading (Hexcel Composites, 2000)

The deflection of a sandwich panel is made up from bending and shear components. The total deflection
of the beam is a sum of the bending deflection and the shear deflection, as it is shown in Figure 3.5. The
bending deflection depends on the Young’s Modulus (E) of the skin material, while the shear deflection
depends on the Shear Modulus (G) of the core.
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Bending
deflection

" 277A Shear
deflection

Figure 3.5 Bending and Shear Deflection of a Sandwich Panel (Hexcel Composites, 2000)

3.3.1 Failure Modes

In order to design a sandwich structure correctly, it is essential to know where the structure could fail.
Designers must ensure that all potential failure modes are considered in their analysis. A summary of
the key failure modes of sandwich structures are shown in the following list (Hexcel Composites, 2000):

1. Strength

The stresses induced in the panel must not exceed the yield limit state of
the material, both in the skin and in the core material. Moreover, the
adhesive used between the skin and the core must be capable of
transferring the shear stresses. =

2. Stiffness

The sandwich structure has to have enough bending and shear stiffness to
deflect too much according to limitations imposed by the codes.

3. Panel buckling

The thickness of the sandwich panel has to be designed in order to
prevent the panel to buckle under compression load. The shear
modulus must be high enough to prevent buckling on the global scale of
the panel.
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4. Skin wrinkling

>
Failure occurs in one skin due to face yielding when the axial stress —,

reaches the in-plane strength of the face material. The compressive
modulus of the skin has to be big enough to prevent skin wrinkling
failure.

5. Intra cell buckling

The core cell size must be small enough to prevent intra cell buckling.

6. Local compression

The core compressive strength must be adequate to resist local loads on
the panel surface.

3.3.2 Design Guidelines

Hexcel Composites (Hexcel Composites, 2000) gives some key steps that need to be followed in order to
design a sandwich structure correctly.

1. Define loading conditions
2. Define support conditions
3. Define physical/space constraints (e.g. deflection limit/thickness limit/weight limit/safety
factor)
4. Preliminary calculations
4.1 Assume face material, thickness and panel thickness
4.2 Ignore the core material at this stage
4.3 Calculate stiffness
4.4 Calculate deflection (ignoring shear deflection)
4.5 Calculate facing skin stress
4.6 Calculate core shear stress
5. Optimize design
6. Detailed calculations
6.1 Strength
6.2 Deflection
6.3 Facing skin stress
6.4 Core shear stress
6.5 Panel buckling
6.6 Intra-cell buckling
6.7 Local compression
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3.4  Core Topologies

This section gives an overview of the most common core topologies, typically found in literature and
adopted in many engineering fields. The first distinction, which is usually done, is between
homogeneous and non-homogeneous cores: the first ones are generally high-density foams, while the
second ones can be divided into other three categories: bi-directional support, uni-directional support
and punctual support cores (Wadley, 2006). Homogeneous cores will not be taken into consideration in
this research, because the purpose of the proposed sandwich panel, which has thin glass as a face
material, is to find a solution where the sunlight can pass through the panel.

3.4.1 Bi-directional support

Bi-directional support cores are the well-known honeycomb cores. Honeycombs have closed cell pores
and are well suited for thermal protection, while also providing load support. The most common closed
shape cores are shown in Figure 3.6, where the well-known honeycomb is shown in Figure 3.6 (a), then,
if the angle between the cells is 90°, the pattern is called square honeycomb (b). Moreover, if the angle
is 60°, the pattern is composed of triangular elements (c).

hexagonal

(a)

triangular

(c)

Figure 3.6 Bi-directional Structure - (a) honeycomb, (b) square, (c) triangular (Wadley, 2006)

3.4.2 Uni-directional support

Uni-directional corrugated core structures are highly anisotropic, but enables cross flow heat exchange
because their pores are continuous in one direction. For this reason, those structures are highly utilized
in building structures. The most common corrugated cores are shown in Figure 3.7, which includes
triangular, diamond topology and a steeper web truss corrugation with a flat top that is widely used in
buildings and for marine applications, and thus, it is called Navtruss.
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diamond 90°

triangular 90°

(@ ®

navtruss

(c)

Figure 3.7 Uni-directional Structure - (a) triangular, (b) diamond, (c) navtruss (Wadley, 2006)

3.4.3 Punctual Support

More recent topology designs have led to truss structures with an open cell structure. This topology
provides supports for high stresses while also enable cross flow heat exchange in two directions. The
most common patterns are shown in Figure 3.8. The three dimensional kagome pattern is the one who
provides the highest strength per relative density (Vitalis, 2017). However, it has to be underlined that
the geometry of the kagome patter would introduce more challenges during manufacturing, for the
gluing phase. According to the same research (Vitalis, 2017), the pyramidal lattice structures is the
second pattern which provides a relatively high strength and stiffness for a low relative density.
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tetrahedral

pyramidal

(b)

Figure 3.8 Punctual Structure - (a) tetrahedral, (b) pyramidal, (c) three-dimensional kagome (Wadley, 2006)

3.5 Comparison of Core Topologies

In order to decide which pattern will be further investigated in this research, a more in depth analysis
of the previously proposed core topologies will be performed. The parameters defined for this specific
research have been set to:

o Shear stiffness provided by the core pattern
e Possibility to realize a curved shaped panel

Punctual Support Core

The first pattern that has been deeper analysed is the punctual support core. In Figure 3.9 (right) an
analogy within the above mentioned open cell structures core (Figure 3.8) and a space frame can be
seen. A space frame is a spatial configuration composed by members in tension or compression which
are connected to each other by nodes which work as hinges. Double layer grids take advantages from
the two spanning structural system which distribute the load more efficiently compared to single layer
grids. This concept can be easily understood by Figure 3.9.
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Figure 3.9 Deflection of a system of individual trusses (left), Deflection of a system of intersecting trusses (right)

(Coenders, 2008)

A spaceframe is made by the same unit cell repeated in two main directions, as well as the realization of
a tetrahedral or pyramidal lattice core. Both topologies have geometrical freedom in their structures
that make them suitable for many applications in which a stiff and light weight structure are needed.

One of the main advantages of the space frame is that it is structurally efficient, because it generally
consists of triangles, which are form stable elements. Moreover, by the use of a space frame structure,
free form design can be easily realized. A single curvature shape, which is the desired configuration for
the panel, could be simply achieved by a space frame.

The reason why a punctual support core was chosen to be investigated more in detail is because these
patterns are those with the lowest relative density. In between the punctual support patters, the
pyramidal unit was chosen since it could provide the best compromise in term of strength and stiffness
added to the panel and simplicity in panel production, according to the research of Vitalis (2017).

Bi-directional Support Core

Shear stiffness is one of the main characteristic needed in the core. For this reason, honeycomb cores
are taken into account. For flat panels subjected to bending, honeycomb cores show the best result in
stiffness behaviour (Evans, 2001). For curved panels and shells, the preferences differ because the
loading on the core is biaxial. A more significant benefit derives from isotropic topologies. It has been
decided to choose the square cell pattern as a second core proposal. This choice has been made in order
to compare a punctual support structure with a bi-directional support structure. This second core
proposal has a higher relative density of the core, but it should also add more stiffness to the core.
Moreover, the closed cell pattern has been chosen because there are no diagonal elements in the
structure. Since the faces of the sandwich panel will be made by glass, the light can pass directly from
one face to the other without obstructions.

Topology Optimization

Another possibility is to realize a freeform geometry with the use of Topology Optimization (TO). This
technique combines mechanics, mathematical programming and seeks an optimal structure depending
on the boundary conditions and the loading conditions that have been set by the user. TO takes off all
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the parts of material which are not necessary to carry the load. In this way, an optimized free form
structure is reached. An example is shown in Figure 3.10. The end product will have the same structural
carrying properties, but the weight of the structure will be highly reduced. A more in-depth explanation
of this technique can be found in Appendix B - Structural Optimization.

Figure 3.10 Example of Topology Optimization (ANSYS, 2018)

3.6  Conclusion

After having explained the theory of sandwich structures, and the core topologies that were considered
in this research, the related sub-questions can now be answered.

To what extent will a sandwich structure increase the stiffness of the panel?

According to the theory of sandwich structure, by using a sandwich panel of double the height of a solid
panel, the stiffness of the sandwich panel is increased by a factor of 7, as it has been shown in Table 3.1
(Hexcel Composites, 2000). In practice, in the last paragraph of Chapter 9, the stiffness of the designed
sandwich panel is underlined. The sandwich panel, which has a height of 12mm, revealed to be 279,7
times stiffer than a panel made by two layered glass plies, respectively 0,5mm + 0,5mm. It has to be
underlined that particular attention has to be given to the connection between the core and the glass
faces of the sandwich panel.

Which technique is the most appropriate for realizing the core?

Topology Optimization was the initial preferred method in order to realize a freeform core, designed
specifically for the studied sandwich panel. However, after some time constraints due to the computer
capacity, programme licences and other practical problems, the two other proposed pattern cores have
been started to be designed. The investigated core topologies were a space frame pattern realized by
pyramidal unit elements and a close core realized by square cells. The spaceframe has been chosen due
to the high strength and low density pattern. While, the square honeycomb has been selected due to
high shear stiffness in the core, which is one of the parameters needed in the core of the sandwich panel.
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4. Additive Manufacturing

4.1 Introduction

In this chapter, the theory of Additive Manufacturing (AM) will be explained. Firstly, a comparison of all
the available AM techniques will be performed. Then, the theory of the chosen AM will be described.
Finally, after having explained the advantages and disadvantages of AM, the following sub-questions will
be answered:

o  What is Additive Manufacturing (AM)?
e  Which techniques of AM are currently available?
e Which core material is the most appropriate for the analysed problem?

4.2  General Process of AM

Additive Manufacturing (AM) is the proper name of what it is commonly known as 3D Printing. The term
recalls the basic principle of these technologies, which fabricate an object using an additive approach.
The technology can fabricate, from a three-dimensional Computer Aided Design (3D CAD), a tangible
solid realized by adding material in layers. All commercialized AM machines use a layer-based approach.
What can differ, from one technique to another, lies in the materials that can be used and how the layers
are created and bonded to each other. Those differences determine the accuracy of the final product and
the mechanical properties. Depending on the technology and the machines components, the process
chain consists of six steps (Yang, Hsu, Baughman, Godfrey, & Medina, 2017):

1. Generation of CAD model;

Conversion of CAD into AM machine acceptable format;
CAD model preparation;

Machine setup;

Part removal;

Post-processing.

SANRAN S

Step 1: Generation of CAD model

The starting point if any object wants to be developed is to conceptualize an idea and a function of the
product. The project description has to be designed in a software model that describes the full geometry
of the object that is intended to be 3D printed. It is essential that the geometry is made by a continuous
solid, which not comprehend gaps between two surfaces. Otherwise, errors will be detected by the AM
Machine.

Step 2: Conversion of CAD into AM machine acceptable format

Once the CAD model has been correctly designed, the file has to be exported to STL file format. This
format is the one that can be read by the printing machine. STL file describes the external object’s
geometry with a polygonal mesh. It also divides the model into slices, in order to create the layers that
will be subsequently printed. The file has to be sent to the AM Machine. Some general adjustment may
be needed in the model.
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Step 3: CAD model preparation

Generally, scale, position and orientation of the model have to be checked. Moreover, the support
generation, if applicable, will be create in this phase. A slicer program is used to divide the models into
layers in the desired build direction.

Step 4: Machine Set up

The machine has to be correctly set up in its building parameters. Each parameter can depend on the
type of process that is being used. Parameters generally consist of material constraints, energy source,
layer thickness, printing speed, etc. Then the machine can start building the parts.

Step 5: Part removal

Once the AM Machine has finished, the objects can be removed from the AM Machine. This operation
has to be carried with extremely careful. The parts have to be separated from the build platform. The
supports, if present, have to be taken off. Finally the product has to be cleaned.

Step 6: Post-processing

The post-processing consists of a manual phase in which additional procedure is taken in accordance
with the product’s application. This may involve abrasive finishing, like polishing and sand papering or
application of coatings.

Finally, the product is ready to be used in its intended application. It is important to underline that the
object may not behave according to standard material specifications. In most of the cases, the properties
are anisotropic. Rapid cooling results in different micro-structures than those from conventional
manufacturing. For the moment, the most common materials used for Additive Manufacturing are
plastics. The technology was first developed as a method to realize in a fast manner a prototype of a
design. This is the reason why Additive Manufacturing (AM) was known as Rapid Prototyping (RP). With
the development of the technique, the product starts to be stronger and more accurate, until it could be
used as a part of the final product itself and not just a prototype. Moreover, the research starts to widen
in using other material. Nowadays, Additive Manufacturing with metals is also possible, and even glass
is being investigated to be printed.

Advantages of AM in general:
o Nowadays a great range of materials can be utilized;
e Freedom of shape;
e Time saving/Speed advantage;
e Reduction in process steps;
e Notneeded to design the part according to how it is manufactured. Design the part to perform a
particular function. It is possible to focus more on the intended application.

4.3  Available AM techniques

The techniques of AM currently available are Stereolithography (SLA), Selective Laser Sintering (SLS),
Fused Deposition Modelling (FDM), 3D printing and Inkjet Printing. A comparison of the main
characteristics of these techniques can be found in Table 4.1. The parameters, which have been taken
into considerations, are: Accuracy, End Surface of the product, Building Speed, if the Support Material is
needed to print the part and the Maximum Printing Size available for each technique.
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End Building Support

Accuracy Surface Speed Material Max Part Size (mm)
SLA ++ ++ + Needed 1500 x 750 x 500
SLS ++ + + Not Needed 550x550x 760
FDM + + - Needed 915x610x915
3D Printing + + ++ Not Needed 1500x 750x 700
Inkjet Printing ++ ++ - Needed 304 x152x152

Table 4.1 Comparison between Additive Manufacturing techniques

Since all the parameters can have a different weight in the evaluation of which is the preferred
technique, these have been defined for this specific research. Considering the fact that a curved part will
have to be printed, technologies in which support material is not needed are preferred. For this reason,
SLS and 3D printing will be considered. Moreover, since the accuracy of the final part can make a huge
difference in the gluing and assembling phase of the panel, Selective Laser Sintering is the preferred
technique and it will be deeper described in the next paragraph.

Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS) is based on photopolymerization. It uses a moving laser beam to
delineate and selectively sinter a polymer. The primary building material has to be a powdered polymer.
In fact, the term “sintering” means to melt powders below the actual melting temperature (Strauss,
2013). After one powder layer is sintered, additional powder is deposited on top of the solidified layer,
and the process can start again to create the next layer. One of the biggest advantages of SLS is that, even
ifhangouts or undercuts are present, support material is not necessary because the not-sintered powder
will act as a support during the process. Recent improvements in accuracy and resolution have been
achieved with this technique, as can be seen in Figure 4.2. Moreover, a broad range of materials can be
used, which also include metals and ceramics. As a drawback of this technique, the parts that can be
generated with SLS have limited dimensions, dictated by the dimension of the building chamber.

Lenses
Gy
Brall A

Leveling roller

XY scanning mirror

Laser beam
/ Sintered part

Powder bed

Powder feed
supply

Powder feed piston
Powder feed piston

Build chamber
u ambe Powder feed supply

Build piston Copyright © 2008 CustomPartMet

Figure 4.1 Selective Laser Sintering (SLS) Process (CustomPartNet, 2008)
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Figure 4.2 Selective Laser Sintering (SLS) Product

SLS Advantages: Building speed;
Recent improvements in accuracy and resolution;
Parts possess high strength and stiffness;
No supports material needed for hangouts and undercuts;
A wide range of materials (including nylon, glass-filled nylon, SOMOS (rubber-
like), Truform (investment casting), and metal composite).

SLS Disadvantages: SLS printed parts have a porous surface. It can be improved with an infiltration
with other materials;
Limited dimensions for printing parts.

Max part size: 550 x 550 x 760 mm.

Considerations

Initially, SLS was the preferred technique. After having realized the market availabilities, it has been
faced the economical aspect that was not taken into account in the initial evaluation. Seeing that, in order
to realize a part with the same size, SLS technique can have triple the price of FDM technique, the latter
technique has been reconsidered. FDM is described in detail in the next paragraph. Nevertheless, SLS
technique is highly recommended to be investigated in future researches, if the usage of this technology
will become more affordable.

Fused Deposition Modelling (FDM)

Nowadays, Fused Deposition Modelling (FDM) is the most commonly used technique in Additive
Manufacturing (CustomPartNet, 2008). In this process, a melting nozzle is used to extrude a plastic or
wax material. The extruder (melting nozzle) works at a temperature just above the material’s melting
point so that it can flow smoothly through the nozzle. To ensure that the layers bond one to each other,
the entire process chamber is heated and maintained at a certain temperature. This technique first
makes the contour lines, and then fill up the interior of the part with a certain percentage of material
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settled in advance (infill parameter). Generally the material section is not entirely filled, in order to
reduce material consumption, the cost and time. If the part has a structural application, the infill
parameter has to be carefully checked and the percentage of infill must be increased. Once one layer
has been built, the building platform lowers, and the extrusion nozzle deposits another layer on the top
of it. The layer thickness and the vertical accuracy is determined by the extruder diameter. A larger
nozzle diameter will ensure the material to flow easily, and thus rapidly, but it will result in lower
accuracy of the finished product. If hangouts are present, a supporting structure is needed. The supports
can be generated by a secondary nozzle, which is filled with a specific material. Later, the support
material can be removed either mechanically or in a solvent bath.

Support material ﬁlamem—\
Build material filament

—

8

Part supports

Extrusion head
Drive wheels
Liguifiers
Extrusion nozzles

>

Fart
Foam base

Build platform ~

Support material spoal

o

Build material spoolx‘*o

Figure 4.3 Fused Deposition Modelling (FDM) Process (CustomPartNet, 2008)

Copyright © 2008 CustomPartMet

Figure 4.4 Fused Deposition Modelling (FDM) Product
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FDM Advantages: A wide range of materials are available (ABS, Nylon PA, PC, PE, PET, and
investment casting wax);
Parts made using FDM are among the strongest for any polymer-based additive
manufacturing process.

FDM Disadvantages: Building speed is relatively slow.

Max part size: 915x610x 915 mm

4.4  Materials and Properties

Nowadays, a wide range of material can be used in AM. Manufacturers continuously develop new
material for specific applications. Materials available for AM can be divided into three main categories:
plastic, metals and other materials (ceramics, wax, gypsum...). In this research, plastic will be taken into
considerations.

Plastics that have always been used for AM were Polylactis Acid (PLA) and Acrylonitrile Butadiene
Styrene (ABS). PLA has the problem that is not easy to glue, while ABS is UV sensitive. Depending on the
applications of the 3D printed product, different requirements were requested. Nowadays, it is also
possible to print Polyethylene Terephthalate (PETG), Nylon PA, Thermoplastic Polyurethane (TPU) and
Polycarbonate (PC). PETG is becoming more popular in the 3D filament field, because it does not
produce bad chemical odours and it is totally recyclable. PETG filament is originally colourless and
crystal clear. However, when heated up, the material changes its transparency. PC offers a higher
strength but at the same time it is difficult to print due to the high temperature required for the bed of
the printing chamber. For this reason, there are not many manufacturers available to print this material.
The characteristics of the analysed materials are summarized in the following table:

Properties
Yield Strength Tensile Strength Elongation = Thermal Expansion
(MPa) (MPa) (%) Coefficient

PLA 2800-3400 47-70 2-3,5 126-145
ABS 1400-2200 30-50 - 108-234
PETG 2400-3000 55-75 - 115-119
Nylon PA 1700-2000 29-31 8-15 176-184
PC 3100-3900 63-72 - 120-125

Table 4.2 Comparison of material properties available for AM

According to the research of Lazzaroni (2018), PC should not be taken into considerations due to
printing impossibilities. The research of van Driel (2018), who tested 3D printed PETG under tension
tests and three point bending tests, showed that the values of strength shown in the table above for
PETG decreases once the material is 3D printed, reaching a Yield Strength of about 600 MPa and a
maximum tensile strength of 55 MPa. The positive previous experiences with PETG, by Akilo (2018),
Neeskens (2018) confirmed the quality of the material to be printed with FDM technique. For this
reason, PETG has been chosen to be utilized in this research.

52|Page



Part I: Literature Review Additive Manufacturing

4.5 Conclusion

After having illustrated the characteristics of the available AM techniques on the market, the related
sub-questions can now be answered.

What is Additive Manufacturing (AM)?

Additive Manufacturing (AM) is the proper name of what it is commonly known as 3D Printing. This
technology can fabricate, from a three-dimensional Computer Aided Design (3D CAD), a tangible solid
realized by adding material in layers. The techniques can be distinguished by the material used, the
initial condition of the material (liquid or powder) and how the layers are created and bonded to each
other. Those differences determine the accuracy of the final product and the mechanical properties.

Which techniques of AM are currently available?

The techniques of AM currently available are Stereolithography, Selective Laser Sintering, Fused
Deposition Modelling, 3D printing and Inkjet Printing. A comparison of the main characteristics of each
technique can be found in Table 4.1. SLS has been evaluated to be the most advisable technique to be
used in the analysed study. With the use of SLS support material is not needed and the accuracy of the
final product is relatively high. However, due to economic reasons, FDM has been used to realize in
practice the core of the sandwich panel.

Which core material is the most appropriate for the analysed problem?

After having analysed the available materials to be used with FDM technique, PETG has been chosen as
the most suitable material. PETG is becoming more popular in the 3D filament field, because it is
relatively easy to print and it is totally recyclable. PETG filament is originally colourless and crystal clear,
then, when heated up, the material changes its transparency and it becomes translucent. The strength
of the material changes when the material is 3D printed. From an E modulus of about 2000 MPa, the 3D
printed PETG has an E modulus of about 600 MPa on average (van Driel, 2018).
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5. Preliminary Design
5.1 Introduction

In this chapter, the preliminary design of the sandwich panel will be discussed. First of all, the approach
used will be explained in paragraph 5.2. Then, in paragraph 5.3, the cold bending procedure of thin glass
will be illustrated and the following sub-questions will be answered:

e How can the cold bending process be modelled in FEM?

In paragraph 5.4, the starting points for the design of the sandwich panel will be illustrated. Finally, in
paragraph 5.5 the numerical analysis of the sandwich panel will be carried and the following sub-
question about Finite Element Models will be answered:

o  Which differences between the software Femap and Karamba can be underlined after the analysis
of the models?

5.2  Approach

The design phase is composed of three main parts:

1. Cold bending of thin glass
2. Sandwich panel
3. Numerical calculations

In order to calculate the structural behaviour of the cold bent sandwich panel, firstly the prestressing
due to the cold bending of thin glass is evaluated and then, the behaviour of the sandwich panel is
considered. The core geometries were chosen after the research carried out in Chapter 3 of the literature
review. In Paragraph 5.3 the starting point of the numerical calculations is summarized. Finally, the
numerical analysis of the sandwich panels are performed both in Karamba3D version 1.2.2 and Femap
version 11.3.1 and are explained in paragraph 5.5. Karamba3D - also known as Karamba - is a
parametric structural engineering tool, which provides structural analysis for beam and shell elements.
Karamba is a plug in of Grasshopper, which is a plug in of Rhinoceros 5.0 (Rhino3D). Femap v11.3.1 is
an engineering analysis program, developed by Siemens, that is used to build finite element models of
complex engineering problems.

The schematization of the described approach is shown in Figure 5.1.
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1 Structural Behviour

Analysis of Failure Modes

Figure 5.1 Design Approach

5.3  Cold Bending of Thin Glass

In order to choose the dimensions of the sandwich panel and initial evaluation has been performed. The
glass, that has been decided to be used from the literature research evaluation, is the Falcon Glass
provided by AGC. Since one of the main goals of this research project is to cold bend the glass, the choice
was driven to the thinnest option possible. After the analysis of the stresses introduced in the glass due
to cold bending (Appendix C.1), the choice of the thinnest glass will be confirmed. AGC provides Falcon
glass with dimensions up to 1245mm x 3210mm and Leoflex Glass 0,55mm up to 2070mm x 1650mm.

In order to investigate the cold bending procedure, different situations were examined. First of all, the
shape that is wanted to be reached with cold bending has to be defined, and this shape is related to the
force applied to the panel. Each loading condition is linked to a certain shape, as it is shown in Figure
5.2: circular, sinusoidal, parabolic and catenary.

The most popular shape used in cold bending is the circular shape. This shape can be described as a part
of a circle, therefore it has a constant curvature. The total stresses caused by cold bending a flat panel to
a circular shape are lower compared to the other shapes shown in Figure 5.2. The stresses increase for
the catenary and the parabolic shape, and they are the highest for the sinusoidal shaped cold bending
(Schlésser, 2018). This is because the constant curvature better distributes the stresses along the curve.
On the other hand, shear stresses at the edges are maximal for the constant curvature shape and the
lowest for the sinusoidal shape (Galuppi & Royer-Carfagni, 2015).
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Loading Conditions Shape
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Figure 5.2 Cold bending possible shapes

Finite Element Models (FEM) are created for the above illustrated shapes: circular shape, sinusoidal
shape and parabolic shape have been taken into account. In order not to induce just compression with
a horizontal displacement or load, an initial eccentricity is given to the glass panel. This eccentricity is
created by a pressure load perpendicular to the surface of magnitude 1x10-° N/mm?2. This load will make
the model to deflect just the little needed (order of magnitude of 1x10-3 mm) not to compromise the
final result, but, at the same time, to make the glass bent in the desired direction. The thinness of the
glass is crucial during the analysis of the glass panel. A Static Linear Analysis can only be performed
under the hypothesis of small displacement, which means that the deformation of the element is
expected to be less than half of the thickness of the analysed element. This condition is not verified in
this case, because the thickness of the glass used is 0,5 mm. Therefore, Non Linear Static Analysis has
been performed, because displacements were higher than the one allowed in order to fulfill the
hypothesis of small displacement.
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The analysis of the cold bent shapes is shown in Appendix C.1. Those specific analyses have been carried
to evaluate the preferred shape, that it is wanted to be used in this research. The circular shape results
to be the shape in which lower stresses are induced, as a confirmation of the research of Galuppi & Royer
(Galuppi & Royer-Carfagni, 2015). For this reason, the circular shape has been decided to be further
investigated in this project.

Since Falcon glass panels of dimensions of 250mm x 150mm were already available at the University,
these dimensions will be used for the experimental testing. They have been investigated in the FE
Models as well. From geometrical considerations, a height of 30 mm has been decided to be reached in
the middle of the panel. This means a radius of curvature of 255mm. A displacement of 10 mm has been
imposed in the horizontal direction. In the figure below the stresses induced in the glass panel are
shown.
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Figure 5.3 Top Plate Major Principal Stresses (Tension) = 99,35 N/mm?
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Figure 5.4 Bottom Plate Major Principal Stresses (Compression) = 23,47 N/mm?
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Results (cold bending)

From the first phase of the design, related to cold bending, the first sub-question can be addressed.

How can the cold bending process be modelled in FEM?

First of all, the shape that is wanted to be reached with cold bending has to be defined. Each loading
condition is linked to a specific final shape, as it has been illustrated in Figure 5.2. Each situation has
been modelled by FEM and it has been explained in Appendix C.1. The circular shape has been decided
to be used in this research. This shape can be described as a part of a circle, therefore, it has a constant
curvature. The total stresses caused by cold bending to a circular shape are lower compared to the ones
introduced in other shapes (catenary, parabolic and sinusoidal). The final shape is obtained by imposing
a defined displacement in each node of the panel. The horizontal displacement of the panel edge is
calculated by geometrical consideration and then it is imposed at each node. The thinness of the glass is
crucial during the analysis of the panel. Since thin glass does not fulfill the hypothesis of small
displacement, Non-Linear Static Analysis has been performed.

5.4  Sandwich Design

In this paragraph, the design of the sandwich panel will be illustrated. First of all, the core topologies,
which have been chosen to be investigated from the literature review, will be illustrated. Then, the
starting points for the design of the sandwich panel will be explained and in Paragraph 5.5 the FEM of
the panels will be performed and discussed.

5.4.1 Core Design

After the literature review study, two main patterns have been chosen to be further investigated in this
research. The first one is a space frame pattern, composed by pyramidal elements, which will be called
Truss Model from now on. This pattern has been chosen because it could guarantee a high strength and
stiffness related to the density of the core. As a starting point it has been decided to use a square unit
cell with an angle of 45° within the pyramidal elements of the truss, as it is shown in the figure below.

Figure 5.5 Truss Model Geometry
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The second pattern, that has been decided to be investigated from the literature review, is a closed
pattern, made by squared cell elements that are oriented orthogonally to the glass faces of the sandwich
panel. This model will be called the Waffle Model, and it is shown in Figure 5.6. This pattern has been
chosen due to the high shear stiffness related to this shape. Moreover, the core elements are all oriented
orthogonally to the glass face. Therefore, light can pass directly from one face of the sandwich panel to
the other, without encountering any visual obstruction.
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Figure 5.6 Waffle Model Geometry

Both models have been designed with Rhinoceros + Grasshopper, in order to be able to change the
design more easily, e.g. inclination of pyramidal elements in the Truss Model or number of cell elements
in the Waffle Model.

5.4.2 Starting Points

In order to make a first estimation of the height of the sandwich panel, previous studies on similar topic
were taken into consideration. Iris van der Wijde (van der Weijde, 2016) used a thickness of 10 mm for
her honeycomb core, Michele Akilo (Akilo, 2018) chose an height of 11 mm for the core of his truss
sandwich panel, while Tim Neeskens (Neeskens, 2018) used 16 mm for his Voronoi pattern core, but his
panel has to be used as a roof element. Considering the analogies with Michele Akilo thesis, the starting
height of the core has been chosen as 11 mm.

e Panel dimensions (Appendix C.3): 250 mm x 150mm
e Panel dimensions (Paragraph 5.5): 500 mm x 500 mm
e Panel thickness: 0,5+ 11 + 0,5 =12mm

Accordingly to the literature review studies, thin glass has a high strength but, due to its low thickness
shows large deflections. For this reason it is important to keep in mind the deflection limit, while talking
about SLS calculations. The deflection limit is given by NEN 2608:2011, and it is:

Ldiag
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Moreover, when the ultimate stress of the material is discussed (ULS) the value of 314 MPa s considered
for Falcon Glass. This value has been calculated according to EN16612.

kmod ' ksp 'fg;k n kv ' (fb;k - fg;k)

Ym;a 1475

fg,d =

Where:
fax  is the characteristic value of the bending strength of Annealed Glass = 45 MPa
fuo:c  is the characteristic value of the bending strength of Falcon Glass = 400MPa (Appendix A)
kmoa is the factor for the load duration. Wind load, short duration = 0,74
ks is the factor for the glass surface profile. For float glass production = 1
k, is the factor for strengthening of prestressed glass. Horizontal toughening = 1
yma  is the material partial factor for annealed glass = 1,8
ymv  is the material partial factor for surface prestress glass = 1,2

Then, the designed value of strength for Falcon Glass can be defined as:

0,74 -1-45 1- (400 — 45)

foa =—Tg " =314 MPa

5.5 Numerical Analysis

Before being able to realize an accurate Finite Element Model, some simple examples were carried, both
analytically and numerically, in order to be able to make comparisons and to better understand how
Karamba and Femap actually work. This section can be found in Appendix C.2.

5.5.1 Panel 250 mm x 150 mm

The first model that has been realized was the Truss Model on Karamba. The geometry, that has been
previously realized on Rhino + Grasshopper, is now used to perform the FEA with Karamba and then
with Femap.

The top and bottom curved surfaces have been meshed in Karamba. The surface has been divided into
2400 elements, by dividing the short edge into 40 elements and the long edge into 60 elements. By
default, Karamba split the mesh from Quad elements into Triangular elements for making the
calculations. It is still not possible to use Quad elements in Karamba. If in future the option of Quad
Elements willl be available, is highly recommended to use it in order to have more accurate results.

Supports and load conditions are given differently, based on the case that will be examined. In general,
pinned supports and roller supports have been taken into account. Different loading conditions were
also taken into account: a surface load of 1kN/m2 has been used to simulate the Wind Load and a Point
Load of 50N has been used to compare the numerical model with the analytical model. Moreover, since
the local point load on a node is unlikely to happen in reality, a more distributed point load has been
taken into account. The load of 50 N has been spread into 9 nodes, to have more distributed stresses in
the results and to avoid peak stresses. A line load has also been taken in considerations while comparing
the models.

Falcon Glass has been used for experimental tests. Its characteristics have also been reproduced in the
computer models. The top and bottom shells have a thickness of 0,5 mm and the properties of Falcon
Glass has been attributed:
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Ey =73 000 N/mm?
Gy =30 000 N/mm?
Specific Weight = 25 kN/m3

The beam element of the core has a circular hollow section with a radius of 2mm. The thickness of this
hollow section is 1mm, since the 3D printed element has not a full cross section. The properties of PETG
has been attributed to the core:

E.=2 000 N/mm2
Gc =730 N/mm?
Specific Weight = 12,7 kN/m3

Since the realized panel will also have 3D printed side elements, as a frame of the core, those elements
of 5 mm has been added to the computer model as well, in order to realize a schematization which is as
similar as possible to the physical model. PETG side elements have been added.

The model can now be assembled on Karamba, and analysed. A Static linear analysis has been performed
with the assumptions that the whole sandwich panel, which behaves like a monolithic element, will
deflect following the theory of small displacement. The numerical analysis and results of the Truss
Model can be found in Appendix C.3.

Later, the Waffle Model of dimensions 250mm x 150mm has also been analysed both in Karamba and
Femap. The numerical calculations can be found in the second part of Appendix C.3.

5.5.2 Panel 500mm x 500mm

After having made a comparison between the two Finite Element Programmes in Appendix C.3, a panel
with bigger dimensions is below described in details. A panel of dimensions 500 mm x 500 mm will be
investigated both with Numerical and Experimental analyses.

In order to realize the numerical model, the same procedure as the one explained in Paragraph 5.2 was
followed. Firstly, the thin glass has been cold bent to reach a radius of curvature of R=440mm. The cold
bending procedure induces a maximum tensile stress of 64 MPa in the top layer of the glass and
compressive stress of 14,4MPa in the bottom layer of glass.

After the glass has been cold bent, the sandwich panel has been investigated under external loading
conditions. The panel has been simply supported on two edges and an external point load has been
applied. The load case of a point load of 400 N is described in Appendix C.4. Below, a line load is
examined.

In order to discuss the failure modes taken into consideration in literature, the Truss Model 500mm x
500mm has been analysed under a line load of 1kN, the model is simply supported along two edges. A
three point bending test has been schematized in the numerical model. In this manner, the model can
be easier checked by analytical calculations, as a simply supported beam with a point load in the center
of the span (Figure 5.7).
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Loading: Line Load of 1kN
Support conditions: left pinned, right roller support

Figure 5.7 Mechanical Schematization

Analysis of Failure Modes
Strength in the face

The first failure mode mentioned in the literature review, Chapter 3, was the failure due to lack of
strength in the faces of the sandwich panel, therefore in the glass. It is known that glass has a worse
behaviour in tension, compared to the one in compression. The principal stresses of the glass are shown
in the following figure.

or<
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X
Output Set Roller Distribuited Line Load TkN/41
Elemental Contour: Plate Top MajorPm Stress
Contour double: Plate Bot MajorPrm Stress

Figure 5.8 Major Principal Stress due to Line Load = 73,0 N/mm?
In the worst case scenario, the maximum tension stress in the glass is at the center of the panel, where

the line load is applied. The total stress is the sum of the stress caused by cold bending and the stress
due to loading, in the bottom layer of the top ply of glass. The tension stress in this case is:
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Omax = —14,4 MPa + 73,0 MPa = 58,6 MPa

The maximum tensile stress allowed in Falcon Glass, chemically strengthened, is 314 MPa, as it has been
previously calculated in Paragraph 5.2. Then, the unity check it is fulfilled:
Omax _ 586 MPa 0
Olim 314 MPa

19<1

Panel stiffness

The second failure mode, which has been taken into consideration, is the one due to a lack of stiffness in
the panel. Code limitation does not express limits on curved panels, for this reason the limit deflection
of a flat panel according to NEN 2608:2011 will be taken into considerations.

Laiag V5002 + 5002
Wiim = —gem = 65

= 10,88 mm

or<
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Output Set: Roller Distribuited Line Load TkN/41 -2.908

Nodal Contour: T3 Translation

Figure 5.9 Maximum Deflection = 2,91 mm

The deflection of a simply supported sandwich panel under a line load is maximum at the center of the
span and the value results to be 2,91 mm (Figure 5.9). Then, the Unity Check related to stiffness is:

Winax _ 2,91 mm

= =0,27<1
Wiim 10,88 mm
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Shear in the core

Another important check regards the failure of the core due to shear. The maximum shear stress has to
be lower than the allowable shear stress of the panel. The shear stress limit is given by the minimum
value between the shear stress of the core and the shear stress of the glue.

Tiim = mMin {TPETGF 7-'glue}

The shear stiffness of the PETG is 12 MPa, while the shear stiffness of the glue, Delo Photobond 4494
between glass and plastic is 4 MPa. Appendix A can be consulted for the data sheet of the products. It is
evident that the shear stress of the glue, 4 MPa, will be taken as the governing value.

Since the shear in the glue has to be checked. The local shear in the connection due to the loading
condition has to be investigated. To calculate the maximum shear force in the adhesive, the mechanical
schematization showed in the picture below has been used. The force in the glass (AN) is equal to the
area of the glass multiplied by the delta sigma, AN = Agass Ao, where Ao = Ojert — Oright. Then, the shear
stress in the connection (t) is equal to the calculated force divided by the area of the glue, T = AN / Ague.

Glass Ni > On,iglas AN On,i+1,glas Ni.+
Glue R
\Y

|
|
Core ‘
|

Figure 5.10 Mechanical schematization of the shear in the connection

Where:
N; = On,i 'Aglass
AN = N; = Nj1q
AN =V

|4

T = —
glue
Aglue

Therefore, the normal force in the glass needs to be calculated in order to derive the shear stress in the
connection. The mechanical schematization of the analysed panel can be simplified as a simply
supported beam, loaded in the center of the beam with a point load F=1kN, as it has been shown in
Figure 5.7.

Therefore, the moment in the center of the beam can be calculated as M=F1/4. While, the normal force
in the glass has been calculated as the moment (M) divided by the distance between the two faces of
glass (d), according to the schematization of Figure 5.11. The value of the normal force N, which is equal
to N = M/d, results in a total normal force in the glass of N of 10 kN.
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11,5 mm

d=

Figure 5.11 Normal Force in the glass

The Normal Force (N) at each connection has to be calculated by taking into account that every time
there is a truss element, the force will be transferred both in the glass and in the truss, resulting in a
decrease of force on the next connection point. This concept has been schematized in the next figure.
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Figure 5.12 Decreasing of the Normal Force in the glass, due to the presence of the Truss Element

Where:
N2=Ni-R;
N3 = Nz— Rz

Ni=Ni1- Ris
Ri= TiAi
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Figure 5.13 Plate Normal Stress
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As can be seen from Figure 5.13, the normal force in the glass will decrease from the center of the panel
until the edge. To simplify the calculation, it is taken as a hypothesis that the force N will decrease
linearly along the length of the curved beam. The local stress in the glue will be maximum under the
position of the force (center of the beam) and it will be zero at the support. The cross section taken into
account is at a distance dx from the center of the beam. The load N at this point is half of the load F, due
to the symmetry of the system, since half load will be transferred in the left part of the system and half
load in the right part.
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Figure 5.14 Shear stress in the contact areas

To calculate the value of shear stress in the glue, it is known that the average value will be at half of the
span. At this point, the shear stress is calculated as:

B 5000 N
©21-10-12,57 mm?

T = 1,89 MPa

Where 12,57 mma?2 is the area of one truss surface of radius 2mm, 21 are the nodes present in the width
of the panel and 10 are the truss element on half length of the panel. The maximum local shear stress is
1,89 MPa x 2 = 3,78 MPa, at the cross-section taken into account. The maximum value is still lower than
the shear resistance of the glue, which is 4 MPa.

It has to be underlined that, by reproducing the inverse procedure, a maximum line load of 1,06 kN can
be handled by the glue. With a higher load, the connection will fail due to high shear stresses.

To validate this approach, another method (Gere & Timoshenko, 1993) is used to verify the result.
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Figure 5.15 Sandwich cross section along the x and y direction
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Considering a portion of the sandwich beam, composed by a unit of truss, as it is shown in the figure
above, AN can be derived from the following formula (Gere & Timoshenko, 1993):

. VS, Ax

I

The panel can be simplified as a simply supported curved beam, therefore the shear force V is equal to
F/2, considering an acting Force of 1kN, the shear force will be V = 500N.

The length taken into account Ax is = 2h = 22mm since the angle of the truss is 45°.
The first moment of area Sy is defined as Sy= y Agiss, thus, it resulted to be 60,5 mm3

The moment of Inertia Iy calculated for the portion of beam taken into accountis I,= 2[(b t3/12) + A- z2].
Where b is equal to Ax = 22 mm, and z is half of d, the distance between the center of the two faces. The
moment of Inertia Iy results to be equal to 665,96mm*. The Normal force in the glass can be now
calculated:

_500-60,5 - 22

665.96 =999,3N

Therefore, the shear force in the connection results to be T. Where 21 is the number of truss unit in one
row.

9993 N
tmax = 5171257 mm?

= 3,79 MPa

The stress result to be higher than the one calculated before, because this is considered to be the local
stress in the middle of the beam. It is still less than the allowable shear strength of the glue, 4MPa.
Therefore the Unity Check (U.C.) is fulfilled.

Tmax _ 3,79 MPa —094<1
Tiim 4 MPa

Buckling of the truss element

A failure mode that has to be taken into consideration is the buckling of the truss element. This failure
mode is particularly dangerous because it is not easy to evaluate how the post-breakage behaviour
would be for this kind of structure. The critical load can be calculated with the formula of Eulero:

T2E]
cr = 2
l

Where | is the moment of inertia of the truss element, with a circular cross section, which is | = md*/64.
The diameter of the truss element is 4mm, thus the moment of inertia is 12,57mm. The buckling length
takes into account the boundary condition of the truss element. For a fixed element, the buckling length
is 1,=0,51, while for a pinned element, the buckling length is the same as the length of the element /,=I. In
this case, the truss element is glued to the glass, and monolithically connected to the three other 3D
printed elements which compose the pyramidal unit in the truss core. Since the situation cannot be
considered as fixed support, but it will be in between the pinned and the fixed support, the worst case
will be taken into account. Pinned support will be considered because it will give the most conservative
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result, thus the buckling length of the truss element is equal to the element length, which is 19,8mm.
The critical load can now be calculated as:

m?-2000-12,57
N, = =632,72 N
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Figure 5.16 Maximum Compressive Force in the Core = 21,16 N

The maximum compression force in the truss element has been calculated in Femap and it is equal to
21,16 N (Figure 5.16). From the Unity Check it can be seen that buckling is not likely to happen in the
model.

N, 21,16 N
max _ 21,16 =0,03<1
N,  632,72N

The other failure modes named in the literature review has not be analysed in details. The skin wrinkling
of the panel is not expected to happen due to the elevated value of the compressive strength of glass.
The intra-cell buckling has not be investigated because the unit cell of the truss has been considered to
be small enough to prevent this failure mode.

The most critical failure modes have been checked and the panel results to be safe. The deflection of the
panel results to be small and the panel will break more likely due to shear in the adhesive connection
between the core and the glass faces. Therefore, the first failure is expected to appear in the glue. Having
lost the contact, the panel will no longer behave as a sandwich structure, and the stiffness of the panel
is expected to decrease significantly. Then, the core is expected to fail as a second element. Last, the
stiffest element, the glass, will probably fail.
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Results (FE Models)

Thanks to the development of the numerical analyses, the next sub-question related to FE Models can
now be answered:

Which differences between the software Femap and Karamba can be underlined after the analysis of
the models?

All the analyses have been performed both in Femap and in Karamba. The goal of this analysis was to
understand how trustful are the programmes, and how much was the deviation between one and
another. In Table 5.1 and Table 5.2 in Appendix C.3, the result of the comparison between the two finite
element programmes is illustrated. As can be seen from the tables, the two programmes showed
comparable results. In order to reach this outcome, it was essential to have an identical mesh in both
programmes. Since Karamba can just solve the analysis with Triangular Mesh Elements, the same
elements have been used in Femap too. For future researches would also be advisable to check
calculations accuracy with Quad4 or Quad8 node elements, when Karamba will offer this option.
Another difference between the two programmes is that Karamba still does not provide the possibility
to analyze solid elements, while Femap does. Certainly, the advantage of Karamba is the possibility to
quickly vary the input of the analysis and see the output results in real time. The negative side of this
programme is that the visualization of the results is not always intuitive. For instance, for shell elements
just Principal Stresses can be displayed, while o, oyy and o, stresses can be only seen as a value and
not as a global qualitative visualization on the panel. Another critical check has to be done to the inputs,
while Femap calculations give Fatal Error every time that some inputs are not correct, in Karamba if the
data has a mistake the programme considers the closer correct input as a value, which is not always the
one intended by the user. For this reason, before performing an analysis with Karamba, the manual of
the programme has to be fully understood.
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6. Manufacturing

The manufacturing process can be divided in different steps: first the glass have been ordered from AGC.
Then the core has to be realized. And third, the two parts has to be assembled together.

6.1 Glass

As it has already been mentioned, the glass was provided by AGC. The thinnest glass available is Falcon
glass 0,5 mm or Leoflex glass 0,55 mm. The first samples that have been realized where supposed to be
made with glass of 250 mm x 150 mm x 0,5 mm. Since the glass availability delayed, the one of 300 mm
x 150 mm x 0,5 mm has been used, even if the core had been already manufactured in a dimension of
250 mm x 150 mm.

6.2 Core

The core has been realized with different techniques: the core of the Truss Model has been realized with
Additive Manufacturing FDM technique, while the core of the Waffle Model has been realized with Laser
Cutting.

6.2.1 Additive Manufacturing (AM)

FDM technique turned out to be the most affordable choice, however it revealed not to be the easiest
solution. As it has been said in the Literature Review chapter, FDM is a technique based on extrusion of
material from a nozzle. The material is deposed in layers. This means that, in order to be able to deposit
one layer, it must exist below a layer to lean on, and this was the main challenge of the curved shaped
core.

The first idea was to rotate the model 90° around the y axis, as it is shown in the figure below. On the
left we can see the model as it has been realized. On the right, it is illustrated the rotated model. In this
manner, it was thought that the support material would no longer be necessary.

Figure 6.1 Truss model to be realized with FDM technique

However, this idea turned out not to be suffient. In fact, the frame now could be more easily printed, but
the pyramidal truss elements resulted to be impossible to be printed without support material anyway.
It has been decided to proceed with the use of support material, but, as the first printing experience has
shown, the support material was actually stiffer that the truss itself, and by trying to remove it, the
pyramidal elements broke, Figure 6.2
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Figure 6.2 Broken truss core

This first trial was useful to understrand that the diameter of the pyramidal elements were actually too
thin to be printed with FDM. So for further printing model, the diameter of the truss element has been
increased from 2mm to 4mm.

The goal was to find a way to print this core without the use of support material. Since the core is realized
by a single curvature, one idea was to split the model into many flat strips, and later glue it at the curved
glass. The 3D printed strips are shown in the following figures.

|

Figure 6.3 Truss core divided into straight strips
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Even by printing the core into flat strips, it turned out that support material were needed anyway. So it
has been decided to go back to the original concept and print the curved truss core as it has been
designed, and how it has been show in Figure 6.1 on the left. The print succeed with the following
specifications: PLA white filament 200 microns and 0,4mm nozzle. The downside of this method was
the huge amount of support material used on the bottom part of the model, shown in Figure 6.4. The
final result, after the supporting material has been removed, can be seen in Figure 6.5 and in Figure 6.6.

Figure 6.6 Curved truss core - FDM printed - Second trial - Perspective view
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With the same specifications, also the Truss Model 500mm x 500mm has been realized. Since the quality
of the printing was requested to be the same, the same filament size and nozzle dimensions have been
used. The first time, the printing failed due to a shifting of the base of the 3D printing machine. The

printing speed has been lowered down to achieve a successful printing. In order to print the model
shown in Figure 6.7, 168 hours of printing were needed.
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Figure 6.7 Truss Model 500mm x 500mm
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6.2.2 Laser Cutting

The Waffle Model, instead, could not be printed by FDM, because the 90° elements could not be realized
by this technique. For this reason another technique has been taken into account in this research. Laser
cutting turned out to be an excellent solution. This technique revealed to be faster, cheaper and the final
result was more transparent.

The material used is PMMA acrylic plastic of 3 mm thickness. The material is 100% recycled plastic. The
Laser Cutting process will be illustated in the following images, Figure 6.8, Figure 6.9 and Figure 6.10:

Figure 6.8 Laser cutting pattern

Figure 6.9 Laser cutting result
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Figure 6.10 Laser cutting assembled pattern
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6.3 Assembling

After having realized the core for all the models and after having received the glass sheets, the sandwich
panel can be assembled. Delo Photobond Acrylic glue 4494 has been used, cured by UV light, Figure 6.11.

Figure 6.11 Delo Photobond 4494 acrylic glue cured with UV light

6.3.1 Waffle Model

The first model, that have been manufactured, was the waffle model, since the laser cutted core was
faster to realize. First of all, the frame itself has to be glued. Then, the glass has been curved by using a
clamp, Figure 6.12 and Figure 6.13. First the glass at the bottom, then the glass at the top, have been
glued and cured with UV light. The final result of the assembled sandwich panel, Waffle Model, can be
seen in Figure 6.14.

&

- e T

Figure 6.12 Cold Bending Procedure by the usage of a clamp
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Figure 6.13 Cold Bending procedure - side view

Figure 6.14 Final result - Waffle Model - Panel 2.1
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6.3.2 Truss Model

Since the curvature realized by cold bending the glass with a clamp was not precise enough, in order to
produce the second model, a laser cutted MDF mould has been realized. The mould has been designed
with the exact final curvature, that the glass has to reach with cold bending, Figure 6.15.

Figure 6.15 Wooden Mould to cold bent the glass

A double sided adhesive tape has been used to attach the glass to the wooden mould. The tape is called
Powerstrips by Tesa, it is a double sided tape that can be taken off, when it is not needed anymore, by
pulling the end of the strip, which has been left not bonded to the glass and the wood. By tension, the
strips will separate from the material without leaving any sign.

The glass has been stick to the mould with the double sided adhesive tape. Once curved to the correct
shape, the core has been glued to the glass. Then, the acrylic glue has been cured with UV light. In order
to glue the sencond glass ply, the core itself has been used as a mould for the cold bending procedure.
Finally, the Powerstrips were taken off and the sandwich panel was realized. The whole procedure is
shown in Figure 6.16 and the final result in Figure 6.17:
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Figure 6.16 Truss Model - Manufacturing Process
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Figure 6.17 Truss Model - Final result - Panel 1.1 and 1.2
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In the same manner, the Truss Model 500mm x 500mm has been manufactured. A wooden mould has
been realized and the same procedure has been used. Unfortunately, even if the panel has been designed
with a glass of thickness 0,5mm, a glass ply of 0,7mm was provided. Initially, it was thought that this
difference would not be reflected in manufacturing problems. However, the difference of 40% in
thickness cause many problems in the manufacturing procedure and thus, in the testing, as it will be
explained in the next Chapter. A glass ply of dimensions 500mm x 500mm and thickness 0,5mm was
expected to be very flexible and easier to bend compared to the smaller ply. On the contrary, the glass
was quite stiff as can be seen from Figure 6.18. Since the set up revealed to be problematic, it was
impossible to cure the glue properly. The best result that could be obtained is shown in Figure 6.19. The

panel seemed to be glued properly, although, the day after, some parts of the edges were already
detached.

[ =)

Figure 6.18 Truss Model 500mm x 500mm - Cold bending of the glass
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Figure 6.19 Truss Model 500mm x 500mm - Final Result - Panel 3.1
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7. Testing

7.1 Introduction

In this chapter the testing procedure is introduced. Firstly, the testing set up is illustrated and then the
laboratory testing is shown. The following research sub-question will be answered:

o Which test set up can be used to test the designed cold bent sandwich panel?

7.2 Setup

In order to check the numerical models, testing has been performed. Since the panel is designed to be a
facade panel, testing under a surface load would be ideal, because it would represents the wind action
on the panel. However, it is challenging to realize in practice a uniformly distributed surface load on a
curved panel. For this reason, the panel has been tested under a point load, which was easier to put in
practice and it could bring to a more accurate result in the comparison between the numerical model
and the experimental results. The set-up of the testing has been realized in order to have the support
exactly at the same location of the end of the core. Since the glass panel is 50 mm longer, the glass will
exceed the supports. The set up realized is reproduced in the following figure.

135 230 135

500

Figure 7.1 Point Load Test Set Up

The supports has been realized in wood, and the circular part has been nailed to the bottom plank. In
order not to let the wood to roll under loading, two additional wooden pieces have been added at the
side of the circular wood. The result is shown in Figure 7.2.

Figure 7.2 Wooden set up - simply supported boundary conditions
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7.3  Laboratory testing

Panel 1.1 - Truss Model 250mm x 150mm

The Truss Model broke one week after it was assembled. The panel was laid on the table. In the moment
the bottom pane touched the table surface, the top pane broke. From the fracture pattern (Figure 7.3),
it can be seen that the panel broke due to prestressed stresses. The fracture lines goes horizontally from
one edge of the panel to the other one, following the direction of the stresses due to the cold bending
procedure. It is very difficult to predict exactly why the glass broke: maybe a scratch was present in the
edge surface. In Figure 7.3, the starting point of the fracture is highlighted with a red circle. From this
experience it was gathered that the edges of the glass has to be carefully treated because are the weak
spots of the ply. To avoid dangerous situation, the core should be designed to be 1 millimetre larger than
the glass, in order not to have the glass edges hanging out.

Figure 7.3 Panel 1.1 - Broken Top Layer of Glass

Panel 1.2 - Truss Model 250mm x 150mm

Since the first truss panel broke, an identical panel has been manufactured again. The core has been
printed with the same specifications. Falcon Glass 0,5mm has been utilized to realize the sandwich
panel. Once the sandwich panel was ready, it has been tested with the simply supported boundary
conditions showed above and a point load of dimensions 40mm x 10mm, shown in Figure 7.4.
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Figure 7.4 Panel 1.2 - Testing

Panel 1.3 Truss Model 250mm x 150mm - Core printed divided in strips

As ithas been said in the manufacturing chapter, another Truss Model sandwich panel has been realized.
The core was created by dividing the curved model into flat strips. The result was similar to the one
realized by one 3D printed core. This second panel has been tested with the same support and loading
conditions as Panel 1.2. During the testing, a safety plastic foil was used to cover the sandwich panel
during the failure, as can be seen in Figure 7.5.

Figure 7.5 Panel 1.3 - Testing
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Panel 2.1 Waffle Model 250mm x 150mm

The Waffle Model, which will be called Panel 2.1 in the following plot, has been tested under the same
boundary conditions and loading conditions. The same testing machine has been used and the results
will be explained in the next Chapter.

Figure 7.6 Panel 2.1 - Testing

Panel 3.1 Truss Model 500mm x 500mm

The Truss Model of bigger dimensions 500mm x 500mm, has been tested with another machine, due to
the available dimensions. The boundary conditions have been realized with a wooden plank in the same
manner as the one before. The point load has been realized with a cylinder with radius 150mm, as it is
shown in Figure 7.7.
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Figure 7.7 Panel 3.1 - Testing

7.4  Conclusion

Which test set up can be used to test the designed cold bent sandwich panel?

Since the panel is designed to be a facade panel, testing under a surface load would have been ideal,
because it would have represented the wind action on the panel. However, it is challenging to realize in
practice a uniformly distributed surface load on a curved panel. For this reason, the panel has been
tested under a point load, which was easier to put in practice and it could bring to a more accurate result
in the comparison between the numerical model and the experimental results. The set-up of the testing
has been realized in order to have a simply supported panel. The boundary conditions have been
realized with wooden elements and it is shown in Figure 7.1 and Figure 7.2.
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8. Analysis of Results

In this chapter, the results obtained from experimental testing are illustrated. Every panel test is
explained and commented individually. Moreover, these results are compared with the ones obtained
from the numerical analysis. Similarities and differences are underlined to draw conclusions and new
suggestion for further researches.

8.1 Panel 1.2

The Truss Model, realized with a unique 3D printed element core, was first tested. The point load was
applied on the top of a pyramidal unit, as it is shown in Figure 8.1. The load was increased incrementally
with a velocity of 2,5 mm/min from zero to a maximum load of 245,8N.

Specifications:

Boundary conditions: Simply supported

Load: Point Load on the top of a Pyramidal Element

Testing nozzle dimensions: 40mm x 10mm. Area of 400 mm?2
Testing velocity: 2,5 mm/min

Figure 8.1 Point Load on Panel 1.2

In Figure 8.2, the comparison between the Numerical Model obtained with Femap and the Experimental
Model, realized by testing, is shown. The stiffness of the sandwich panel results to be precisely detected
by the FEA Model in the first phase of the experiment, which represents the elastic behaviour of the
sandwich panel. In fact, the two curves overlap. Once the first glue failure occurs, the panel shows a
decrease in stiffness. The overall trend of the sandwich panel illustrated a ductile behaviour which was
introduced in the literature review with the study of Lambert and O’Callaghan (Lambert & 0’Callaghan,
2013).

As can be seen in Figure 8.3, Panel 1.2 is characterised in the initial elastic phase by a stiff behaviour.
The stiffness has been calculated to be equal to 74,18 N/mm. At Point 1 in the graph, the firstlocal failure
of the glue is highlighted. Once the load reaches a magnitude of 200 - 240N the glue continue detaching,
until a maximum load of 245,8N, where the connections of the sandwich panel fail (Point 2). At Point 3
in the same Figure, the point in which the Bottom Glass pane broke is underlined. After that, the PLA
core broke. As can be seen from the last part of the graph, the panel still has some loading capacity, due
to the unbroken Top Glass Pane. However the test was stopped due to not valuable information for this
specific research.
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Panel 1.2 - Comparison FEM and Laboratory Testing
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Figure 8.2 Panel 1.2 - Comparison between Numerical Models and Laboratory Testing

Panel 1.2 - Point Load Test Results
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Figure 8.3 Panel 1.2 Test Results and Comments
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Another important observation, given by experimental testing, is the way the glue fails. Adhesive failure
occurs in the glue; sometimes the glue remains attached to the glass, other times to the PLA, even in two
adjacent pyramidal elements (Figure 8.4). This experience demonstrates the fact that the glue does not

bond properly the two materials. More comments will be drawn at the end of this chapter, after the
analysis of all the tests.

Figure 8.5 Panel 1.2 after testing - Top Glass Pane still intact
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8.2 Panel 1.3

The Truss Model, with the core realized by 3D printed flat strip elements, was then tested. This time,
due to different glass dimensions, the point load was applied on the glass, at the center of two pyramidal
units, as it is shown in Figure 8.6. This difference was encountered because this panel was first designed
when the glass 300mm x 150mm was available, and then manufactured when another dimension of
glass was present, 250mm x 150mm. Therefore, it has to be reminded that different loading conditions
are now present. The load was increased incrementally with a velocity of 10 mm/min from zero to a
maximum load of 222,0 N.

Specifications:

Boundary conditions: Simply supported

Load: Point Load in between two Pyramidal Elements
Testing nozzle dimensions: 40mm x 10mm. Area of 400 mm?2
Testing velocity: 10 mm/min

Figure 8.6 Point Load on Panel 1.3

In Figure 8.7, the comparison between the Numerical Model realized with Femap and the Experimental
Model realized by testing is illustrated. The split core has been modelled with joint connections within
every diagonal element. In practice, the stiffness of the panel results to be less than the one predicted by
the model. This can be due to imprecision during the manufacturing of the core, since every strip has to
be glued and put in position individually. From Figure 8.7, the overall trend of Panel 1.3 exhibits an
elastic behaviour, since the first failure occurred in the glass. Besides, it can be noticed that the
Numerical Model, with the same boundary and loading conditions, predicts the failure for a smaller load.
This fact occurs due to the punctual load in the numerical model. The point load applied in the
experimental testing is reproduced by a point load on adjacent nodes in the FEM. Even if the load has
been distributed on nine nodes to avoid peak stresses, the punctual node on the glass cause higher
stresses in the numerical model than the ones exhibited in the experimental testing.

As it can be seen from the following figures, the initial stiffness of the sandwich panel shows to be
comparable to the one of Panel 1.2. During this test, the first element which is brought to failure is the
top glass ply of the sandwich panel. This experience depends on the loading conditions of this test. Once
the top glass failed, the whole sandwich panel exhibits a brittle behaviour (Figure 8.8 - Point 1). After
this first failure, the panel is able to carry a lower load, thanks to the core and the bottom glass pane,
which are still in place. When the load is increasing, the bottom pane and the split core are not able to
carry the load anymore, therefore the bottom glass pane broke at Point 2.
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Panel 1.3 - Comparison FEM and Laboratory Testing
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Figure 8.7 Panel 1.3 Comparison between Numerical Models and Laboratory Testing

Panel 1.3 - Point Load Test Results
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Figure 8.8 Panel 1.3 Test Results and Comments
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From the comparison between Panel 1.2 and Panel 1.3 (Figure 8.9), it can be seen that the first specimen
behaves stiffer than the second one, in fact the Force/Deformation plot is more inclined. Pane 1.2
handles a force of 245,8 N, while Panel 1.3 one of 222,0 N. It must be remembered that, the first panel
has been loaded on the top of one pyramidal element, while the second panel at the center of two
pyramidal units, so where no support where present. From Figure 8.10 the two panels after
experimental tests are shown.

Panel 1.2 Panel 1.3

300 300
250 250
z 200 z 200 -
§ 150 § 150 -
£ 100 £ 100 -
50 50

0 —0 T ‘ !

-5 5 15 25 35 -5 5 15 25 35

Deformation [mm] Deformation [mm]

Figure 8.9 Comparison between Panel 1.2 and Panel 1.3

Figure 8.10 Panel 1.2 (right) and Panel 1.3 (left) after testing
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8.3 Panel 2.1

The Waffle Model, realized with PMMA laser cut core, was then tested. The load was increased
incrementally with a velocity of 10 mm/min from zero to a maximum load of 163,2N.

Specifications:

Boundary conditions: Simply supported

Load: Point Load

Testing nozzle dimensions: 40mm x 10mm. Area of 400 mm?
Testing velocity: 10 mm/min

The Force Deformation plot of Panel 2.1 is illustrated in Figure 8.11. The first information, that can be
noticed from this graph, is that Panel 2.1 can withstand just 163,2N, instead of 222,0 or 245,8N,
evaluated in the previous testing. During the testing of the Waffle Model, the panel exhibits great
flexibility, revealed by significant deflections. This deflection was present because the core was not able
to maintain its designed shape. The gap, in which each laser cut element was embedded, was bigger than
the thickness of the core ribs, and the connections result not to be fixed but they were able to rotate.

The testing was stopped because the panel was reaching a flat shape, such the deflection was deep
Figure 8.12. Once the load has been removed, the sandwich panel returned back to the flat shape, which
was the original shape of the manufactured glass. Since the core had no resistance anymore, the
sandwich panel shape is driven by the glass, as can be seen in Figure 8.13.

Panel 2.1 - Point Load Test Results
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Figure 8.11 Panel 2.1 Test Results and Comments
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The laser cutting technique revealed not to be ideal for the curved shaped core. Since laser cutting can
be done just on a flat surface, the design has to be made by surfaces than later on would be assembled.
However, the laser cutting nozzle has a tolerance of 0,2mm. The precision given by the laser cutting
technique is not good enough to realize fixed connections in the core.

Figure 8.12 Deflection of Panel 2.1during Testing

Broken Core
Connection

Figure 8.13 Panel 2.1 - Waffle Model - After Testing
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8.4 Panel 3.1

The last panel, that has been tested, was the Truss Model 500mm x 500mm. As it has been explained in
the last part of Chapter 6.3.2, during the manufacturing, there have been some problems which cause
the glue not to adhere correctly. The main challenge was to keep the glass connected to the core, while
curing the glue with UV light. Since the setup did not work correctly, some parts did not bond. As it is
shown in the following picture, mainly in the bottom pane, some spots were already detached, even
before start testing (Figure 8.14 left part).

Figure 8.15 Glue added on the edge of the panel
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Specifications:

Boundary conditions: Simply supported

Load: Point Load

Testing nozzle dimensions: Circle of 150mm = Area of 706,86 cm?
Testing velocity: 2,5 mm/min

Since the test was performed with a bigger machine, which has a lower accuracy in plotting the results,
Figure 8.16 illustrates an area of results, instead of a line. Unfortunately, due to the problems having
during manufacturing, the result given from this test is not of the expected quality. In any case, the
analysis of the detected data has been performed. From the plot in Figure 8.16, it can be noticed that at
a force of 183,3N, the glass panes are delaminated completely from the core (Figure 8.17); for this
reason, the sandwich panel behaviour was not contributing anymore and the delaminated panel
continued to deflect significantly (Figure 8.18). Since the sandwich behaviour was not acting anymore,
and neither the curvature behaviour (the panel simply supported could largely deflect and it turned to
be flat after a brief time), the test was stopped.
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Figure 8.16 Panel 3.1 Test Results and Comments
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Figure 8.17 Complete delamination of the sandwich panel

Figure 8.18 Significant deflection after delamination
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From this experiment, it can be deduced that the glue was not strong enough to keep the glass and the
PLA connected. Even before starting to load the panel, the glue was already off at the edges of the bottom
ply. For sure, this condition has compromised the test. Therefore, it has been tried to understand the
reasons of this delamination. Undoubtedly, the availability of materials had a large impact on the
process. Moreover, the use of a thicker glass has influenced the situation. In the following analysis, the
influence of the thickness of the glass has been studied. Once the sandwich panel is manufactured and
the panel is loaded, the difference in thickness does not influence the amount of glue needed in the
connection. However, the problem can arise during the cold bending procedure. In fact, the glue has to
keep bonded a glass of 0,7mm, which has a higher stiffness, given by a greater thickness, which wants
to go back to the flat condition. The tension in the connections due to cold bending of the Top Pane of
Glass has been calculated by reproducing the cold bending procedure on the mould, Figure 8.19.

Top Panel

L

Bottom Panel

Figure 8.19 Cold Bending Procedure of Glass on the mould

A two-steps analysis has been performed to schematize the cold bending procedure of the Top Panel.
The schematization is shown in the following figure: firstly the glass has been supported at the center,
where it first touches the mould, and pushed down at the edges, Figure 8.20. Then, vertical supports
have been added at each point, where the core pyramidal elements are present, the external load is
taken off from the analysis, and the tension in the support is given by the reaction in each support point.
The maximum reaction force is at the edge of the panel.

- W W .

Figure 8.20 First step - curving the glass on the mould
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This calculation has been done first with a glass of thickness 0,7mm, which is the one that has been
utilized; and then with a glass of 0,5mm, which is the one that has been chosen in the design.

With a glass of thickness 0,7mm the maximum reaction force needed to keep the glass in the desired
bent shape is Fmax = 29,54N. This force, divided by the area of one pyramidal element, which is
12,57mm?, gives a maximum tensile stress in the connection of 29,54/12,57=2,35 MPa. It has to be
reminded that the strength of the utilized glue is 4 MPa, which means that more than half of the capacity
of the glue is taken by the cold bending procedure. Moreover, since during the manufacturing phase, it
was difficult to cure the glue correctly, it has to be said that it is possible that the glue did not have its
full capacity, due to errors in the application.

On the other hand, with a glass of 0,5mm, the maximum force needed to keep the glass curved is 10,71N.
If this force is now divided by the area of a pyramidal element, a tensile stress of 0,85MPa is obtained in
the connection. It can be noticed that the use of a thicker cause the glue to deal with a stress of 2,35MPa
instead of 0,85MPa. Moreover, a glass of 0,5mm is more flexible and thus it is easier to cold bend during
manufacturing and the glue results easier to apply.

Another information, which can be gained from this experiment, is that the glue showed an adhesive
failure. After failure, the glue remains attached just to the glass and not to the plastic PLA core. Since this
problem has also been encountered in Panel 1.2, which was realized with 0,5mm Falcon Glass and did
not have high stresses in the connections, Delo Photobond developers were contacted to have
explanations on this behaviour. It has been suggested to change the type of glue, since the Delo
Photobond 4494 behaves well in connecting glass to glass. On the other hand, when the glass has to be
connected with plastic, Delo Photobond AD494 has better performance, with a shear strength
Glass/PMMA of 9MPa instead of 4MPa (Appendix A). The use Delo Photobond AD494 is suggested for
further researches.
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9. Final Design

In this research, an innovative structural element composed of thin glass and a polymeric core has been
investigated. From the analysis chapter, the feasibility of this composite panel has been studied. The
small scale Panel 1.2 behaves as it was predicted by numerical models. The bigger scale model (Panel
3.1) gave some challenges in the manufacturing phase. However, if the correct glue is chosen, it has been
demonstrated that a proper behaviour can be obtained. The connection between the core and the glass
faces revealed to be the weaker point of the structure, and for this reason they have to be addressed
carefully. In this chapter, an application of the examined panel will be illustrated, where Falcon Glass
0,5mm is used and Delo Photobomb AD494 acrylic glue is used, to give more resistance to the
connections.

9.1 Description of the building

The Netherlands Architecture Institute (NAI) is a cultural institute for architecture and urban
development. It was established in Rotterdam in 1988, it was designed by Koolhaas. The NAl is a private
organization, which manage the collection of archives on the history of Dutch architecture.

In 2011 the museum was decided to be refurbished (Figure 9.1). Octatube was involved in the
engineering and the re-building of the new entrance area. Four main parts were modified: the new
Bookshop, where a high glass facade connects the museum to the public part of the building. Underneath
the concrete pergola, a completely redesigned glass facade was constructed. The entrance facade and
the north facade are also renewed.

The idea for the final design is to propose the innovative studied panel for the facade on the left part of
the building, where less transparency was required by the architect. The contrast between the glass
parts and the hybrid part will clearly reveal the different effect of the transparency of a clear glass
window and the hybrid thin glass panel.

boekverkopers / booksellers

Figure 9.1 Netherlands Architecture Institute (NAI)
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9.2  Boundary Conditions and Load Definition

The final design consists of a fagcade made by the investigated curved thin glass sandwich panel. After
the literature review and the preliminary calculations have been done, it has been decided to create a
final panel with Falcon Glass 0,5mm, which is available up to 1245 mm x 3210 mm. For the sake of
simplicity, it has been decided to use dimensions of 1200 mm x 3000 mm. This dimensions can easily be
used to span from one floor to another, and represent the dimensions of a window. PETG transparent
filament has been chosen as the material to realize the core of the sandwich structure.

The panel will be supported on the long side. This decision has been taken after the comparison made
in the first paragraph of Chapter 5 has been performed. In fact, the deflection of a panel with 3 meters
span and thickness 0,5mm, was too high. Moreover, by supporting the long side of a panel, the vertical
layout of the panel will be transferred on the fagcade of the building, by giving a vertical layout to the
building itself. Since the Truss Model has been already chosen as the best core pattern, because it
showed a better behaviour by using less polymeric material, it has been decided to use the Truss Model
also in the final design. The thickness of the final sandwich panel is 0,5mm + 11mm + 0,5mm, for a total
thickness of 12mm.
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Figure 9.2 Panel geometry

Material Properties
FALCON GLASS

E; =73 000 N/mmz2
Gy =30 000 N/mm?
Specific Weight = 25 kN/m3

PETG

E.=2 000 N/mm?
Gc=730 N/mm?
Specific Weight = 12,7 kN/m3
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Boundary conditions

The panel is line supported on the long vertical edges as it is shown in the figure below.

Figure 9.3 Boundary Conditions - line support on the edge

Load’s definition

Self-weight

The dead load of the panel is automatically calculated by the FEM, once the materials with their specific
weight are set. Falcon Glass Specific Weight = 25 kN/m3 and PETG Specific Weight = 12,7 kN/m3.

Since the designed panel is a fagade panel, the self-weight will act in the vertical direction, as an in-plane
load. The Self-weight can be defined as:

kN kN kN N
Gy = 25— -0,001m + 12,7—-0,011m = 0,165 — = 0,165 x 1073
m3 m3 m2 mm

Wind Load

The glass facade is designed to be built in Rotterdam, the Netherlands. The wind has been calculated
according to the Dutch normative, NEN 1991-1-4. The calculations of wind loads can be found in
Appendix E, the governing value is 0,582 x10-3 N/mm?2 for wind pressure.

— - = X
qW ) 2 )

Load combinations

According to the codes, a glass facade must be safe in case a person will fall through the glass. The
hypothesis of an internal balustrade is taken in order to assure the safety of the glass facade. By using
the above explained loads, three different loading combinations have been checked. A safety factor of y,
= 1,2 has been used for the permanent loads and yq= 1,5 for variable loads.

LC1=15"-q,+12 -qs_y
LC2=10 -q, + 10 -qgs_y
LC3 =1,35 - q5_y,
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9.3  Structural Design

The same procedure used in the whole thesis is performed for the final design. First of all, a horizontal
displacement of 50 mm is imposed at the edge of the panel to cause the desired cold bending shape. This
procedure induces in the glass a maximum tensile stress in the top layer of the pane of o = 20,91MPa
and a compression stress in the bottom of the pane of 0 = - 4,71MPa. The radius of curvature of the
panel is 1,2 m, since this curvature is bigger than the one investigated in the research, the stress
introduced is in the glass pane is lower than the previous ones. The stresses induced in the glass due to
cold bending are shown in the figure below.

ors
Sl

6,438 —

4.887

3.285

1.694

0.0822

-1.608

xgi
L=

Output Set Case 883 Time 1

Deformed(158.8): Total Translation

Elemental Contour: Plate Top MajorPm Stress
Contour double: Plate Bot MajorPm Stress

=311

-4.713

Figure 9.4 Principal Stresses in the glass due to cold bending
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The most critical loading condition is here shown and it is given by LC1, where the maximum stress in
the glass after loading is - 4,71MPa + 52,25 MPa = 47,54 MPa. Therefore, the unity check for the strength
of the glass is fulfilled.

or<

1
3 N/mm?
£2.25

47.65

4e.84

36814

3343

2873

2402

1932

1462

9912

5208

0504

-8.904

ZA%!\K

OQutput Set LCT
Elemental Cantour: Plate Top MejorPm Stress
Contour double; Piate Bot MajorPm Stress 2302

-13.61

-18.31

Figure 9.5 LC1 Plate Top Major Principal Stresses (Left) Plate Bottom Mayor Principal Stresses (right)

Wind suction is governing in the corner of the building. The value of wind suction has been calculated
as - 0,874 x10-3 N/mm?. The stresses in case of wind suction have been checked. The maximum stress
in the glass is +20,91 MPa + 63,42 MPa = 84,33 MPa.

Wi N/mm?
\652 6342
56,14
52,86
4759
423
37.03
.75
2647
2119
1591
1064
5,358
0.0796
F\ -6.193
Ax -10.48
Z -15.78
Qutput Set LCT Suction -21.03

Elemental Contour: Plate Top MajorPr Stress
Contour double: Plate Bot bMajorPm Stress

Figure 9.6 Wind Suction - Plate Top Major Principal Stresses (Left) Plate Bottom Mayor Principal Stresses (right)
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The maximum displacement has to be check according to LC2. The deflection at the center of the panel
results to be 10,5 mm (Figure 9.7). The panel is simply supported on the long edge. According to the
normative, the deflection is limited to 49,7 mm in the center:

Laiag = /12002 + 30002 = 3231 mm

Lgi 3231
Wiim,center = % = ? = 49,7 mm

Moreover, the maximum deflection allowed at the edge of the panel is /100, where L is the unsupported
edge.

_ L _ 1200 mm

Wiimedge = 700 100~ l2mm

ors
e

0,138

-0.526 I
-1.181 =
-1.856
-2.521
-3.186 —
-3.881 =l
-4516 ——
-5.181 —

-5.846

6511 —
-7176
-7.841
-8,506

J} 9171
b

-8.836

Owtput Set LC2
Nodsal Cantour. T3 Translation

Figure 9.7 Maximum Displacement = 10,5 mm

The deflection of the sandwich panel results to be 10,5 mm. Therefore, the deflection limit has been met.
The last thing that has to be checked is the strength in the connection. In this analysis Delo Photobond
AD494 is proposed, therefore the shear strength of the glue is 9MPa. The maximum shear stress has
been calculated according to the procedure shown at the end of Paragraph 5.5.2. In Appendix E the
procedure is replied for the final design and the maximum shear stress value has been calculated to be
6,44 MPa. The value is lower than the shear resistance of the glue, which is 9 MPa. For this reason the
Unity Check is fulfilled.

One of the most impressive characteristics of the panel is the total weight. The panel has dimensions of
3mx 1,2 mand itis realized by two thin glass faces of 0,5 mm and a polymeric core of 11 mm. The total
weight of the panel is 17,4 kg. It means that the panel has a weight of 4,8 kg/m?, while a glass panel,
normally used for fagcade nowadays, weights approximately 30 kg/m2. The proposed hybrid panel can
bring the singular facade panel to have a weight reduction of more than 80%. Moreover, 17,4 kg is a
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weight that just one person on the construction site could hold! The lightness of the panel can simplify
the assemblage of the facade enormously.

9.4 Connections

Another challenge presented by thin glass is the connection method within adjacent panels. Current
existing bolted applications have not been investigated yet with the use of thin glass. The holes would
develop high stresses in the thin glass with the risk of cracks. The convenience of the proposed hybrid
sandwich panel is that the connections of adjacent panels can be realized by taking advantage from the
3D printed core. Since the core will be realized by 3D printing, the joint between two panels can be
created with the printed PETG. Several possibilities can be realized, but this is not the primary aim of
this research. One proposal is shown in the following figure.

> <J

[ Printed core left
[ ] Printed core right

Figure 9.8 Joint between two adjacent panels

To connect the panels to the supporting structure, a steel structure is used. As it has been designed in
the FE Models, the panel will be supported on the long edge. The supporting structure is realized by
steel circular hollow section profiles. The panel is connected to the support structure by using an
aluminium U profile and with bolt connections between the profile and the plastic core of the panel.
Then, the U profile is welded to the support structure as it is shown in Figure 9.9.
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o

~ -
oy,

Aluminium U Profile
Bols L]

Circular
Hollow
Section

Figure 9.9 Connection with the supporting structure

Figure 9.10 Visualization of the facade panels
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9.5  Final results

To understand how much the stiffness of the panel is improved by the technique proposed, the following
comparison has been taken. The deflection of the sandwich panel studied in this research has been
compared with two curved glass panes laminated.

Curved Glass Sandwich Panel 1200 mm x 3000 mm

M Glass 0,5mm + Core 11mm + Glass 0,5 mm

Surface Load 1,31 kN/m?

Displacement 15 mm

Curved Glass Panel 1200 mm x 3000 mm
Glass 0,5mm + Glass 0,5 mm

m Surface Load 1,31 kKN/m?

Displacement 4196 mm = 4,20 m

Figure 9.11 Stiffness of a curved sandwich panel compared to a two layers laminated panel

The studied sandwich panel revealed to be 280 times stiffer than a panel made by two layered glass
plies. It has to be remembered that particular attention has to be given to the connection between the
core and the glass face. If the connection is not strong enough, the two materials will be detached, and
the panel will not act anymore as a sandwich panel. This could bring to really dangerous situations, since
the effective stiffness of the panel will be 280 times less compared to the one designed.
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10. Conclusions

The presented Master thesis report concerns the study of an innovative hybrid facade panel, realized by
thin glass faces and a 3D printed polymeric core. The objective of this graduation project is to prove that
the stiffness of thin glass can be increased in order to allow this new material to be used in the building
industry. The proposed innovative fagade panel is a thin glass cold bent sandwich panel.

Firstly, the conclusions are presented by following the structure of the report. Then, the main research
question is answered. Finally, the hypothesis presented in the introduction chapter is commented and
verified.

General Conclusions

In Chapter 2, the characteristics of aluminosilicate glass have been compared to the ones of soda lime
glass. [t has been explained that the density and the strength of the two materials have analogous values.
However, the strength of aluminosilicate glass can be increased even more by the chemically
strengthened procedure. In fact, alkali aluminosilicate glasses are more prone to chemically
strengthened treatments compared to soda lime glasses, since high alkali content facilitates the glass for
ion exchange and this results in the creation of a thicker compression layer.

Moreover, an investigation of the cold bending of thin glass is carried out. Theoretically, the minimum
bending radius Rmin (single curvature) depends on the thickness of the glass and the strength of the glass.
As it has been demonstrated in paragraph 2.3.3, the minimum bending radius can be determinate as:

o _Et
mm—zo_

Therefore, the minimum bending radius that can be obtained with thin glass, 0,55mm Leoflex Glass is
78,3mm. The cold bending procedure induces permanent tensile stresses in the glass; for this reason,
usually a stronger glass is used (thermally or chemically strengthened). When single curvature is
considered, the thickness of the glass is decisive for the tensile bending stress and the possible bending
radii.

In Chapter 3, sandwich panel structures are presented. According to Hexcel Composites (2000), by using
a sandwich panel of double the height of a solid panel, the stiffness of the sandwich panel is increased
by a factor of 7 (Table 3.1). In the final design (see Paragraph 9.5) it is shown that by using a sandwich
panel of 12 times the height of a solid panel, the stiffness is 280 times higher.

Furthermore, based on the literature review, two different patterns are selected: a space frame core
pattern realized by pyramidal unit elements and a closed square cells pattern. The first pattern has been
chosen because it is a well-known topology, which has a high strength and stiffness related to a low
density. While the square cells pattern has been selected due to its higher shear stiffness, even if its
relative density is larger.

A comparison of the main characteristics of each AM technique can be found in Chapter 4 (Table 4.1).
SLS has been evaluated to be the most advisable technique to be used in the analysed study. With the
use of SLS support material is not needed and the accuracy of the final product is relatively high.
However, due to economic reasons, FDM has been used to realize in practice the core of the sandwich
panel.
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The cold bending procedure is described in Paragraph 5.3. The circular shape has been selected for the
design of the panel because the total stresses are lower compared to the ones introduced in other shapes
(catenary, parabolic and sinusoidal). To model the circular shape in the FEM analysis, a defined
displacement in each node of the panel is imposed, then a Non Linear Analysis is performed.

During the manufacturing of the panels (Chapter 6), it has been found out that PETG revealed to give
problems during production. When the support material in excess had to be removed, instead of
separating from the final part, the material broke. For this reason PLA was suggested to be used by the
3D printing expert. Supports material was much easier to be taken off. However, PLA has proved to be
not easy to glue. This caused more challenges in the manufacturing phase.

With the information achieved from numerical and experimental results, a final design is proposed. The
final design shows a facade panel of dimensions 1200 mm x 3000 mm, with a total thickness of 12 mm,
a weight of 17,4 kg, which exhibits a deflection of only 10,5 mm.

Main Research Question

To what extent can thin glass be stiffened by the realization of a cold bent sandwich panel — made by
thin glass faces 0,5mm and a polymeric core - to be used in the building industry as a facade element?

The study reveals that the curved sandwich panel is a feasible fagade panel proposal. Feasibility is
defined in terms of a structural fagade element, which fulfil the limits of safety (ULS) and comfort (SLS).
One of the main characteristics for which the proposed panel was designed, was to increase the stiffness
of thin glass. As a matter of fact, the curved sandwich panel proposed in the final design results to be
280 times stiffer, compared to a curved two layered thin glass panel.

It has to be underlined that particular attention has to be given to the connection between the core and
the glass faces of the sandwich panel. If the connections are not designed correctly, the two materials
will detach, and the panel will not behave anymore as a sandwich panel. In this case, the delaminated
panel will not be able to withstand the design load.

Furthermore, it was discovered that the proposed sandwich panel could guarantee a weight reduction
of more than 80% in comparison to the glass used nowadays in building fagades. This characteristic not
only facilitates the assemblage of the facade, but also can bring to the usage of a lighter support
structure. This can achieve advantages both in terms of cost of the total structure and energy required
to assemble the building.

Hypothesis

In the introduction chapter, a hypothesis was presented: the possibility of keeping the glass in shape by
the use of the core of a sandwich structure, rather than with the use of a frame. The curved sandwich
panel is demonstrated to be kept in the cold bent shape by the realization of a physical model of
dimensions of 250mm x 150mm. The realization of a bigger panel, 500mm x 500mm, was more
challenging. However, the production of a cold bent sandwich panel has been proved to be a feasible
proposal even on a bigger scale, if the proper material is used, and the connections between the glass
and the core are manufactured correctly.

The main advantage of the investigated structure lies in the forces transferred at the supports. A
freestanding arch will induce in the supporting elements just compression forces and not shear forces.
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In practical applications, this feature is translated into the possibility of using a more extensive number
of materials as a supporting structure. The column elements could be realized with a broader range of
material or they could be more slender than the ones nowadays designed. Moreover, the panel will be
more easily applied in place, during the assemblage of the building, since the desired shape is already
formed.
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11. Recommendations

Since an innovative structural element has been investigated in this research, there are several possible
future developments that can be addressed.

Thin Glass

First of all, since thin glass needs to be chemically strengthened, it is important to investigate the
percentage of emissions of CO; due to the chemically strengthened process. It has been said that the use
of thin glass could highly decrease the carbon footprint of the building industry, since less raw material
would be used. However, in order to draw valid conclusions about the CO; reduction with the use of thin
glass in the building industry, the contribution of the chemically strengthened process has to be added,
and therefore, it is needed to be researched.

After the panels were manufactured, it has been faced the failure of one of the panels. It is arduous to
predict exactly why the glass broke: probably a scratch was present in the edge surface. However, from
this experience it has been learned that the edges of the glass must be carefully treated, because they
are the weak spots of the glass ply. In the future, in order to avoid an unforeseen failure, it is suggested
that the plastic core should be 1-2 millimetre larger than the glass ply, in order not to have glass edges
which hang out.

It has to be underlined that the contribution due to the cold bending in the total stiffness of the panel
has not been investigated. The boundary conditions used in this research were simply supported edges.
[t is recommended for further researches to investigate a curved sandwich panel supported by pinned
connections. In this manner, an arch behaviour will be taken into consideration and it will stiffen the
sandwich panel even more. The increase in stiffness due to the combination of the sandwich behaviour
and the arch behaviour should be investigated.

Additive Manufacturing

If a curved shape core is designed, Selective Laser Sintering (SLS) was the preferred technique instead
of Fused Deposition Modelling (FDM). When the material support, needed in FDM, is removed, it left
parts with alow-quality surface. This fact was not only an aesthetic problem but also a gluing issue. With
SLS, the support material is not needed and the quality of the surface is the same in all the printed parts.
If in the future, SLS will become more affordable in the market, SLS technique is highly recommended
to be investigated in further similar researches.

Another possibility to realize the 3D printed curved core of the sandwich structure is to print the core
as a flat element with FDM, and then to curve it by warming it up. In order to curve the panel, a mould
with the exact shape has to be realized. Then, the flat printed panel has to be heated up until 50-60°C
and the panel will assume the shape of the mould. This approach will avoid the challenge of printing a
curved shape with FDM technique. Moreover, the support material is not needed anymore.

Composite Behaviour

Further researches about the behaviour of the composite panel within thin glass and the adhesive
connection with the core in case of high-temperature conditions should be performed. If the proposed
hybrid panel is wanted to be used as a building fagade, the panel must be proven to be safe according to
the European and National building codes.
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The utilized glue turned out not to have enough resistance to keep the bigger scaled panel curved in
shape. By contacting Delo manufacturer, it has been suggested to use another type of glue, called Delo
Photobond AD494, which has a better behaviour in gluing glass with plastic materials. It is suggested to
investigate the connections within the core and the glass. Delo Photobond AD494 is recommended as a
glue. It is essential to check if this glue can handle higher loading conditions and especially if it fails in a
cohesive manner instead of adhesive failure, as it has happened in the presented research.

In order to avoid the glue to detach from the glass, a bigger area of contact within the core and the
glass is suggested. If a larger area of contact is present, more glue can be applied and the connection is
less prone to fail. A first suggestion of how to increase the area of contact without increasing excessively
the density of the core is shown in the figure below.

K Area of contact

\

Figure 11.1 Core element - bigger area of contact

Core Optimization

Concerning the optimization of the sandwich panel, Topology Optimization is highly recommended to
be further researched. This technique can offer a freeform pattern shape, designed specifically for the
studied sandwich panel.

Finite Element Models

Since the weakest point of the sandwich panel turned out to be the connections between the core and
the glass, it would be interesting to include the glue in the FEM Analysis. In this manner, a closer look
into the behaviour of the glue could be gained. In order to model the glue in the FEM, it is suggested to
move the core downwards of 1 or 2 mm, as it is shown in the figure below. Then, connect the core and
the glass with a line element, which is associated with a truss element, therefore it can resist normal and
shear forces.

|

‘ Glass
1 ! ﬁ Plate Element
Glue I \\\\ ‘

Truss Element (No ‘ /
bending stiffness) ‘\ /

‘ Core
Beam Element

Figure 11.2 FE Model with glue connections
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Appendix A - Material Data Sheet

Thin Glass

AGC Falcon Glass Properties

Performance

Chemical strengthening properties Compressive stress (@ 20pm Dol) > 800 MPa
Depth of Layer (in 8h) > 40 pm
Reinforcement (for 15pm defect) >500 MPa
Warpage (in 0.7mm — 420°C/4h) < 0.05%

Mechanical properties Density ~ 2.48 g/’
Young's Modulus® ~70 GPa
Poisson’s ratio® ~0.21
Shear Madulus* ~306GPa

Knoop hardness HKo.1,20

450 (before chemical tempering)

— 546 (after chemical tempering)

Thermal properties

Softening point

~ 665 °C

Tg

~575°C

Coefficient of thermal expansion

~9.10(25-300°C)

Thermal conductivity*

~ 1.19 W/(m.K)

* Computed values

Processing options

Safety Toughening (chemical) Thickness Size
Safe foil application 0.5 mm Upto 1.245x3.21m
Cutting Straight, circular or free shape 0.7 mm Upto1.35x3.21m
Shaping and edge finishing Edge grinding, drilling, laser finish 1.1 mm Upto1.48x3.21m
Bending (thermo-forming and cold-bending) 2.1 mm

Upto1.60x3.21m

Special treatments

Anti-warping

Silkscreen printing

Acid etching (single or double)

Anti-reflective coating

Wet coating application (anti-fingerprint/hydrophobic coating)

UV adhesive bonding

50

40 (N

ol N\

Falcon™

E
=
2 20 _Nodalime
a \
10 ~
0 ; T
400 600 800

1000

Other thicknesses and dimensions are available upon request.

Mechanical properties

Density (g/cm?)

Young Modulus (GPa)*
Poisson’s Ratio™®

Shear Modulus (GPa)*

~2.48
~13
~0.22
~30

Chemical strengthening properties

Compressive stress
Depth of Layer
Reinforcement
Warpage

capable of >800MPa

capable of >40pm

capable of >600MPa
capable of <0.05%

Figure A. 1 AGC Falcon Glass Properties

(@ 20pm Dol)
(in 8h)
(for 15um native defect)
(in 0.7mm — 420°C/4h)

* Computed values
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AGC Leoflex Glass Properties

Leoflex Thermally tempered
(0.85mm) (3.2mm)
MECHANICAL CHARACTERISTICS
Strength / Marginal stress E#i35 &0 H (MPa) 260 80
Young modulus ¥4 (GPa) 74 70
Poisson ratio R7wvrtt 0.23 0.2
Density #E (g/cm?) 2.48 2.5
Vickers Hardness Evh—XEE 673 527
OPTICAL CHARACTERISTICS
Energy Transmission HEH&EBE (%) 91.6 91.1
THERMAL CHARACTERISTICS
Expansion coefficient #REM{ZE (10° 1/K) 9.8 9
Strain point FE R (°C) 556 500

(Thermal tempering : Conventional

Thermally Leoflex Leoflex features

tempered (Chemically tempered)
Mini thick
vinimum tickness 3.2 mmt 0.55mmt Light weight
limit
Mechanical strength
(Compressive 80 MPa 260 MPa Resistance to bending

Marginal stress)
lon concentration at Na* rich less Na*
o .
“lbe s Ees (Na20 >10 wt.%) (Na20 <.3 wt.%) Chemically stable
K* rich
** Vlalues are not guaranteed. )

.

** Values are not guaranteed.

<Image of thermally tempered glass>

Heating up Rapid cooling down
000000 000000
000000 000000

AGC confidential

J

Rapid cooling glass after heating up
beyond its softening point creates
compressive stress at glass surface.
There is no ion exchange at glass
surface.

Figure A. 2 AGC Leoflex Glass Properties
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Glue

Delo Photobond 4494 - Technical Properties

Technical data

Color
cured in a layer thickness of approx. 0.1 mm

Density [g/cmd]

at room lemperature (approx. 23 <)

Viscosity [mPas]
at 23 °C, Brookfield spindle/rpm 4/5

Minimal curing time [s]
DELO Standard 23, UVA intensity: 60 mWicm?2, DELOLUXcontrol

Minimal curing time [s]
DELO Standard 23, LED 400nm, intensity: 200 mW/cm?, DELOLUXcontrol

Compression shear sirength glass/glass [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mWicm?, DELOLUXcontrol, iradiation time: 60 s

Compression shear strength glass/Al [MPa]
DELO Standard 5
UWVA intensity: 55 - 60 mWicm?, DELOLUXcontral, irradiation time: 60 s

Compression shear strength glass/PC [MPa]
DELO Standard 5
UWVA intensity: 55 - 60 mWicm?, DELOLUXcontral, irradiation time: 60 s

Compression shear strength glass/PMMA [MPa]
DELO Standard 5
UWVA intensity: 55 - 60 mWicm?, DELOLUXcontral, irradiation time: 60 s

Compression shear strength PC/Al [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mW/cm?, DELOLUXcontral, irradiation time: 60 s

Compression shear strength PC/PC [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mW/cm?, DELOLUXcontral, irradiation time: 60 s

Compression shear strength PMMA/PMMA [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mW/cm?, DELOLUXcontral, irradiation time: 60 s

Tensile strength [MPa]
according to DIN EN IS0 527

Shore hardness D
according to DIN EN IS0 868

Decomposition temperature [*C]
DELO Standard 36

Glass transition temperature [°C]
rheometer

Coefficient of linear expansion [ppm/K]
in a temperature range of +25 to +140 *C

Shrinkage [vol. %]
DELO Standard 13

Water absorption [weight %]
according to DIN EN 1SO 62, 24 h at room temperature (approx. 23 <C)

Figure A. 3 Delo Photobond 4494 - Properties

colorless clear

1.0

20000

28

25

15

18
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20
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180

100

21

1.3
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Delo Photobond AD494 - Technical Properties

Technical data

Color
cured in a layer thickness of approx. 0.1 mm

Density [g/cm?]

at room temperature (approx. 23 C)

Viscosity [mPas]
at 23 °C, Brookfield rpm 7/5

Minimal curing time [s]
DELO Standard 23, UVA intensity: 60 mW./cmg2, DELOLUXcontrol

Minimal curing time [s]
DELOQ Standard 23, LED intensity: 200 mW/cme, DELOLUXcontrol

Surface

Compression shear strength glass/glass [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mW/cm?2, DELOLUXcontrol, irradiation time:

Compression shear strength glass/Al [MPa]
DELO Standard 5
UVA intensity: 55 - 60 mWicmz, DELOLUXcontrol, irradiation time:

Compression shear strength glass/VA [MPa]
DELO Standard §
UVA intensity: 55 - 60 mW/cm2, DELOLUXcontrol, irradiation time:

Compression shear strength glass/PC [MPa]
DELO Standard §
UVA intensity: 55 - 50 mW/cmz, DELOLUXcontrol, irradiation time:

Compression shear strength glass/PMMA [MPa]
DELO Standard §
UVA intensity: 55 - 60 mW/cm2, DELOLUXcontrol, irradiation time:

Compression shear strength PC/ABS [MPa]
DELO Standard §
UVA intensity: 55 - 50 mW/cmz, DELOLUXcontrol, irradiation time:

Compression shear strength PC/Al [MPa]
DELO Standard &
UVA intensity: 55 - 60 mW/cm2, DELOLUXcontrol, irradiation time:

60s

60s

60s

60s

60s

60s

B60s

colorless clear
1.1
50000

14

tacky
13

12

13

13

12

10

Figure A. 4 Delo Photobond AD494 - Properties
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Appendix B - Structural Optimization

Structural Optimization is the subject of making an assemblage of materials sustain loads in the best
way. However, to make any sense out of that objective the meaning of the term “best” needs to be
specified (Christensen & Klarbring, 2009). The best structure could be the lightest one, another idea of
“best” could be to make the structure as stiff as possible or make it insensitive to buckling. A structural
optimization problem is formulated with a combination of those parameters as an objective function
that should be maximised or minimised according to defined constrains.

A simple example of Topology Optimization is shown in Figure B. 1. The picture represents the
optimization of a chair: the solid material of the chair on the left, is iteratively taken off, based on the
load of the person sitting on it.

% ”'é 7\&

Figure B. 1 Topology Optimization of a chair (John, s.d.)

General Mathematical Form of a Structural Optimization Problem

A Structural Optimization problem has certain functions and variables which are always present
(Christensen & Klarbring, 2009).

e Objective function (f): A function used to classify designs. Frequently f measures weight,
displacement, stress, etc.

e Design variable (x): A function or vector that describes the design, and which can be changed
during optimization. It may represent geometry or choice of material.

e State variable (y): For a given structure, i.e. for a given design x, y is a function or vector that

represent the response of the structure. For a mechanical structure, response means
displacement, stress, strain or force.
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A general structural optimization problem can now be written as:

minimize f(x,y) with respect to x and y
behavioral constraints ony
subject to design constraints on x
equilibrium constraints

(S0)

A structural optimization problem can have several objective functions, and be defined a multi criteria
optimization problem:

minimize (fy(x,y), f2(x,¥), ... fu (%, ) )

Where n is the number of objective functions, and the constraints are the same as for (SQ). This is nota
standard optimization problem, since all f;in general are not minimized for the same x and y. Instead,
the scope is to achieve the so-called Pareto optimality: a design is Pareto optimal if there does not exist
any other design that satisfies all of the objectives better (Christensen & Klarbring, 2009).

Types of Structural Optimization
e Sizing Optimization

In this type of optimization, the shape of the structure is known. The purpose is to achieve the
optimal design by having as a design variables the size and the cross sectional dimensions.

e Shape Optimization

As with sizing optimization, the topology (number of holes, beams size, etc.) of the structure is
already known. In shape optimization, the distribution of the members is changed, while the
boundaries and the connectivity of the structure are maintained the same.

e Topology Optimization

The purpose of topology optimization, as well as sizing and shape optimization, is to find the
optimum distribution of material. Despite the other two methods, the resulting shape or number
of holes are not yet defined. The process begins by discretizing the geometry of the design
domain, and takes off elements with a low influence in the object.
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Pl

Size opt. I:\J>

NUZVZON
Shipn bk :{>

Topology opt. |:>

Figure B. 2 Size Optimization (a), Shape Optimization (b), Topology Optimization (c)

Method of Topology Optimization

Topology optimization is the most general form of Structural Optimization (Olason & Tidman, 2010).
From a given domain, the purpose is to find the optimum distribution of material and voids. Finite
Element Method (FEM) is used to discretized and solve the problem. The result is a so called 0-1
problem, in which the elements either exists or not.

There are several methods to carry out the Topology Optimization process, namely:

Solid Isotropic Microstructure with Penalization (SIMP) method
The SIMP method is based on the assumption that each element contains an isotropic material
with variable density.

Evolutionary Structural Optimization (ESO) method

The ESO methods is based on the concept of iteratively remove less efficient material from a
structure, by defining “inefficient” the portion of material with low value of stress (or strains).

Bi-directional Evolutionary Structural Optimization (BESO) method

The BESO method allows material to be removed and added simultaneously.

Homogenization method

The Homogenization method uses infinitely discretization of micro scale voids, forming a porous
element which creates a linear elastic structure. If a portion of elements is made just of voids,
the material is not placed.

Level set method

This method optimizes the structure by modifying the boundaries of the design domain. Material
is removed and added in regions of low stress and high stress respectively. The method utilizes
evolutionary process which can be characterized by the disappearance of holes which are
initially positioned at the wrong places.
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Topology Optimizations Softwares

e Millipede

e BESO3D -> Ameba

e Altair OptiStruct

e Solid Thinking Inspire

Limitations

In the last decades, the use of commercial optimization software has increased rapidly and has shown
to be applicable to many different types of problems (Olason & Tidman, 2010). The purpose is that the
designer and the structural engineer both are involved in the initial stage. Topology optimization is used
to generate a good design concept. The limitations of this method have been underlined by Olason and
Tidman in their dissertation (Olason & Tidman, 2010).

First of all, it is necessary to have a well-defined problem before performing the optimization. The loads
and the boundary conditions need to be specified as precisely as possible. The optimal structure will
probably violate requirements that are not specified, because the optimization will try to reduce the
structure. Moreover, the result obtained from the topology optimization is far from a finished product.
For this reason topology optimization should be seen as a tool in the design process that is useful to
generate an efficient design in the early stages (Olason & Tidman, 2010).

131|Page



Appendices Appendix C.1

Appendix C - Numerical Calculations

Appendix C.1 Cold bending

Finite Element Models for all the cold bending shapes illustrated in Figure 5.2 have been made and they
will be illustrated in the following paragraph. Firstly, a comparison in thickness of the glass and edge
supports (short edge or long edge) have been made. Later, when the supports and the thickness have
been defined, the specific shape that will be investigate in this research is illustrated.

Parabolic Shape

Initially, to investigate the cold bending procedure, the biggest Falcon Glass plate dimensions available
were taken into considerations: therefore, 1245 mm x 3210 mm. The first case, taken into account, is a
line supported plate under a uniformily distribuited load, which will bring the glass to assume a
parabolic shape. The glass panel has been investigated either supported on the long side of the panel
and on the short side.

Summary
Plate Dimensions: 1245mm x 3210mm

Thickness: comparison between 1,1mm 0,7mm 0,5mm
Boundary conditions: Two side supported panel: comparison between Long side supported - Short
side supported.

Perpendicular surface load g=0,01kN/m?

Glass plate thickness = 1,1 mm

or<

1
1
2

Output Set. NL long support-1.1mm
Deformed(47.28): Total Translation
Elemental Contour. Plate Bot MajorPm Stress

Figure C. 1 Plate thickness 1,1 mm - long side supported. Tensile stress = 12,27 N/mm?2
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N/mm?

or<

47.38

4452

41,693

38.85

36.02

3319

30,36

2753

2463

21.86

19.03

1337

1053

7.7m

Output Set NL short support-1.1mm
Deformed(1116): Total Translation 2038
Elemental Contour: Plats Bot MajorPm Stress

Figure C. 2 Plate thickness 1,1 mm - short side supported. Tensile stress = 47,35 N/mm2
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Glass plate thickness = 0,7 mm

Output Set: NL long support-0.7mm
Deformed(170.1): Total Translation
Elemental Contour. Plate Bot MajorPrm Stress

Figure C. 3Plate thickness 0,7 mm - long side supported. Tensile stress = 27,56 N/mm2

orsg
leiiod
=

1874

16.6

13.46

10.32

7.183

4043

Output Set: NL short support-0,7mm
Deformed(1796 ): Totel Translation
Elemental Contour: Plate Bot MajorPm Stress

0,903

Figure C. 4Plate thickness 0,7 mm - short side supported. Tensile stress = 51,14 N/mm?2

From this first examples it can be already seen that, with the same load applied, the panels supported
on the short side will easily deflect. It is not a matter of strength, since tensile stresses are still low
compared to the limit stresses that chemically strenghtened glass can reach (260 MPa for Leoflex glass).
However, in terms of stiffness, the panel has lower deflection if it is supported on the long edges.
Moreover, since the bent shape is one of the fist research goal of this project, it has been decided to
investigate the thinnest glass available, 0,5 mm.
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First conclusions
Panel supported on the long side edges

Glass plate thickness = 0,5 mm

or<
el
™
o
=~
@

1mnm

8,829

6,646

4,462

: 2,278

f\ Y 0,0948

A( 2,089
z

-4273

Qutput Set: Case 1 Time 1.

Deformed(239.1): Total Translation

Elemental Contour: Plate Top MajorPrn Stress
Contour double: Plate Bot MajorPrn Stress

-6,457

Figure C. 5 Plate thickness 0,5 mm - long side supported. Tensile stress = 28,48 N/mm?2

Figure C. 6 Cold bending - Parabolic Shape
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Circular Shape

The second shape taken into account is the circular shape, obtained by imposing a defined displacement
in each node of the panel. The horizontal displacement of the panel’s edge is calculated by geometrical
consideration and, then, itis imposed at each node. An eccentricity is required in order to curve the glass
instead of reaching just a compression state.

Imposed displacement x = 100 mm

Glass thickness 0,5 mm

N/mm?

or <
r

25,65

2351

21.36

19,21

17,08

1491

12,76

10,62

8,468

417

2.023

-0.125

-2.273

4421
Output Set Case 269 Time 1.97
Deformed(221.3): Total Translation
Elemental Contour: Plate Top MajorPm Stress
Contour double: Plate Bot MajorPrn Stress

Figure C. 7 Plate thickness 0,5 mm - long side supported. Tensile stress = 27,8 N/mm?2

Figure C. 8 Cold Bending - Circular Shape
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Sinusoidal Shape

The third and last shape taken into consideration is the sinusoidal shape, reached by an applied
horizontal force. Also in this case, an eccentricity is required in order to curve the glass instead of
reaching just a compression state. A force F of 18 N has been divided by the number of nodes on the
roller support, to cause a displacement around 100 mm, the same as the one in the previous case.

Horizontal force F = 18N

Glass thickness 0,5 mm

or<

i |
;6
21

Output Set: Case 2 Time 2.F=0,0054
Deformed(250.5): Total Translation

Elemental Contour: Plate Top MajorPm Stress
Contour double: Plate Bot MajorPm Stress

Figure C. 9 Plate thickness 0,5 mm - long side supported. Tensile stress = 31,55 N/mm?2

Figure C. 10 Cold Bending - Sinusoidal Shape

Those specific analyses have been carried to evaluate the preferred shape, that it is wanted to be used
in this research. The circular shape results to be the shape in which lower stresses are induced, as a
confirmation of the research of Galuppi & Royer (Galuppi & Royer-Carfagni, 2015). For this reason, the
circular shape has been decided to be further investigated in this project.
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Appendix C.2 Karamba and Femap Comparison

The approach used in this preliminary design phase is the following: first of all, to get acquainted with
the program, a beam element has been calculated analytically and then with Karamba. The second step
was to make a comparison between plate elements, which has been compared also with an equivalent
model on Femap. The third step was to make a truss element, and finally, once the trust in the program
has been gained, the final model - a sandwich panel with the Truss and the Waffle core - has been
calculated in Karamba and Femap.

The approach used to better understand Karamba and Femap was to realize the following models:

e Beam

e Plate element

e Sandwich Beam - Truss elements
e Sandwich Panel

Beam Model

Fist, a simply supported glass beam, loaded with a point load F=5kN in the middle of the span /=3m, has
been calcualted. The results of this simple example helped me to find out how to input correctly the
parameters in Karamba, and, just as important, how to read the results available.

Figure C. 11 Simply supported glass beam (left) - Cross sectional dimensions (right)

Analytical Calculations:

The Moment M and the displacement w in the center of the beam can be easily calculated by use of the
following formulas:

M = Z=Fl
1 FP
48 EI
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Where:

F=5000N

[=3000 mm

b =150 mm

h =300 mm

E =73000 N/mm?2

G = 30000 N/mm?
I=(150*3003)/12=337 500 000 mm*

1
M= 1-5-3=3,75kNm

1 5000 - 30003
"= 4873000337 500 000

=0,114 mm

Numerical Calculations - Karamba:

One important annotation is that Karamba works with Meters and KiloNewton predominantly. So the
Rhinoceros + Grasshopper model has to be converted in Meters before input the parameters in
Karamba. This characteristic was easy to realize due to the simple model in examination.

From the geometrical description in Grasshopper, Karamba enables to convert Line Element to Beam
Element and Mesh to Shell Element (Shell will be discussed in the next example). Thus, the line designed
in Grasshopper has been converted to a Beam Element in Karamba. The start and end point of the line
have been exploded and input in the position of the supports. Then, each degree of freedom (T, Ty, Ty,
Ry, Ry, R;) can be set as free or fixed. In this case, to reproduce a the pinned support on the left,
translations Ty, Ty, T-have been constained, while on the right Ty, T, have been constrained to reproduce
the roller. The Load of 5 kN is introduced as a Point Load at the center of the beam. It is important to
split the beam line into two different lines, with a node in the center, to let the programme understand
on which node the point load is applied.

The result can be seen in the picture below. A displacement of 0,117 mm and a Moment of 3,75 kNm is
found by the programme.

Max Displ [
= | Max Displ [mm] |
{o:0}
0 0.000117 {0;0}
do0 0.117

Madel

Mesh

Madel Madel Model :*. Curves

LCFact

[ ——— | ___a -or o4z, defMesh Legend C

Figure C. 12 Beam Model - Karamba result - Displacement = 0,117 mm

139|Page



Appendices Appendix C.2

Figure C. 13 Karamba result - Moment Line

If we compare the Karamba displacement result with the analytical one of 0,114 mm, we can see a
difference of 2,5% in the two results. This difference is due to the fact that Karamba takes into account
also the shear stiffness of the beam. In fact, if we are going to re-calculate the deflection of the beam by
taking into account also the shear stiffness of the beam, the result turns to be:

1 Fl3+1 Fl
WT48 BT T4 ac
1 5000-3000

w = 0,114 mm +Z-150_300_30000=0,117mrn

Which is exactly the same result obtained with Karamba.

The moment line can be seen in the results, with a maximum value in the center of the beam with a value
of 3,75 kNm, exactly the same as the one found with analytical calculations.

Internal forces (N, V and M) of the beam can all be visualized in the same manner as the Moment shown
in Figure C. 13. Resultant Forces can be extracted as well by Karamba. If more than one load is applied
at the same model, from the command Model View the load case can be selected (all loads or a particular
load case) and all the results will be dispalyed accordingly to the choice.

Plate Model

The plate model is a glass square plate of dimensions b = 3m, with a thickness t = 300mm. It is loaded
with a surface load p = 2 kN/m2. The plate is line supported at two edges.

The plate has been analitically calculated by making few hypothesis: if just a central strip is taken into
account, the beam theory can be used. The width of the plate will be taken into consideration in the
calculations of the moment of inertia (I) of the element.

Where:
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b =3000 mm
t=300 mm

1
I = Ivh 3000 -300% = 6 750 000 000 Nmm

The deflection of a simply support beam element under a uniformly distributed load q is:

5 ql*
Y =384 EI

The line load g of the equivalent model can be calculated as the surface load p times the width of the
plate:

kN N
q=0,002 —-3000m=6 —
m m

At this point, the deflection at the center of the plate can be calculated:

5 6-3000*
" =384 73000 6 750 000 000

=0,0128 mm

Numerical Calculations - Karamba:

The plate analysis is made in order to understand how to interpreter the results related to shell element
on Karamba. First, the surface created on Grasshopper has to be meshed. Then, the mesh can be
converted to a Shell Element by Karamba. Each support in Karamba is realized by a nodal support, for
this reason, if a line support wants to be created, the edge of the plate has to be divided into node
elements - which needs to coincide with the mesh node elements - and then each node has to be input
in the support command.

The load has to be input as a Mesh Load. Anotehr surface has to be created and meshed, and it will be
the surface reference for the load. The value given is already the surface load, which will be converted
by the programme into equivalent node-loads. The orientation of the load can be chosen as well, the
load can be locally oriented to the element or projected to the element or globally projected, as it is
explained in the following picture.

ERRRRRRRRY

e . e

(@) (b) (©)

Figure C. 14 Karamba orientation of Load on Mesh: (a) local, (b) global, (c) global projected (Preisinger, 2016)
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Figure C. 15 Deflection of a two side supported Plate under a surface load

The displacement found in the midde of the plate, results to be 0,013 mm. Which is really close to the
0,0128 mm found analitically.

In order to better understand the post processing visualization of stresses and Shell forces, the same
model has also been realized in Femap. The comaprison of the results found in both programes are
shown in the following pictures.

Numerical Calculations - Femap:

Vi1
L1
c1

Y?‘L
X

Output Set: NXNASTRAN Case 1
Deformed(0.0135): Total Translation
Nodal Contour: T3 Translation

Figure C. 16 Deflection Femap: 0,0135 mm

Principal Stresses are checked. According to the Maximum Principal Stress Theory, failure in the
material occurs when the principal stress exceeds the principal stress at which failure occurs in the 1st
dimensional loading test. This theory is indeed valid for brittle material, like glass. On the other hand,
according to Von Mises Theory, failure occurs when the shear strain energy exceeds the energy per unit
volume stored in the material during the 1st dimensional test. Von Mises theory is used for ductile
materials, like steel or plastic. For this reason Principal Stresses will be checked.
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Principal Stresses Femap: top face
Max: 0,147 N/mm?

Min: -0,0219 N/mm?
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Contour double: Plate Bot MajorPm Stress

Figure C. 17 Femap - Maximum Principal Stresses Top Face

Principal Stresses Karamba: top face

Max: 0,0146 kN/cm? = 0,146 N/mm?
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Figure C. 18 Karamba - Maximum Principal Stresses Top Face

09007

143 |Page



Appendices

Appendix C.2

Principal Stresses Femap: bottom face
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Figure C. 19 Femap - Maximum Principal Stresses Bottom Face

Principal Stresses Karamba: bottom face
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Comments:

The comparison of the result reveals that the two models work accordingly to each other and also to the
analytical calculation. Karamba still have the some limits with shell elements: while the deflection and
principal stresses are calculated and visualized accordingly, the shear stresses can be seen just as a value
and are not given in the shell result visualization. Sometimes it is difficilult to understand which value
is related to wich small mesh element.

Sandwich Beam Model - Empty Core

The sandwich beam model has been calculated analytically with two limits situations. The first one,
where the core has been schematized as “empty”, this means by taking into account just the structural
height of the beam, and not the actual material of the core. While, in the second model, a full core had
been taken into account, in which the continution of the core is added at the Second Moment of Inertia
(I). The first model will result in the a less stiff solution, giving an upper boundary for the deflection of
the actual truss beam (maximum deflection experienced). While the second model will give the stiffest
result, resulting in the lower boundary for the deflection (minimum deflection experienced).

Empty Core - Upper boundary deflection

|

F

Figure C. 21 Sandwich Beam empty core schematization (left) - Cross Section (right)

The stiffness of the beam has been calculated as a contribution of the stiffness of the two thin glass faces
2-Ey- (é bt3) plus the contribution given by the stiffness of the two faces about the center of the beam
2+Ey-(A-z?)

EI_Z'E'1b3 A~ z?
= g Et-l_ Z

Where:

E; =73 000 N/mmz2
b =150 mm
t=5mm

h =290 mm
H=h+2t=300 mm
d=H-t=295mm
z=d/2=147,5mm
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1
El=2- [73000 . (E' 150-53% + (150-5) - 147,52)] = 2,3825 X 102Nmm?

Then, the deflection of a sandwich beam with an ideally empty core, can be defined as:

1 50-30003

W =18 23825 x 101z . 0118 mm

Karamba

This result will be represented in Karamba by modelling a sandwich beam, with a truss core realized
just by hinged connection. Theoretically, a truss element does not have bending stiffness, for this reason
the model should not differ from the empty core analytical calculated.

The model is composed by two beams, rectangular cross section b x t = 150 mm x 5 mm, which represent
the top and bottom chord of the truss model. The truss elements are realized by rods, elements with do
not have bending stiffness, hinged at the chords.

NS %

Figure C. 22 Karamba Truss Model

In order to correctly represent the analytical model, the supports have to be located at the center of the
height of the beam. In Figure C. 22 they are represented by the green dots, pinned at the left side and
roller support at the right side. The yellow dots represent the hinged connection in between the truss
elements and the chords.

The point load applied at the center of the span is of 50 N, and the total span is of 3 m.

The deformation at the center results to be 0,01179 mm which can be exaclty approximized at 0,0118
mm found by analytical calculations.

146 |Page



Appendices Appendix C.2

Display scaks

Figure C. 23 Karamba Truss deflection

The nice thing of making this model was the insight that it gave me about parametric design. While the
model was still not working, in order to find the reason why it was not close to analytical calculations, a
study about the influence of truss element has been performed.

The model has been realized in such a way to be able to shift just one parameter (number of truss
element) and the generic sandwich model would have remain the same: same point load at the center
of the beam, same support conditions (simply supported).

The initial thought was to obtain a lower deflection, by increasing the number of truss element. [ was
actually expect the stiffness to increase too. But this didn’t happen. The deflection, by increasing the
number of truss elements remain the same. This result confirmed the fact that the core is not adding
bending stiffness to the system. Moreover, when the truss elements where too many, they started to
assume a position that was close to vertical, this cause the samdwich beam to be less stiff compared to
a beam with a 45° inclination.

Full Core

F

l
) @)

Figure C. 24 Sandwich Beam full core schematization (left) - Cross Section (right)

In order to calculate the stiffness of the sandwich beam with a full core, the stiffness of the core is actually
added to the previous term. The stiffness of the beam has been calculated according to Sandwich Beam
Theory (Allen, 1969). The Young modulus of glass E; times the moment of inertia of the glass faces I,
everything times two since the glass faces are equals and equivalently distant from the center of gravity
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of the total panel. The contributions of the polymeric core has to be added with its respective properties
Ec Ic.

El = E -[2-(ibt3+A-22)]+E -ibh3
9 12 €12

Where:

E; =73 000 N/mmz2
E.=2 000 N/mm?
b =150 mm
t=5mm

H =300 mm

h =290 mm
d=H-t=295mm
z=d/2 =147,5mm

1 1
EI::73000-[2-(12-150-53—k(5-150)-14752)]+—2000-15-150-2903

ElI =2,922 x 102 Nmm?

The deflection of the sandwich beam can now be determined as:

_1FP
W= 48'El
Where
F=50N
[=3000m
1 50-30003

w = 4-_82,922—X1012 = 0,00940 mm

The deflection of a sandwich beam with a full core will represent the lower boundary of deflection
w=0,0094 mm .

Karamba

In order to realize a full core with Karamba, a shell element has been used. The chords have been
realized as before with a beam element, rectangular cross section b xt = 150 mm x 5 mm. The core instad,
has been created as a surface, converted to a mesh which has been used to create the shell element, with
a thickness equivalent to the base of the beam shell height = 150 mm.
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Figure C. 25 Karamba Cross Section Visualization

In Figure C. 25, we can see the same beam element: on the left the thickness of the shell is turned off,
and we just see it as a plate element. On the right image, the cross section is visualized with its thickness
150 mm, which corespond at the base of the beam. This is how the full core has been represented.

The mesh size has to be enougth dense to reach an accurate result. Firstly, the result seems not to be
accurate and I could not find the problem. Later on I have realized that the more the mesh size is dense,
the more accurate result we get.

Load and supports are respectively: 50 N Point Load and simplt supported beam. The supports have to
be setted at the center of the height of the beam. As can be seen in Figure C. 26, where the supports are
the green dots at the sides od the beam.

The diplacement at the center of the beam results to be 0,00998 mm according to Karamba.

B e e g - W|w  Wrwe

]
/

i

i
I

Figure C. 26 Karamba Sandwich Beam full core - Deflection

In this case, the shear stiffness of the beam made such a contribution that could be noticed in the
result’s comparison with analitical results. We got a displacement of 0,0094 mm considering just
bending stiffness. If we add the contribution of shear we get:

1 FP N 1 Fl
V=48 El "1 4G
Where the first term has been already calculated and:

Gy =30 000 N/mm2
Gc=730 N/mmz2

b =150 mm
t=5mm

h =290 mm
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AG =2-(150-5)-30000+ (290-150)-730 =76 755000 N
The total deflection results to be:

50-3000

1
w = 00094+ 2 755000

= 0,00988 mm

Which is exactly the same result that has been found in Karamba.
Conclusion:

The results found in both Analytical and Numerical calculations are comparable. It can be said that both
beam and shell elements can be realized with Karamaba and Femap. While Femap has a better accurancy
even if the mesh size of the elements is not so dense, in Karamba this has to be considered carefully:
mesh size in Karamba has to be enough dense to assure an accurate results
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Appendix C.3 Panel 250 mm x 150 mm

Truss Core — Karamba

The first model that has been realized was the Truss Model on Karamba. The geometry has been
previously realized on Rhino + Grasshopper. Now the same geometry will be used to perform the FEA
with Karamba and then with Femap.

The top and bottom curved surfaces have been meshed in Karamba. The surface has been divided into
2400 elements, by dividing the short edge into 40 elements and the long edge into 60 elements. By
default, Karamba split the mesh from Quad elements into Triangular elements for making the
calculations. It is still not possible to use Quad elements in Karamba. If in future the option of Quad
Elements willl be available, is highly recommended to use it in order to have more accurate results.

Supports and load conditions are given differentely based on the case that will be examined. In general,
pinned supports and roller supports have been taken into account. Different loading conditions were
also taken into account: a surface load of 1kN/m2 has been used to simulate the Wind Load and a Point
Load of 50N has been used to compare the numerical model with analytical model. Morover, since the
local point load on a node is unlikely to happen in reality, a more distribuited point load has been taken
into accout. The load of 50 N has been spread into 9 nodes, to have more distribuited stresses in the
results and to avoid peak stresses. A line load has been also taken in considerations while comparing
the models.

Falcon Glass has been used for experimental tests. Its characteristics has been reproduced also in the
computer models. The top and bottom shells have a thickness of 0,5 mm and the properties of Falcon
Glass has been attributed:

Ey =73 000 N/mm?
Gy =30 000 N/mm?
Specific Weight = 25 kN/m3

The beam element of the core have a circular hollow section with a radius of 2mm. The thickness of this
hollow section is 1mm, since the 3D printed element has not a full cross section. The properties of PETG
has been attribuited to the core:

E.=2 000 N/mm?
Gc =730 N/mm?
Specific Weight = 12,7 kN/m3

Since the realized panel will have also 3D printed side elements, as a frame of the core, those elements
of 5 mm has been added to the computer model as well, in order to realize a schematization which is as
similar as possible to the physical model. PETG side elements have been added.

The model can now be Assembled on Karamba, and analysed. A Static linear analysis has been
performed with the assumptions that the whole sandwich panel, which behaves like a monolithic
element, will deflect following the theory of small displacement.
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Figure C. 27 Karamba Truss Model - Displacement
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Figure C. 28 Karamba Truss Model - Glass Plate Principal Stresses

Fema

To model the same curved sandwich panel in Femap, the geometry has been imported as a dxf file. The
250mm x 150mm curved surfaces have been created and then the edge lines has been divided into 40
and 60 elements respectively, in order to have the same mesh realized in Karamba. The shells have been
meshed firstly as a Quad elements, then, the elements have been splitted into Triangular elements.
Karamba is using triangular mesh elements, and in order to reduce the deviations between the two
models, triangular mesh elements have been used in Femap too.

The Glass Faces have been modeled as a Plate element of 0,5 mm in Femap, while the Truss Element has
been modeled as a Beam Element, circular cross section of r = 2mm, with thickness of 1mm. All other
inputs has been equally setted and the results given by Femap are shown in the following figures.
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Figure C. 29 Femap Truss Model - Displacement
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Figure C. 30 Femap Truss Model - Glass Plate Principal Stresses
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Figure C. 31 Femap Truss Model - Core Combined Stresses
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Figure C. 32 Femap Truss Model - Axial Force in the Truss elements
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Figure C. 33 Femap Truss Model - Shear Force in the Truss elements

Comparison of Finite Element Models

Once the Finate Element Models were realized both on Karamba and Femap, a comparison of the results
was performed. The goal of this analysis was to understand how trustfull are the programmes, and how
much will be the deviation between one and another. In Table C.1 the result of the comparison between
the two finite element programmes is illustated. As can be seen from the table, the two programmes
showed to be consistent. The differences in results are always below 5%.

In order to reach this result, it was important to have an identical mesh in both programmes. Having
considered the same type of element was also important. Since Karamba can just solve with Triangular
Mesh Elements, the same elements have been used also in Femap. For future researches would be
important to check calculations accurancy with Quad4 or Quad8 node elements.

155|Page



Appendices

Appendix C.3

Comparison of Finite Element Models - Truss Model

Boundary Conditions Karamba Femap Deviations
Pinned Supports . 0
1. Point Load 50N Deflection w [mm)] 0,296 0,292 1,35 %
‘ Principal s
Stress [N/rr;a;(nz] +123,0 +125,2 1,79 %
m (Tension)
Pinned Supports . 0
Surface Load 1kN,/m? Deflection w [mm] 0,004 0,004 0,79 %
o T Principal
m Stress [N;’r”;f;nz] +1,18 +1,17 0,85 %
. L (Tension)
Simply Supported , o
3. Point Load 50N Deflection w [mm] 0,409 0,401 2,00 %
Principal -
Stress [N/Inrlfrxnz] +120,0 +122,9 2,36 %
m (Tension)
Simply Supported . 0
Surface Load 1kN/m? Deflection w [mm] 0,063 0,060 5,00 %
ST Principal
m Stress [N;’r“;f;nz] +4,23 +4,28 1,17 %
(Tension)

Table C. 1 Truss Model - Numerical Calculations
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Waffle Model - Karamba

Same as the truss model, the waffle model has been first drawn as a geometry in Rhino+Grasshopper.
The 250mm x 150mm curved surfaces have been meshed in Karamba. The surface has been divided into
1536 elements, 32 division on the short edge and 48 division on the long one. The shell elements have
been associated to a cross section of 0,5 mm with the properties of falcon glass, same as the one utilized
above. While the ribs of the core have been associated to a shell elements, with a 3 mm cross section,
made of PMMA. The core geometry can be seen in Figure C. 34. Support conditions and load conditons
are the same as the previous model. Two side supported panel with pinned connections, and in this case
a uniformely distribuited load of 1kN/m2 has been applied. The displacement of the sandwich panel

found by the Karamba analysis can be seen in Figure C. 35, while the principal stresses in the glass can
be seen in Figure C. 36.

Figure C. 34 Waffle Model - Grasshopper geometry 250mm x 150mm
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Figure C. 35 Karamba Waffle Model - Displacement
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Figure C. 36 Karamba Waffle Model - Principal Stresses

Fema

In order to realize the model in Femap, the waffle geometry has been imported as a dxf file. From the
imported lines, boundary surfaces were created. After having realized the correct boundary surfaces,
they all have been meshed with the same properties of Karamba. All Quad elements have been splitted
into Triangular elements to crate a model as similar as possible as Karamba. A plate element of 0,5 mm
thickness, falcon glass material, has been used for the faces of the sandwich panel. While shell elements
3 mm thick, PMMA material, have been used for the core’s ribs.

The results obtained from the FEA carried in Femap are shown in the following figures. Moreover, a
comparison between Femap and Karamba analyses has been illustrated in Table C.2.
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Figure C. 37 Femap Waffle Model - Displacement
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Figure C. 38 Femap Waffle Model - Principal Stresses Top Face
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Figure C. 39 Femap Waffle Model - Shear Force in the Core

N/mm?

0.321

ors

0.286

0107
0.0715
0.0358

n.oootes

-0,0355

3

Y

Output Set: Roller Surface Load 025
Elemental Contour: Plate Top =Y Shear Stress B
Cantour double: Plate Batxy Shear Stress

Figure C. 40 Femap Waffle Model - Shear Stresses in the Core
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Comparison of Finite Element Models - Waffle Model

Boundary Conditions Karamba Femap  Deviations
1. l;‘;r;‘t’is;‘g%%”]\f Deflection ~ w[mm] 0,022 0,023 43 %
‘ Principal 5
Stress N /rnrlla;(nz] 3,74 4,01 6,7 %
m (Tension)
2. Suf;:;efoilépf&t/smz Deflection ~ w [mm] 0,008 0,008 0,3 %
R Principal 5
m Stress [N/rnslar)(nz] 1,10 1,17 5,9 %
(Tension)
3. Sggﬂg’fg‘apdpggt;d Deflection ~ w[mm] 0,077 0,075 2,7%
Principal 5
Stress N /rTlaanZ] 6,02 6,33 4,9 %
m (Tension)
Sf;gf;{i‘;g%‘g;e/fnz Deflection ~ w[mm] 0,029 0,028 3,6 %
e Principal o
m Stress [N/rrlnqar);qz] 1,68 1,69 0,6 %
(Tension)

Table C. 2 Waffle Model - Comparison of Karamba and Femap results
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Asymmetrical Loading

Since arches behave at their best under compression, testing the panel under a uniformly distributed
compression load is not sufficient. For this reason, it has been calculated the deflection of the curved
panel under an asymmetric distributed load. The asymmetrical load has been applied as a pressure load
of p = 2kN/m? just on half of the glass surface, of dimensions 125mm x 150mm. To give a practical
estimation of the load, about 6 kg has been applied on the mentioned surface. The mechanical
schematization of the panel is shown in the following figure.

Figure C. 41Asymmetric Load Schematization

Truss Model

The Truss Model has been analysed under a pressure load of 2ZkN/m2applied on the left side of the panel.
The deflection of the panel is shown in Figure C. 42 and in results to be 0,0174 mm.

o

1
Z 0.0174
1

0.0142

.01
0.00775
0.00454
0.00133
-0.00188
-0,0081
-0,00831

-0.0115

-0m47

-0.m7g
-0nz1z
-0.0244

Z
00276
= -0.0308

Cutput Set NX MASTRAN Case 1
Deformed(D.0366): Tatal Translation -0.034
Nodal Contour: T3 Translation

Figure C. 42 Truss Model - Asymmetric Load - Maximum Deflection = 0,0174 mm
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The same panel, loaded with a uniformly distributed load of 2kN/m?2 showed a deflection of 0,00134
mm. Now the panel is loaded by an asymmetric load and the displacement is 0,0174 mm. This result
shows that arches behave better with a uniform distributed load, in fact with the asymmetrical load the
deflection increase of a factor of about 10. However, the model is still far from the deflection limit wim
of the panel, which is Laiag/65 = 4,49 mm.

Laiag = V2502 + 1502 = 291,5 mm

Laiag _ 2915

Wiim = 65 5 = 4,49 mm

The Mayor Principal Stresses in the glass are shown in Figure C. 43 (Top Plate) and Figure C. 44 (Bottom
Plate).

N/mm?

1
z 757
21

o=

6,654

5.739

4823

3.808

2 2992

2077
1162
0246
-0.683
-1.585
-25

-3415

-4331
-5.248
x

6,162
Output Set ﬁ{éymmetr\cal load
Deformedi0.036E): Total Translation
Elemental Contour: Flate Top MajorPm Stress
Contour double; Flate Bot MajorPrn Stress

-2.077

Figure C. 43 Truss Model - Asymmetrical Load - Top Plate Major Principal Stress
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N/mm?
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or=
Dl

BB

5739

4823

3808

2499z

2077

1162

0,246

0,669

-1.585

-25

-3415

-4.331
Z
5246
e

6,162
Output Set Asymme?ﬁca\ load
Detormed(0.0366): Total Translation
Elemental Contour: Plate Top MajorPrm Stress
Contour double: Plate Bot MajorPm Stress

-7.077
Figure C. 44 Truss Model - Asymmetrical Load - Bottom Plate Major Principal Stresses Tension = 7,57 N/mm?

Waffle Model

The same calculation has been performed on the Waffle Model. The model with a uniformly distributed
load of 2kN/m?2 deflected 0,003 mm. This new model, asymmetrically loaded with 2kN/m2 applied just
on half of the panel, deflects 0,0046 mm. This result shows that with the asymmetrical load the
deflection has increased of 53%. Moreover, by making a comparison with the previous model, we can
say that the Waffle pattern is way stiffer and it behaves better also in case of asymmetrical loading
conditions.

or<g
o r
o
=
S
=
]
R

0,000385

-0,0000383
-0,000462
-0,000885

-0,00131

-0.00M73
RS

Output Set: NX NASTRAN Case 1
Deformed(0.00498): Total Translation
Nodal Contour: T2 Translation

-0,00216

Figure C. 45 Waffle Model - Asymmetrical Load - Maximum Deflection = 0,00462 mm
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N/mm?
0,284

o<
G Ci
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0,205

0179

0182

0,126

00998

0,0735

0,0473

0,021

-0,00527

-0,0315
-0,0578
X -0,0841

-0
Output Set X NASTRAN Case 1 !
Deformed(0.00498): Total Translation
Elemental Contour: Plate Top MajorPm Stress 0137
Contour double: Plate Bot MajorPm Stress

Figure C. 46 Waffle Model - Asymmetrical Load - Top Plate Major Principal Stress
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Output Set: NX NASTRAN Case 1 i
Deformed(0.00498): Total Translation
Elemental Contour: Plate Top MajorPm Stress 0137
Contour double: Plate Bot MajorPm Stress

Figure C. 47 Waffle Model - Asymmetrical Load - Bottom Plate Major Principal Stress Tension = 0,284 N/mm?
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Appendix C.4 Panel 500 mm x 500 mm

A bigger dimensions panel has been also investigated. The dimension of 500mm x 500mm have been
chosen as the same as the investigation of Schldsser (Schlésser, 2018), in order to strengthen the
research with a final comparison, which can bring to a larger contribution in the conclusions. Naomi
Schlosser has investigated the behaviour of a curved thin glass panel, laminated with Sentry Glass and
stiffened PVB. The panel has been loaded with a Point Load of 400N, distributed on an area of 50 mm x
50 mm.

In order to realize the numerical model, it was followed the same procedure as the one explained in
Paragraph 5.2. Firstly, the thin glass has been cold bent to reach a radius of curvature of R=440mm. The
cold bending procedure induces a maximum tensile stress of 64 MPa in top layer of the glass and a
compressive stress of 14,4MPa in the bottom layer of glass.

After the glass has been cold bent, the sandwich panel has been investigated under external loading
conditions. The panel has been simply supported on two edges and an external point load of 400N has
been applied, the load has been distributed on 9 nodes in the FE model. In the worst case scenario, the
bottom layer of the glass, the stresses due to loading has to be added to the stresses due to cold bending.
This bring the glass to experience a maximum tensile stress of o = - 14,4 +143,3 = 128,9 MPa.

N/mm?

or<

i
3
3 1433

1235

-7473
-9454
-1144

-1342

-154,
&

Qutput Set: Roller Distribuited Point Load 400N
Elemental Contour: Plate Top MajorPm Stress
Contour double: Plate Bot MajorPm Stress

-173.8

Figure C. 48 Glass Face Major Principal Stresses
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N/mm?
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Figure C. 49 Combined Stresses in the Core
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Figure C. 50 Truss Model - Deflection = 1,59 mm
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The results showed from Figure C. 48 to Figure C. 50 are below summarized.

Simply supported panel
Point Load: 400 N

Deflection: 1,59mm
Major Principal Stress 128,9 MPa

Result’s comparison with Schlosser Analysis

Since the testing of this bigger panel will not give the expected results, due to problems during the
manufacturing procedure as it is explained in Chapter 6, the comparison with the research of Schlésser
is performed within the numerical results.

In the following figure, Schlosser’s results are illustrated. In the yellow box, the results of a laminated
panel (0,55mm Leoflex Glass + 0,76mm Stiff PVB + 0,55mm Leoflex Glass) is illustrated. While the red
box shows a laminated panel made by 0,55mm Leoflex Glass + 0,89mm SentryGlas + 0,55mm Leoflex
Glass).

Relaxation Loading Total Location

REFERENCE SAF

Deflection DY - -70.36 - mm Bottom
Principal stresses - 267.14 267.14 MPa ply at top

REFERENCE 5G

Deflection DY - -43.96 - mm Bottom
Principal stresses - 217.57 217.57 MPa ply at top

PANEL 1.2

Deflection DY - -72.19 - mm Bottom
Principal stresses 0 269.20 269.20 MPa ply at top

PANEL 1.1/2.1

Deflection DY - -10.38 - mm Bottom
Principal stresses 0 156.06 156.06 MPa ply at top

Deflection DY - -12.26 - mm Top ply at
Principal stresses 41.21 192.38 233.59 MPa middle

PANEL3.1/3.2

Deflection DY - -1.18 - mm Bottom
Principal stresses 0 43.75 43.75 MPa ply at top

Table E.1: Numerical output for deflection and stresses at a load of 400 N

Figure C. 51 Schlosser (2018) numerical results

168|Page



Appendices Appendix C.4

The comparison in results of the research of Schlésser (2018) and my numerical result (Guidi 2019) is
shown in the following table. All the panels have the same dimensions and the same radius of curvature.
Schlosser researched a laminated curved thin glass panel, pinned supported at two edges. In my
research, a curved sandwich panel is simply supported on two edges. The loading condition is the same,
a point load of 400N, distributed on a surface of 50mm x 50mm.

The thickness of the panel of Schlésser research is: 1,86 mm or 1,99 mm depending on the interlayer
used. The thickness of my sandwich panel is 0,5mm + 11mm + 0,5mm = 12 mm total.

Schlésser (2018) Guidi (2019)
B.C. Pinned Supports B.C. Simply Supported
Panel 1.1 Panel 1.2 Panel
Deflection 10,38 mm 12,26 mm 1,59 mm
Principal Stress 156,05 MPa 233,59 MPa 128,9 MPa
(Tension)

Table C. 3 Numerical result’s comparison within Schlésser and Guidi research

From the table, it can be seen than the deflection of the panel decreases significantly, from about 10 mm
to 1,59 mm. This reduction is due to the higher moment of inertia of the sandwich panel compared to
the laminated panel. Moreover, the stresses result to be lower too. Since those value has not be checked
with experimental testing, they cannot be validated yet. Further researches on a pinned curved
sandwich panel would be of interest to make actual comparison within the research of Schldsser.
Additionally, the stiffness of the sandwich panel with pinned supports would also increase. Therefore,
it would decrease the value of deflection even more
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Appendix D - Manufacturing

500mm x 500mm FDM technique

]

Figure D. 1 Truss Mode
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Figure D. 2 Mould to cold bent the glass

[ LARGE

K29 Powerstrips %

Figure D. 3 Tesa Powerstrips: double sided adhesive tape to bond the glass to the mould
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Appendix E - Final design Calculations
Wind Load

The value of wind load on a building facade can be calculated according to the code is:
Fyina = CsCq Cr e Qp(z) 'Aref

According to coma 6.2 (c) in the Code, the structural factor c;c,; can be taken equal to 1, for building less
than 15m high.

Cr is the force coefficient. The normative does not include curved surface, therefore the top and side

view of the building are taken into account as they were flat. According to Figure 7.5 and Table 7.1 in
NEN 1991-1-4, the governing values for the force coefficient are g =-12 for wind suction and ¢ =

+0,8 for wind pressure. Wind suction is governing in the corners of the building.

dp(2) is the peak velocity pressure. According to the code, the Netherlands are divided into wind areas.

The building is situated in a built up area of Rotterdam, Wind Zone II, as it can be seen in the following
figure.

The peak velocity pressure g, (z) can be calculated ad:
ap(z) = ce(2) - qp
Where q,, = %pvﬁ
The air density p is 1,25 kg/m3, while the basic wind velocity in the Netherlands is 27 m/s, then:

1 1,25+ 27% = 455 N —0455kN
=75 B mz m?

The building is situated in Zone IV terrain category and it has 19m high. Under this condition, the value
of c.(z)is 1,6 according to Figure 4.2 in NEN1991. Thus, the peak velocity pressure has a value of 0,728
kN/m?2.

Due to the fact that all the loads have been expressed in terms of N/mm?, the area of the fagade A4, will
not be considered at this moment.

The wind load can be now calculated:
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] kN kN N
wind pressure=1 - 0,8 - 0,727—2 = 0,582 — = 0,582 x 1073
m m mm

_ _ kN kN N
wind suction =1 - (—1,2) - 0,727— =—-0,874— = —0,874 X 1073
m m mm

Shear strength in the connections

The shear strength of the glue, will be taken as the governing value. Delo Photobond AD494 is used in
the final design. The shear strength in between glass and plastic, is 9 MPa. Appendix A can be consulted
for the data sheet of the products. To calculate the shear force in the system, the mechanical
schematization showed in Paragraph 5.3.3 has been used.

The normal force in the glass needs to be calculated. The mechanical schematization can be simplified
as a simply supported beam, loaded in with a uniformly distributed load of q=(1,31kN/m2 +
0,20kN/m2)x 3 m, which is the width of the panel. Thus, q = 4,53 KN/m. The moment in the center of
the beam can be calculated as M=ql2/8. And the normal force in the glass is calculated as N = M/d which
results in a total normal force N of 67,95kN.

11,5 mm

; d=

The Normal Force (N) at each connection has to be calculated by taking into account that every time
there is a truss element, the force will be transferred both in the glass and in the truss, resulting in a
decrease of force on the next connection point.

To simplify the calculation, it is taken as hypothesis that the force N will decrease linearly along the
length of the curved beam. It will be maximum under the position of the force (center of the beam) and
it will be zero at the support. The cross section taken into account is at a distance dx from the center of
the beam. The load N at this point is half of the load, due to the symmetry of the system, since half load
will be transferred in the left part of the system and half load in the right part.

To calculate the value of shear stress, it is know that the average value will be at half of the span. At this
point, the shear stress is calculated as:

B 33975 N
T 42-20-12,57 mm?

T = 3,22 MPa

Where 12,57 mm? is the area of one truss surface of radius 2Zmm, 42 are the nodes present in the width
of the panel and 20 are the truss element on half length of the panel. The shear stress is zero at the end
of the beam, and it is 3,22 MPa x 2 = 6,44 MPa, at the cross-section taken into account. The maximum
value is still lower than the shear resistance of the glue, which is 9 MPa.
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