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Abstract

This study is a continuation of the glass dome project developed at the Technical University of
Eindhoven (TU/e), which aims to construct self-supporting doubly curved glass shell structures
with insulated glass units (IGU) bonded together using an adhesive connection. This study
focuses on two safety aspects for the current glass dome designs that impede the usability of
the structure. The design of the glass dome is considered unsafe due to the post-breakage
behaviour of the annealed glass panes used in the IGU. Generally, the post-breakage behaviour
is improved by using an interlayer to create laminated glass panes; however, the method to
apply these interlayers are often unsuitable for doubly curved surfaces.
Two compatible methods are used to improve the post-breakage behaviour of the glass panes:
the use of a polymer coating and cast in place (CIP) resin as an interlayer. The effectiveness of
these methods are tested experimentally. The impact resistance is tested using a modified hard
body drop test followed by a residual load bearing capacity test over 24 hours. Laminated glass
panes with the commonly used interlayer Polyvinyl Butyral (PVB) are also tested to serve as a
reference.
From the results of the hard body drop test it is recommended to improve the post-breakage
behaviour of the current glass dome by using CIP resin laminated glass panes as they vastly
outperform the polymer coating and PVB laminated glass panes. However, it is expected that
the production process of the application of the polymer coating is more suitable for doubly
curved panes; therefore, it is recommended to improve the impact resistance of the coated glass
panes. Therefore, possible improvements to the production process are given in this study.
The other safety aspect treated in this study is the structural analysis of the glass dome structure.
Currently, there is no method or model available to accurately determine the occurring
displacements and internal stresses. Therefore, a numerical model making use of the finite
element method (FEM) is developed in this study. Several problems concerning the geometrical
and meshing issues have been resolved. However, at this point the focus of the research was
already shifted to the improvement of the post-breakage behaviour. Coupled with a high
expected computation time, this part of the study was discontinued. The results of the study do
provide the means to develop a numerical model, which can be used for further structural
analysis of the glass dome structure.
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List of Acronyms

CIP

Cast In Place.

DGU

Double glazed unit.

DP490

Delophotobond 490.

EPDM

Ethylene propylene diene monomer.

FE

Finite Element.

FEM

Finite Element Method.

IGU

Insulated glass unit.

IRHD

International Rubber Hardness Degree.

LSG

Laminated Safety Glass.

LVDT

Linear variable differential transformer.

MEK

Methyl Ethyl Ketone.

PA

Polyamide.

PE

Polyethylene.

PET

polyethylene terephthalate.

PVB

Polyvinyl Butyral.

PVC

Polyvinylchloride

PSA

Pressure sensitive adhesives.

SG

SentryGlas®.

TU/e

Technical University of Eindhoven.
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1
1 Introduction
1.1 Background
In the last few decades the realisation of transparent free form architecture has changed the map
of contemporary architecture. This development was possible due to the rise of Computed
Aided Design (CAD) software. With this software the boundaries of complex architectural
forms are removed. Another development which has contributed to the rise of free form
architecture is the development of new tools used in the production industries. These tools are
used to refine the complex geometries into easier buildable and more cost beneficial solutions
(Sischka et al. 2012). An example of fluid (free form) architecture is the Kunsthaus in Graz
depicted in Figure 1.1.
The fluid shape of the building is achieved by using a steel grid and 1300 doubly curved acrylic
panels. Each panel has a different geometry, due to the complexity and irregularity of the overall
shape of the building. Creating the shape of the building was possible with the extensive use of
3D digital design tools. Without these advanced 3D modelling programs it would not have been
possible to design the building. The software programs Rhino and Microstation provided the
designers and structural engineers with the necessary tools to design and build the Kunsthaus
(Fournier and Cook, 2003).

Figure 1.1: Kunsthaus in Graz [weburbanist 2003]

Figure 1.2: The Sage Gatehead
[www.sagegateshead.com, 2004]
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Free form structures can be constructed using different materials. Glass is an emerging material
for this type of structure. These structures are usually comprised of steel grids as the load
bearing structure for which the glass is used as cladding material. The Sage Gates Head in
Figure 1.2 is a good example of the latest method to design transparent freeform geometry and
the necessary steps to rationalise the geometries into buildable elements. The freeform design
is possible by dismantling the surfaces into discrete parts and individual panels. This process
of rationalization of surfaces is an important challenge in constructing freeform structures. The
key is the relation between geometry and architecture (Cecato, 2010).
However, using glass as a cladding material still has some limitations compared to the acrylic
panels used in the Kunsthaus. The biggest concern is the shape of the panels, which are mostly
flat and have a repetitive shape. The use of customizable doubly curved glass panels usually
leads to high production costs making it less viable for use in the built environment. The high
production costs are caused by the bending process and the mould technique. Another problem
is the visibility of the steel grid, which limits the transparent nature of the glass.
To address the before mentioned limitations of glass in freeform architecture, Lucio Blandini
(2005) developed the glass dome as depicted in Figure 1.3. The glass is used as both cladding
material and load bearing structure. The shape of the dome is created by using doubly curved
laminated glass panes with an adhesive connection between each pane. This opened the
possibility to use self-supporting doubly curved glass structures to design transparent free form
structures.

Figure 1.3: Glass Dome by Lucio Blandini [www.glasfiles.com, 2005]

Eindhoven University of Technology

12

By using glass as a load bearing element, research was conducted at the Technical University
of Eindhoven (TU/e) to develop new glass dome models as depicted in Figure 1.4. The idea
was to use a doubly curved glass shell structure consisting of double glazed units (DGU’s) of
two glass panes instead of single laminated glass panes, which were used in the glass dome of
Blandini. Initially, a small dome consisting of four DGU’s was constructed. Improvements to
the moulding technique, connection and bending process lead to the construction of the large
dome. The large dome consists of 20 DGU’s with a footprint of 1.5 by 2 meters and a has a
height of 0.4 meters.

Figure 1.4: Glass domes by Pronk: the first glass dome (left) and the large glass dome (right) [Eindhoven
University of Technology, 2015].

1.2 Previous research
The glass dome project of the TU/e consists of multiple researches into various topics. From
these results, the domes were constructed to determine whether it was possible to create doubly
curved glass shell structures, in which the glass panes would be used as the load bearing
element. During its development prior research was conducted on various subjects related to
the glass dome such as:
1. The connection and choice of the adhesive (van Dooren, 2014). Different connections
and adhesives were tested to create a transparent glass-glass connection. The current
connection is based on this research; however, the adhesive has been changed in the
large glass dome.
2. The use of a flexible mould (El Ghazi and Schuijers, 2015). Different mould techniques
were analysed, which resulted in the production of two prototypes used for the bending
process of the glass panes. The first prototype was used for the first glass dome. The
improved 3Dflexmould was used to create the doubly curved glass panes of the large
glass dome.
3. The strength of the connection (Baidjoe and Singh, 2014). The connection was tested to
determine the structural properties. At the end of the research, recommendations were
given for improving the production process of the adhesive connection and the choice
for the adhesive was changed in the large glass dome.
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4. The translation of the 3D curved elements to 2D flat elements was investigated by
Seffinga (2015). A numerical model was created to simulate the hot bending process of
the glass panes. The result of this research was used as input for the 3Dflexmould for
creating the doubly curved glass panes.
The results of the different research topics are discussed in section 2.1.

1.3 Problem definition
In the glass dome project, several safety aspects have not been treated. In particular, the unsafe
post-breakage behaviour of the glass panes and the lack of structural analysis to predict failure
of the components of the glass dome. These aspects impede the use of the glass dome structure
in the built environment as they do not meet the safety requirements. Therefore, these issues
are addressed in this research.
Currently, the glass panes used in the glass dome structure are not treated or laminated, which
results in a failure mode where large fragments of glass are formed upon breakage. This could
result in several dangerous situations:
1. The structure has almost no ductility, which results in a breakage without sufficient
warning. The lack of ductility is caused by the brittle nature of the glass panes.
2. Broken fragments of glass could lead to injury when failure occurs. The broken
fragments scatter and could harm people in the vicinity of the structure.
3. Entire glass panes could fall down and cause harm to people underneath the structure.
This is possible due to the absence of a supporting (steel) structure. If the adhesive joint
fails the glass panes are no longer supported.
The post-breakage behaviour can be improved by using laminated glass panes. The laminated
glass panes often consists of an interlayer, which bonds multiple glass panes together. The glass
fragments are able to remain bonded to the interlayer and have a residual load bearing capacity.
However, the use of the traditional interlayers are often limited to only slightly curved glass
panes. This limitation is caused by the interlayer, which usually comprises of a 2D flat sheet
material. The translation of this flat sheet material is difficult due to the stretching and
compressing of the material when adjusting it to the doubly curved shape of the glass panes.
For this reason, the relatively stiffer interlayers such as SentryGlas® (SG) can not be used. The
use of PVB as an interlayer can be applied when combined with the use of a vacuum bag, which
is often used in the automotive and marine industry to produce windshields (Martin et al. 2019).
However, the laminated glass panes are often limited to only slightly curved surfaces (De Cleen,
2009). Therefore, a different method must be used for the improvement of the post-breakage
behaviour of the glass panes without limiting the free form design.
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Currently, there is no method available to check the occurring internal stresses and deformations
of the shell structure to predict failure and to check whether the structure meets the deformation
requirements set by the standards. A research to determine the structural properties of the
connection was already performed by Baidjoe and Singh (2014) during a master research
project; however, the results of this research as well as certain complications found by the
research of El Ghazi and Schuijers (2015) led to the change of the adhesive DP4468 to an epoxy
based adhesive DP490. The change in adhesive significantly influences the behaviour of the
connection. The difficulties in the structural analysis of the dome structure are due to the
complexity of the geometry as well as the used materials and connection. In general, more
complex structures are often analysed by means of a Finite Element model (FE-model). This
method was employed by other researchers for the analysis of glass shell structures (Blandini,
2005) (Anne Bagger, 2010). Therefore, a numerical model is used to check to what extent the
internal stresses and deformations can be determined for the glass shell structure.

1.4 Goal
The goal of the research is to improve the safety aspects of the current glass dome structure
developed at the TU/e. The post-breakage behaviour of the components of the glass dome will
be improved and checked to determine whether they are able to fail in a secure way, where
injuries to people in the vicinity of the structure are prevented. Various methods will be
analysed to determine their compatibility with the structure of the glass dome. The methods
will be tested using experimental models to evaluate the post-breakage behaviour. At the end
of the research it will be clear to which extent each method can improve the post-breakage
behaviour and an assessment is made to determine whether it is possible to improve the postbreakage behaviour of the glass panes and a recommendation is given for which method should
be employed based on the results.
Furthermore, a numerical model is developed to determine the occurring internal stresses and
deformations of the glass shell structure by means of FE-model. The numerical model is a
standalone research topic and does not have a relation with the previously discussed problem
regarding the post-breakage behaviour. The information provided by the numerical model can
be used to evaluate whether the shell structure will fail, due to various types of loading. The
evaluation is based on failure criteria for various components of the glass dome. Several
complications due to the geometry and meshing of the numerical model are resolved in this
research. These results can be used to improve the provided numerical model in further
research.
The goals of the research in regards to the improvement of the safety of the structure is divided
into several objectives:
1. Evaluate the production methods that can be used to improve the post-breakage
behaviour of doubly curved glass panes by using experimental models from the
standards and determine the factors influencing this behaviour.
2. Analyse and improve the production process for each type of glass pane.
3. Make a recommendation to assess whether it is possible to improve the post-breakage
behaviour of the glass dome structure according to the results of the experiment.
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4. Adjust the shape of the current glass dome structure using a form finding method. The
adjusted shape will be used for analysis.
5. Create a numerical model to determine the internal stresses and deformations in the shell
structure.
6. Make recommendations about the use of numerical models to predict the failure of the
shell structure.

1.5 Approach
First a theoretical basis will be provided for the research with regards to the different safety
aspects of the glass dome. This basis consists of past literature and will be used to quicken the
progress of the research. The basis will be used to define the post-breakage behaviour as a
parameter along with different experimental setups to determine and classify this behaviour.
The basis will also be used to analyse different methods to improve the post-breakage behaviour
of the current components of the glass dome without limiting the geometry of the shell structure.
These methods will be applied to glass panes and tested in an experiment to check the postbreakage behaviour of each different glass pane. The results can be compared to assess whether
applied methods sufficiently improve the post-breakage behaviour. The factors influencing the
post-breakage behaviour will be analysed to study their effects. Based on these results, a
recommendation is given about which method should be used to improve the post-breakage
behaviour of the glass panes.
Furthermore, information will be collected for the use of numerical models to simulate glass
shell structures. First, the current geometry of the shell structure will be redetermined according
to a form finding process. The new shape will be used for the FE-model. The material properties
of the adhesive must be defined or determined to perform an analysis of the shell structure. The
material properties will be provided from the theoretical basis and previous research. If the
current available information concerning the material properties is sufficient to perform an
accurate analysis of the shell structure, further research into this topic is no longer necessary.
In case the theoretical basis and previous research is not sufficient for the analysis,
recommendations and research models will be discussed, which can be used to provide the
necessary information for the shell structure analysis. The analysis of the shell structure also
requires the use of a failure criterion and design values according to the different failure modes.
These will be determined from the theoretical basis. Conclusively, a sensitivity analysis is
performed to check and validate the FE-model.
As mentioned in section 1.3, the numerical model will not include the methods used to improve
the post-breakage behaviour. Therefore, the experimental and numerical models are two
different standalone research topics. This structure is due to the numerical research being
discontinued and the research focus being shifted to the improvement of the post-breakage
behaviour.
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1.6 Variables in the research
Within the research different parameters can be used. These parameters are identified and a
choice is made to determine the scope of the research in section 1.7.
Type of glass
1. Fully tempered glass;
2. Heat strengthened glass;
3. Annealed glass.
Glass dome components
1. Single glass panes;
2. Double glazed units (DGU’s);
3. Multiple DGU’s with a continuous adhesive connection.
Shape of the glass panes
1.
2.
3.
4.
5.

Flat glass panes;
Monoclastic glass panes;
Synclastic glass panes;
Anticlastic glass panes;
Synclastic and anticlastic glass panes.

Lamination or coating process
1.
2.
3.
4.
5.
6.
7.

Standard polyvinyl butyral (PVB);
“stiff” PVB (DG-41);
Ionomers (SentryGlas®);
Ethylene Vinyl Acetate (cross-linked EVA);
Cast in Place (CIP) resin;
Strong scratch resistant safety films;
Polymer coatings.

1.7 Scope of the research
For the improvement of the post-breakage behaviour only single annealed glass panes are used.
The glass panes are flat and different products will be used to either create laminated or coated
glass panes. The choice for flat glass panes is due to the lack of information about most of the
tested laminated or coated glass panes. Therefore, it seems logical to initially test flat glass
panes before taking other parameters such as DGU’s, bended glass panes or toughened glass
into account. In the numerical analysis of the glass shell structure, multiple DGU’s with a
continuous adhesive connection will be analysed. The shape of the glass will be synclastic,
since the project focuses on doubly curved glass shell structures. Anticlastic shapes are not
used, since the shape of the shell will be adjusted according to the form finding process. This
results in a new shape for the shell structure, which does not include anticlastic shapes. The
glass panes are not laminated or coated, because the analysis was performed before these
measures were considered.
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1.8 Benefit
The results of this research are used to improve the post-breakage behaviour of the current
doubly curved glass shell structure. It will also provide information about new methods to create
laminated safety glass and it will be determined whether they can be applied within the built
environment. These new methods can be used to construct glass shell structures without limiting
the freeform design of the glass panes. The numerical analysis will provide more information
about the internal stresses and deformations of the glass dome structure. This information has
still not been determined in the previous research. Therefore, the internal stresses and
deformations of the shell structure are still unknown and it is still unclear how much loading
the structure can bear. The analysis will provide a basis for the numerical analysis of the
structure. Various improvements are also suggested; however, these improvements could not
be implemented as the focus of the research was shifted to the improvement of the postbreakage behaviour.

1.9 Research Methodology
In this master thesis the following models are used in the research:
1. Analytical models;
2. Numerical simulations;
3. Experimental testing.
The analytical models are used throughout the research; however, they are not used intensively.
In most cases they will only provide rough calculations with a low accuracy. This is due to the
complexity of the research topics. Additionally, analytical models from the standards, prEN
16612 and NEN 2608, are used.
The shell structure analysis will be performed using numerical simulations. This is due to the
complexity of the geometry as well as the use of different materials in an unconventional
connection. The occurring stresses and deformations will be extracted from the numerical
simulation and used in a failure criterion for different modes of failure. Experimental tests could
be used to analyse the glass shell structure; however, the tests were not performed due to the
limitations of the production process as well as the costs for producing the test samples.
Different types of glass panes, either laminated or coated, will be evaluated using experimental
tests. Numerical simulations are not treated within this part of the research, since information
about the material properties of certain laminates and coatings are not known. Additionally, the
numerical analysis of glass fractures often do not yield trustworthy results. Analytical models
have been considered; however, they only provide a rough estimate for the deformations and
impact capacity of the glass panes.
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2
2 Literature study

This chapter summarizes the literature study concerning the previous research on the glass
dome project, the post-breakage behaviour of various types of glass panes, the criteria for a
safe failure mechanism and measures to improve and evaluate the post-breakage behaviour.
Different options are given for each topic and the motivation for each choice is given in this
chapter.
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2.1 Previous research
Connection
Connections in glass shell structures are necessary for creating large surfaces of glass. For fully
transparent glass shells, interruptions in this surface are not desirable. Therefore, the Eindhoven
University of Technology conducted research into the structural bonding of glass panes using
translucent adhesives. A major concern and challenge is to select a suitable adhesive, which
provides the connection with enough strength without limiting the visual appearance of the
glass shell. The structure must comply with the structural and esthetical requirements, such as
gap-filling properties and suitable thickness to compensate for tolerances. The adhesive will be
used in outdoor applications and should have sufficient resistance against moisture and UV
light. This section discusses various types of connections, which were considered in the glass
dome project. At the end of the section the reason for the current connection will be discussed.
The use of glass has increased in the last decades in the built environment. In contemporary
architecture, glass is often used for transparent structures. This has led to different studies on
various possibilities of connecting glass panes. The traditional approach for dealing with
connections between glass and other materials was to avoid directly contact between the glass
and other harder materials. Several connections have been developed for flat and monoclastic
glass panes. In principle the connections can be divided into two different categories;
1. Point connections;
2. Continuous connections.
Different types of point (local) and continuous connections are depicted in Figure 2.1.

Figure 2.1: Possible glass connections [Haldimann, 2007]
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Point connections are often applied using bolts or clamps for the mechanical point to point
connections. Continuous mechanical connections are the most traditional method of connecting
glass panes. These connections are often realised by making use of a wooden, plastic or metallic
frame which are connected to the load bearing structure. Most of these connections have been
developed for flat glass panes and are therefore are not compatible with doubly curved glass
panes. The goal of the research was to create a self-supporting glass-glass connection with a
smooth surface. For this goal it seems promising to use adhesive connections, since they provide
more freedom in design as well as no visual obstacles. Therefore, continuous connections with
an adhesive were designed. An example of this connection is found in the glass dome by Lucio
Blandini (2005). The glass panes are made of 8 mm annealed glass laminated with 2 mm
chemically strengthened glass. A continuous adhesive connection is created between the glass
panes by using butt joint with the adhesive DP490. Figure 2.2 depicts the continuous adhesive
connection of Blandini along with a sketch.

Figure 2.2: Continuous adhesive connection used in the glass dome by Lucio Blandini (2005).

The initial choice for the adhesive connection used in the glass domes developed at the TU/e
was based on the research of van Dooren (2014). In his research three different families of
adhesives were considered: epoxy based adhesives, modified acrylates and polyurethane
adhesives. The adhesives were compared using the parameters; colour, viscosity, adhesion and
cohesion, elongation to tear, Young’s modulus and the glass transition temperature (𝑇𝑔 ). The
Delo Photobond 4468 (DP4468) adhesive had the best performance with regards to the
beforementioned parameters. The final product of the master thesis van Dooren is depicted in
figure 2.16. The pyramid roof model is realized with the use of the developed connection, which
resulted in a model with proper strength and good visual properties.

Figure 2.3: Roof model with a transparent glass-glass connection (Dooren, 2014).
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Additional research was conducted into the structural behaviour of the adhesive connection by
Baidjoe and Singh (2014) where a four point bending test was performed. This result of this
test indicated that the adhesive DP4468 was not suitable for the geometry of the connection.
The thickness of the adhesive was too large, which resulted in an area inside the adhesive that
was still not cured. The curing process of the DP4468 depends on specialized equipment with
a certain UV-light exposure rate. The equipment was not able to reach the full cross-section of
the connection. Also the equipment was not available for use when constructing the larger glass
dome. For this reason the choice of the adhesive was changed to a two component epoxy
adhesive DP490. The choice of this adhesive was based on the research of Lucio Blandini;
however, this adhesive is less transparent compared to the DP4468.
The connection depicted in Figure 2.4 was designed and used for the glass dome structure. The
choice was based on avoiding local stress concentrations to eliminate the risk of spontaneous
fractions. The connection consists of two glass panes with a thickness of 6 mm, a spacer with a
thickness of 6 mm and an adhesive connection, which is enclosed by the glass panes and the
spacer. The spacer is recessed with a distance of 8 mm to provide a larger adhering surface.

Figure 2.4: Glass-glass connection of the Glass Dome.

For the connection, traditional spacers were not used, because of the shape of the glass panes.
Therefore, a thermoflex warm edge spacer is used. The materials in the spacer are depicted in
Figure 2.5. The pre-applied structural adhesive tape is applied to the glass panes. The desiccant
serves to adsorb the moisture and stop internal condensation. After the spacer is applied, a
secondary sealant is used to bond all the components, however in the research of El Ghazi and
Schuijers the thermal insulation properties were ignored and they choose not to apply the
secondary sealant.

Figure 2.5: Thermoflex warm edge spacer (Thermoseal group, n.d.).
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Bending process
Multiple methods are available to produce curved glass panes. Generally these methods can be
divided into 3 principal techniques:
1. Cold bending;
2. Hot bending;
3. Lamination bending.
For the production of the glass domes at the TU/e, the choice was made to use a hot bending
process, due to the complexity of the geometry of the doubly curved panes. The production
costs are reduced by using a flexible mould. This reduces the costs significantly, since only one
mould is used to create a variety of shapes. The glass panes are heated in an oven and are placed
on the mould. The glass pane sinks into the shape of the mould, which can be adjusted to create
the desired shape. The mould consists of a frame for stability, actuators and a steel top layer.
The steel top layer is deformed using 25 actuators in a 5x5 grid. Each actuator is connected with
a step motor, which are driven by digital and analogous input signals. These input signals are
controlled by an open source computer hardware and software Arduino. The input for the
Arduino is determined using the software Rhinoceros in combination with Grasshopper. The
advantage of this method is that the shape can be properly controlled, which decreases
geometrical imperfections in the top layer of the mould. Also the speed at which the actuators
move into position can be adjusted. This allows the glass panes to deform gradually into the
correct shape. The 3Dflexmould is depicted in figure 2.8.

Figure 2.6: Prototype of the 3Dflexmould (El Ghazi and Schuijers, 2015).
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2.2 Safe failing mechanism
Mode of breakage
According to the NBN EN 12600, three different modes of breakage can be distinguished based
on the characteristics after failure. These modes of breakage are extended using the EN ISO
12543-1 definition for laminated safety glass (LSG). Therefore, four different modes of
breakage are considered in this master thesis:
1. Numerous cracks appear forming separate fragments with sharp edges, some of which
are large.
2. Disintegration occurs, leading to a large number of small particles that are relatively
harmless.
3. Numerous cracks appear, but the fragments hold together and do not separate.
4. Numerous cracks appear, but the interlayer serves to hold the glass fragments together,
limit the size of openings, offer residual resistance and reduce the risk of cutting or
piercing injuries.
Typically the modes of failure 2, 3 and 4 are considered to be safe as the fragments are either
held together or are small enough to be considered as harmless. However, since the glass panes
in the glass dome structure are also used as a load bearing element, it is important that the glass
has a certain amount of residual load bearing capacity after failure. This also provides the
structure with enough warning signs before collapsing, allowing people to have sufficient time
to evacuate the building. Therefore, within this master thesis only the mode of breakage 4
corresponding to laminated safety glass is considered to be safe.

Residual load bearing capacity
The post-breakage behaviour of laminated safety glass defines the state when at least one glass
pane is broken and the glass pieces are still bonded to the interlayer. In most cases failure occurs
under bending stresses. According to Kott (2006) one can distinguish between three different
stages of failure for laminated safety glass with two glass plies bonded together by one
interlayer:
1. Stage I: Unbroken state.
2. Stage II: One of the glass layers is broken.
3. Stage III: Both or all glass layers are broken.
The different stages are depicted in Figure 2.7.

Figure 2.7: Three stages of flexural behaviour of laminated glass, which show the post-breakage stress
distribution [Haldimann, 2007].
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In stage I the glass panes remain intact and show no signs of breakage. The internal stresses are
more or less equally distributed over the glass panes. This distribution changes after breakage
occurs, since the broken glass pane is no longer able to carry the load. The evaluation of the
post-breakage behaviour starts as soon as breakage occurs in one of the glass plies (Haldimann,
2007) (Belis et al. 2009).
In stage II only one glass ply is broken. This usually does not occur when the glass sample is
loaded, because a chain reaction ensues immediately after breakage. This seems logical as the
cross-section, which is able to carry the load, is greatly reduced. However, when a hard body
impact causes damage to the glass pane, it does not necessary lead to failure, since the glass
pane is only temporarily subjected to the impact load. It is possible for the glass pane to still be
able to carry the load after breakage. This phenomenon makes this stage very important for the
residual strength of structural glazing applications. The failure stress level is approximately
60% of that in stage I, because the cross-section is less than 60%. This indicates that the
interlayer is able to transfer stresses between the both pieces of broken glass as depicted in
Figure 2.7.
Stage III is very complex, because many factors can influence this stage. Mainly the size of the
broken glass pieces, the crack pattern and local delamination effect. The residual load bearing
capacity gets much lower and the deformation increases. The parameters that are influencing
the post-breakage behaviour are the mechanical properties of the interlayer, the adhesion
between glass and interlayer and the size of glass fragments (Haldimann, 2007).
From the definition of the post-breakage behaviour it is clear that the residual load bearing
capacity is measured after breakage occurs in one of the glass plies. This is mostly the case for
laminated safety glass; however, this definition can also be extended for other type of glass
panes. In this master thesis the residual load bearing capacity is defined as the ability for the
glass pane to be able to properly carry the work load after breakage occurs.
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2.3 Production methods for LSG
Introduction
Currently there are multiple products and methods available to improve the post-breakage
behaviour of glass panes such as:
1. Interlayer:
• Polyvinyl butyral (PVB);
• SentryGlas (SG);
• Ethylene Vinyl Acetate (cross-linked EVA);
• Cast in place liquid resin (CIP).
2. Strong scratch resistant safety film.
3. Polymer coatings:
• Lamp coatings;
• Labware coatings.

Interlayer
2.3.2.1 Principle
Interlayers are used to create laminated glass panes. Laminated glass consists of two or more
glass plies, which are bonded together using an interlayer. The glass plies can be equal or have
varying thicknesses. Laminated glass is usually used in structural applications, since the
interlayer is able to retain the fragments after breakage occurs in one of the glass panes. This
significantly improves the post-breakage behaviour and can solve the problem for glass is a
brittle material. The residual load bearing capacity of the laminated glass pane depends on the
fracture pattern. Typically larger fragments of glass result in a higher residual load bearing
capacity. The post-breakage behaviour also depends on the material of the interlayer
(Haldimann, 2007).
2.3.2.2 Polyvinyl butyral (PVB)
The most common interlayer material is polyvinyl butyral (PVB). In most cases two or more
layers are used to provide a stiffer interlayer. This also improves the performance of the glass
pane when subjected to an impact. The physical properties of PVB depend on the temperature
and load duration, since it is a viscoelastic material (Belis, 2014) (Haldimann, 2007). Even
though PVB is consists of a flat sheet, it is still possible to apply PVB on slightly curved surfaces
by using vacuum technology.
2.3.2.3 SentryGlas® (SG)
SentryGlas® has been developed with the goal to achieve a high stiffness, tensile strength and
resistance to tearing. The interlayer has better strength properties compared to the PVB
interlayer. Similar to PVB, the SentryGlas® consists of a flat sheet; however, due to the higher
stiffness it makes it more difficult to apply the interlayer to doubly curved surfaces. The material
is also more expensive compared to PVB.
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2.3.2.4 Ethylene Vinyl Acetate (cross-linked EVA)
This interlayer consists of the copolymer of ethylene and vinyl acetate, where the weight
percentage of vinyl acetate varies between 10 to 40 %. The EVA polymers are cross linked as
such that the interconnection of adjacent long molecules form networks of bonds. This process
is induced by chemical treatment or Electron Beam treatment. The interlayer is transparent and
provides enhanced heat, humidity and ultraviolet durability. However, the interlayer has a lower
impact performance and higher costs compared to PVB.
2.3.2.5 Cast in Place liquid resin (CIP)
Liquid resin is a polymer which irreversibly cures glass panes together. Different curing
processes can be used depending on the type of resin. In general the following methods can be
used:
1. Heat;
2. Chemical reaction;
3. Irradiation.
The main advantage of using CIP is the free flowing properties before curing. This allows the
interlayer to be used in varying thicknesses as well as different geometries, allowing the
material to be used in more complex designs. However, most CIP laminated glass panes have
poor optics due to variations in glazing thickness as well as a lower impact resistance (at low
temperatures) compared to PVB. The lamination process involves sealing the glass panes using
double sided tape to create an enclosed space for the resin. Then the resin is introduced into the
enclosed space and the curing method is used to harden the liquid. This production method is
more complex than PVB, which results in higher costs.
2.3.2.6 Doubly curved surface
To improve the post-breakage behaviour of the glass panes, different interlayers can be used.
However, not all of these interlayers are compatible with doubly curved glass panes. The use
of polymer films, such as PVB, SG and EVA have some complications when applied on a
doubly curved surface. as mentioned in section 1.3, this is mostly contributed to the translation
of the 2D sheet material into 3D doubly curved surfaces. In contrary to the polymer films, the
use of CIP resin is possible for doubly curved surfaces. The production method simply consists
of creating an enclosed area for the resin, pouring the resin into the enclosed area and curing
the resin. Therefore, CIP resin is a viable option to improve the post-breakage behaviour of the
glass pane.
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Safety film
In the building industry various films are available, which can be applied to glass panes. These
films have a wide range in terms of usage. Most of the films are used to deflect radiation and
improve the thermal insulation. Safety films are often used to protect the glass pane; therefore,
the use of safety films can potentially improve the post-breakage behaviour of glass panes.
Safety films are comprised out of one or multiple polyester layers (PET), which are glued
together using Pressure Sensitive Adhesives (PSA). Different manufacturers use this same
principle for almost every safety film on the market; however, the composition of the layers
influences the properties of the safety film.
The difference in properties can be explained by the different components of the safety film.
The first layer consists of a removable foil, which is used to protect the adhesive against
contaminations. The adhesive is applied on a clear, strong polyester film and has good adhering
properties with glass and polyester. The polyester film is comprised out of multiple layers of
polyester. If necessary the polyester layers can be combined with PVB. At the other side of the
safety film a scratch resistant hard film coating can be applied to protect the film from physical
and chemical attacks. The different layers have to be transparent to preserve the optical quality
of the glass pane (De Cleen, 2009).
The traditional technique for applying films on glass surfaces is relatively simple:
1.
2.
3.
4.
5.
6.

The glass pane is cleaned to remove contaminations;
A solution of soap is applied on the surface of the glass;
The outer layer of the foil is removed;
The same solution of soap is applied on the safety film;
The film is applied on the surface of the glass pane;
The soap solution between the glass and the film is removed using a spatula.

This technique is often referred to as the squeegee technique. The advantage of this technique
is the mobility, since it can be applied in the factory or on the building site without
compromising the optical quality and properties of the safety film. However, it is hard to apply
these films onto doubly curved surfaces as mentioned in section 1.3. The thickness of the film
varies between 25 and 300 ɥm. Depending on the thickness, it could be difficult to apply the
film on doubly curved surfaces or in sharp edges. It could be possible to use these films if the
shape of the film is adjusted according to the surface of the doubly curved glass pane. However,
considering the geometry of the glass dome it is clear that this method would be difficult. Also
changing the shape of the foil is done using an external heat source, which could potentially
limit the optical quality of the glass.
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Polymer coatings
2.3.4.1 General
Applying a coating on glass can be defined as the application of one or multiple layers of coating
on the surface of the glass varying in composition and thickness according to the required
parameters. A distinction is made according to the thickness of the coating. Thin film coatings
generally have a coating thickness of only several nanometers whereas thick film coatings have
a thickness ranging from several micrometers to millimeters. This variation in thickness is
caused by the state of the coating before it is applied onto the surface of the glass. Generally
three different stages can are considered; liquid coating, powder coating and vapor coating.
Respectively the coating is a liquid, a powder or a vapor. Thin film coatings use vapor coatings
and thick film coatings use either liquid coating or powder coating.
2.3.4.2 Previous research
In the past, a similar research was conducted at Ghent University to determine whether it was
possible to improve the post-breakage behaviour of glass panes (De Cleen, 2009). The main
focus was the use of either safety films or polymer coatings. In the end, the choice was made
by the researcher to use different polymer coatings. Two different types of coatings were
considered within the research;
1. Labware coatings;
2. Lamp coatings.
These coatings are often referred to as anti-shatter coatings. The type of coating depends on the
field in which they are used. Labware coatings are used on glass products in laboratories. The
coating ensures that the contents inside the glass product are not spilled after breakage occurs.
In most cases, the content is either expensive or hazardous. Lamp coatings are used to prevent
shattered lightbulbs from causing injuries to people in the vicinity of the lamp. Within these
categories, numerous types of coatings can be used on glass products. Most of the coatings are
based on fluoropolymers and are compatible with glass products. The criteria for the choice of
the polymer coating were transparency, cohesive strength and adhesion to glass.
Making a choice between these wide selection of polymers proved to be complex. In some cases
the available technical information could not be compared as they were determined using
different testing procedures. This variation makes it difficult to objectively compare the
different coatings. Also in some cases, the data of the technical information is not complete or
can only be used under certain conditions. Therefore, a selection was made between coatings
available at the university.
A total of three different coatings were tested; Levasint, Abcite and Teflon. The powder
coatings were applied using a fluidized bed. This technique was chosen, because the fluidized
bed was already available at the university.
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2.3.4.3 Powder coatings
The coatings mentioned in section 2.3.4.2 belong to the category of powder coatings. The basic
principle of powder coatings relies on applying a powder to a heated surface. Powder coating
is one of the most important techniques for protecting steel elements. However, this technique
is also compatible with glass to prevent shards of glass from causing damage after failure. This
is often not mentioned or considered in practice. The material of the powder consists of fine
organic thermoset or thermoplastic polymers. After the powder has been applied to the
substrate, the powder particles are heated in an oven to form a protective layer on the surface
of the substrate. This process can be done using different methods:
1.
2.
3.
4.

Fluidized bed technique;
Electrostatic spraying;
Flame spraying;
Hybrid processes.

The fluidized bed technique was developed for the application of thermoplastic powders such
as polyvinylchloride (PVC), polyethylene (PE) and polyamide (PA). The fluidized bed
technique uses a fluidized bed, which is a container with a porous membrane. The membrane
allows the user to regulate the mixture between the air flow and the powder. The result is a
fluidized bed, which is a constant air flow of a mixture of air and powder. The substrate is then
submerged in the fluidized bed to apply the coating onto the surface of the substrate. The
substrate must be preheated to a temperature above the melting point of the powder. This allows
the powder to melt and adhere to the surface of the substrate. The thickness of the coating
depends on the properties of the powder, the submerge time and the preheating temperature.
After the powder is applied on the surface of the substrate, the substrate is heated again to ensure
a smooth and uniform film. Using this process a coating thickness of 250 to 2500 ɥm can be
achieved. Due to this thickness, this technique is often referred as a technique to apply thickfilm coatings.
Powder coatings can also be applied to a surface using an electrostatic spray. Using a high
voltage generator, the powder is given a negative charge. The electrostatic spray ensures that
the negative powder particles move toward the grounded surface of the substrate. This method
only allows the application of a thin layer of coating, due to the loss of negative charge when
the powder comes into contact with the substrate. After a certain thickness for the coating is
reached, it is no longer possible to apply more powder onto the substrate. The unused powder
is collected and reused. A common issue for this technique is the application of the coating in
sharp corners, due to the generation of a high voltage field between the electrostatic spray and
the substrate. This is problem is often referred to as the cage of Faraday. This problem can be
resolved by using an air stream toward the substrate. The powder is charged by friction and as
a result there is no electric field present between the spray and the substrate.
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For powder coatings it is also possible to use a hybrid process of the fluidized bed technique
and the electrostatic spray. The substrate is preheated and the spray is used to apply the coating
onto the heated surface of the substrate. An alternative is to use a fluidized bed with a negatively
charged powder. This can be achieved by using an ionized air flow. The substrate is then
grounded and submerged into the fluidized bed. In both cases, the substrate has to be reheated
after the coating is applied to the surface of the substrate to ensure a smooth and uniform film.
Flame spraying can also be used to apply a powder coating on the surface of a substrate. In this
process, the polymer coating is melted using a circular shaped flame. The circular flame is
formed using a nozzle, which incorporates the flow of the powder as well as an air flow to blow
the powder onto the surface of the substrate. This method is also referred to as thermal spraying
and is mostly used to locally apply a coating to a component to improve its operational
performance. Different materials such as metals, alloys ceramics, carbides can be coated using
this method. Different flame sprayed layers can be applied to various materials and each layer
has its own unique properties. Therefore, different processes are used for different applications.
In most cases, flame spraying does not cause structural changes or deformations in the substrate.
However, the process could lead to unwanted temperature gradients within the glass pane (De
Cleen, 2009).
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Suitable production methods for LSG
In this section, different methods have been discussed to improve the post-breakage behaviour
of glass panes without limiting the doubly curved shape of the structure. From the literature
study it is clear that currently some methods are not compatible with the shape of the glass.
Interlayers of SentryGlas® and scratch resistant safety films are not compatible with the current
design of the glass panes, due to the high stiffness of the materials. An interlayer of cross-linked
EVA has a relatively low impact capacity compared to PVB. An interlayer of PVB can only be
used for slightly curved glass panes; however, this requires the use of vacuum technology and
a specialized production process. Therefore, only the following methods are considered within
this research:
1. An interlayer of cast in place resin;
2. Polymer coating.

Product selection
Currently a research concerning cast in place resin is being performed at the Ghent University.
The economical choice was made to use the available product Uvekol S20. The Uvekol S series
provide formidable strength and greatly reduce the threat of forced entry. Different tests have
been performed to test the post-breakage behaviour of the product. The research at the Ghent
University assesses whether the product provides enough residual strength to glass panes after
breakage in structural applications. Despite that the choice for the material largely depended on
the availability of the material, it still seems a logical choice as the application for the material
matches the purpose of this research topic. Also the results of this research are a good addition
to the use of the product.
The choice for the polymer coating was made according to the results found by a previous
research (De Cleen, 2009). In total three different polymer coatings were tested; Levasint,
Abcite and Teflon. From the research it was clear that the products Levasint and Abcite had
good properties concerning the post-breakage behaviour. The product Levasint had slightly
better properties compared to Abcite; however, the product is no longer available on the market.
Therefore, Abcite was chosen. The Abcite X585 (also known as Abcite 585 EF) seems the most
logical choice as this is the transparent variant of the coating, which was developed for glass
products. However, the product Abcite X545 (also known as Abcite 545 EF) was already
available and has more or less the same properties as the Abcite X545. The Abcite X545 is less
transparent; however, in the context of this research where the structural properties of the
coating are tested, the optical quality of the glass panes is not an important parameter.
Therefore, the economical choice was made to use the Abcite X545 instead of the transparent
variant X585, due to the availability of the product.
In conclusion, two products will be used within this research:
1. Uvekol S20 for laminated glass panes with an interlayer of CIP resin.
2. Abcite X545 for polymer coated glass panes.
The production process for the producing the glass panes is discussed in chapter 3.

Eindhoven University of Technology

32

2.4 Experimental test setups
To determine whether a structure is able to fail safely, numerous test setups have been
developed. These tests are conducted according to the standards to correctly evaluate the
structure and to produce results which can be verified by other researchers. The valid test setups
are:
•

NBN-EN 12600
1. Pendulum impact test.

•

EN 356
2. Hard body drop test;
3. Axe test.

In this research, the choice is made to use a hard body drop test to evaluate whether the structure
can fail safely. Currently, the shell structure is designed primarily as a roof structure. The axe
test is mainly focused on vandalism related damage; therefore, this test setup is not chosen. The
impactor of the hard body drop test is smaller compared to the impactor of the pendulum impact
test. Coupled with the already reduced dimensions of the test sample, the hard body drop test is
a more suitable test setup. Also the required dimensions for the test specimens in the standards
are the lowest for the hard body drop test. The dimensions used in the standards cannot be used,
since it is not clear whether it is possible to apply the coating to larger glass panes and the
method used for the bending process is limited to 500 by 500 mm.
In the hard body drop test, a steel ball with a diameter of 100 mm and a weight of 4.11 kg is
used as an impactor. The steel ball is released from a drop height to cause an impact load onto
the test sample. Each test sample is hit three times on three different locations. If the steel ball
does not pass through the test sample, the sample is considered to be safe and has passed the
experiment. The test sample is clamped in a frame to prevent slippage and energy dissipation
due to vibrations. Classifications are used in the experiment according to the EN 356. The
classifications are depicted in Table 2.1 where the resistance class corresponds to a certain drop
height. The number of strikes is also mentioned as well as the striking pattern. Additional
requirements are also given such as the thickness of certain materials, the tolerance of the
impact location, the clamping pressure of the frames and the hardness of the material. These
must be taken into account.
Table 2.1: Classifications used in the hard body drop test.

Class of resistance

Drop height [mm]

P1A
P2A
P3A
P4A
P5A

1500
3000
6000
9000
9000

The number of
impacts
3 in a triangle
3 in a triangle
3 in a triangle
3 in a triangle
3 x 3 in a triangle
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resistance class
EN 356 P1A
EN 356 P2A
EN 356 P3A
EN 356 P4A
EN 356 P5A
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The dimensions of the test samples are different from the standards, since the bending process
described in section 2.1.2 cannot be used for test samples with dimensions exceeding 500 mm.
According to the EN 356, four different drop heights are used in the experiment; 1.5 m, 3.0 m,
6.0 m and 9.0 m. However, these drop heights are less suitable due to the smaller dimensions
of the test samples, which limit the flexibility of the glass panes. Thinner panes are able to
deform more during an impact, which will decrease the internal stresses in the pane. A pane
becomes more flexible when the ratio between the area of the pane and the thickness of the
pane increases. In this case, the surface area of the pane is decreased, therefore, the flexibility
is decreased and thus the internal stresses in the pane will be higher during the impact.
Another reason for the decrease in impact resistance, is the occurring breakage pattern. The
concentric fracture lines result in a fractured glass pane. When concentric fracture lines are
formed, the area enclosed by these lines become glass fragments. These stiff glass fragments
are rotating along the fracture lines, while the fragments are still partially attached to the
interlayer or coating. When the fragments start to rotate and displace they allow the pane to be
able to deform more resulting in lower stresses in the pane. When the area of the glass pane is
increased, more space is provided to create a breakage pattern; therefore, limiting the area of
the glass pane will result in a lower impact resistance.
A positive effect of the smaller size is the reduction of the occurring bending stress in the glass
pane. In a static situation, the occurring bending stress is largely dependent on the length and
width of the glass pane. Larger panes result in a larger bending stress, which leads to failure in
the tensile zone of the glass pane. Therefore, the reduction of the size of the glass pane will lead
to a lower occurring bending stress.
Taking these different factors into account, it is expected that the use of smaller sized test
sample will lead to failure at lower drop heights. The static situation is more preferable;
however, after breakage this advantage is mostly lost.
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3
3 Production process

This chapter describes the production process of the polymer coated glass pane as well as the
laminated glass pane with an interlayer of CIP resin. The provided information can be used to
reproduce the test specimens and to improve the production process in further research.
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3.1 Introduction
In this master thesis the post-breakage behaviour of two different types of glass panes will be
evaluated using a modified hard body drop test. For the experiment it is important to consider
the production process of the coated and laminated glass panes. This chapter will describe the
production process in detail and will give possible recommendations to improve the production
process. Only two different production processes will be considered:
1. Polymer coated glass pane using Abcite;
2. Laminated CIP resin glass pane using Uvekol.

3.2 Polymer coating
Introduction
For the polymer coating a hybrid process will be used to apply the coating. Ideally the fluidized
bed technique should be used, since the previous research of De Cleen (2009) already indicated
that the application of Abcite using a fluidized bed has good adhering properties to glass panes.
However, due to the size of the glass panes, 500 mm by 500 mm, it was not possible to use this
technique as there were no suitable fluidized beds available for this size. The fluidized beds
used by the company providing the application of the coating were either too small or too large
to be used. In case a fluidized bed with a larger capacity is used, there is a high chance for
breakage due to the increased distance between the steel rollers supporting the glass panes. In
this case, the glass panes could fall between the gaps resulting in breakage. The coating was
applied by the company Van-Os Duracoat in Hemiksem.
The choice was made to use a hybrid process were the pre-heating and post heating process
remain similar to the coating process of the fluidized bed. Only the application of the polymer
coating will be done using an electrostatic spray. In section 2.3.4 it is already explained that an
electrostatic spray is not sufficient to apply the coating to glass; however, if the surface of the
glass pane is pre-heated it should be possible to apply the coating. For the heating process a
frame is needed to hold the glass pane, while it is heated inside the oven. The support frames
are treated in section 3.2.3.
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Coating process
The coating process can be divided into three parts:
1. Pre-heating;
2. Spraying;
3. Post heating.
3.2.2.1 Pre-heating
The glass panes are heated to 195 ⁰C to allow the coating to bond to the surface of the glass
pane. The oven used in the coating process is a thermally insulated chamber with closable doors.
The increase in temperature is provided by leading hot gasses through pipes at the top of the
oven. The heat is indirect so no contaminations can form on the surface of the glass. The glass
panes are held vertically inside the oven to reduce contaminations. The ideal temperature was
found using a trial and error process. A higher temperature leads to microbubbles and a lower
temperature leads to a poor coating quality and an uneven coating thickness.
The preheating process is done twice. After a certain period of time the glass pane will cool to
a temperature where the coating will no longer melt on contact. Therefore, the heating process
is divided into two steps. The first step is to quickly apply a thin layer of coating to ensure a
good adhesion. Then the glass panes are heated again to apply the full layer of the coating.
Multiple cycles are possible using this method.
3.2.2.2 Spraying
The pre-heated glass panes are sprayed with the polymer coating Abcite using an electrostatic
spray. The coating must be applied when the temperature of the surface of the glass pane
exceeds its melting temperature of 90 °C. Therefore, a limited amount of time is available for
which the coating can be sprayed onto the surface of the glass. It is important to consider
whether it is possible to apply the amount of coating in this time interval or if additional cycles
are needed.
3.2.2.3 Post heating
The glass panes are heated again to cure the polymer coating. This process also smoothens the
surface of the coating and provides the coating with its generic properties. As a guideline the
temperature should not exceed 210 ⁰C. A higher temperature leads to discolouring and a lower
temperature results in an uneven translucency of the glass pane. This process is important to
preserve the transparency of the glass pane; however, in this master thesis the transparency is
not considered, since the strength of the coating is not influenced by this optical imperfection.

Eindhoven University of Technology

37

Support frames
3.2.3.1 Introduction
The glass panes are coated by using an electrostatic spray, which is a coating method that is
mostly used on metallic specimens. The mounting system for the specimen is also adjusted to
accommodate metallic objects. The mounting system consists of a steel beam, which is
connected to a rail using two roller supports. The specimen is connected to the beam using
hooks; therefore, the specimen must have holes to attach itself to the hook. However, creating
holes in the glass panes influences the strength of the pane due to peak stresses near the drilled
hole. To prevent the peak stresses, a clamping system must be used to attach the glass pane to
the steel beam of the mounting system.
3.2.3.2 Frame 1
The first frame was used to produce the coated glass pane for the preliminary experiment treated
in chapter 4 and is depicted in Figure 3.1. The frame consists of two aluminium profiles, which
are connected by a threaded steel rod at each end. The threaded rods are used to adjust the
distance between the profiles. The glass pane is clamped using two clamps at each profile. The
aluminium clamps serve to restrict the movement of the glass pane during transport along the
production line. The frame also needs to manoeuvre through corners which could cause the
glass pane to fall and break. The design of the clamping elements was important for the frame,
since these have to retain the glass pane while minimizing the coverage of the glass pane to
reduce the amount of uncoated area. The gap of the slotted clamp is widened by two mm to
prevent breakage from peak stresses since the metal elements expand at a higher. A coverage
of five mm is used to provide additional support since the steel rods will expand more than the
glass pane resulting in a loss of clamping pressure.

Figure 3.1: First frame used during the coating process.
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3.2.3.3 Frame 2
Conducting the coating process with the first frame led to the discovery of various
complications during the coating process. Improving the following complications results in the
second support frame depicted in
Figure 3.2, which is used to produce the glass panes used in chapter 5 and 6:
The amount of glass panes held by the frame. The first prototype is only able to hold one glass
pane; however, by producing a frame, which is capable of holding multiple glass panes, the
number of heating cycles is greatly reduced. This leads to substantially lower costs.
The material of the prototype; the first prototype is made with aluminium profiles. Since an
electrostatic spray is used for coating the glass panes, the coating is attracted by the aluminium
profile. Removing the coating has proven to be difficult for aluminium. This can be solved by
using steel profiles and clamps as these are able to withstand higher temperatures used to
remove the coating.
The excess coating on the clamp; the clamp is coated along with the glass pane making it
difficult to remove glass pane. Therefore, teflon is applied to the top surface of the clamp as
indicated with red lines in Figure 3.2
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Figure 3.2: Second frame used during the coating process.

Overview
A visual overview of the production process is depicted from Figure 3.3 to Figure 3.14. The
following steps have been taken to apply the coating onto the glass pane.
1. Apply teflon onto the clamps to prevent the coating from adhering to the clamps.
Without any measures, the coating applied on the glass surface will seamlessly connect
to the coating on the clamps. By using a layer of Teflon on the clamps, the coating on
the clamps are easier to be removed.
2. Place the glass panes into the frame as depicted in Figure 3.3.
3. Clean the surfaces of the glass pane with butanone, also known as methylethylketone
(MEK) to remove contaminations.
4. Cover the frame with aluminium foil to prevent the coating from adhering to the steel
frame as depicted in Figure 3.4. During the coating process, the steel frame will also
attract the coating particles, since an electrostatic spray is used. This results in a layer
of coating each time the steel frame is used. To prevent the unwanted layer of coating,
a layer of aluminium foil is used as protection. Only the areas around the bolts of the
threaded steel rods are protected as depicted in Figure 3.5. The foil is removed after
each use.
5. Heat up the glass panes inside an oven at a temperature of 195 °C as depicted in Figure
3.6; first pre-heating process.
6. Apply an initial thin coating onto the glass pane to ensure a good adhesion between the
coating and the glass as depicted in Figure 3.7. The glass panes after the coating process
is depicted in Figure 3.8. Each pane is sprayed two times.
7. Heat up the glass pane for the second time at a temperature of 195 °C. This is referred
to as the second pre-heating process; however, it can also be considered as the first post
heating process. The result of the second pre-heating process is depicted in Figure 3.9.
The figure shows that the glass pane becomes translucent after the heating process.
8. Apply another layer of coating onto the glass pane until the desired thickness of 400 μm
is reached. This process is depicted in Figure 3.10.
9. Reheat the glass panes to ensure a smooth and uniform film; post heating process. The
glass pane after the post heating process is depicted in Figure 3.11. The figure shows
that the glass panes are now considerably more translucent due to the thicker layer of
coating.
10. Remove the protective aluminium foil and remove the excess coating between the frame
and glass pane. Figure 3.12 depicts the area that must be cut to remove the glass pane.
After the cutting process, the uncoated area due to one clamp is depicted in Figure 3.13.
There are four uncoated areas present on the glass pane as depicted in Figure 3.14.
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Figure 3.3: Placing the glass panes into the frame.

Figure 3.4: Applying aluminium foil to protect the bolts
for the threaded steel rod.

Figure 3.5: Protected frame with glass panes

Figure 3.6: Frame and glass panes are heated in the
oven; preheating process (I)
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Figure 3.7: Initial coating process.

Figure 3.8: Coated glass panes before pre-heating
process (II).

Figure 3.9: Glass pane after pre-heating process (II).

Figure 3.10: Second coating process.
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Figure 3.11: Glass pane after post heating process.

Figure 3.12: Cutting the area between the glass pane
and the coating for removal.

Figure 3.13: Result of the cutting process.

Figure 3.14: Polymer coated glass pane.
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Modifications
In the production process, the orientation of the glass panes deviates from the production
process used in the previous research of Cleen (2009). The glass panes are held vertical during
the coating process instead of horizontal. It is possible that the coating on the vertically
orientated glass panes becomes irregular due to gravity pushing the coating down during the
heating process. This has been observed on the support frames and is treated in section 3.2.7.
This effect is not visible on the glass pane as the coating seems evenly spread across the surface
of the pane; however, the variations can still be present without being noticed.
The other difference is the tool used to apply the coating. In this production process, an
electrostatic spray is used instead of a fluidized bed. The coating is spread evenly by the spray,
however, it depends on the experience of the user to what extent this spread is achieved. This
production process also results in a small uncoated area underneath the clamps of the support
frame. However, it is not expected that this uncoated area will influence the results of the
experiments. A modification has also been made to apply the coating in two cycles instead of
one.

Coating removal
The process of removing unwanted coating from the support frame consists of exposing the
frame to high temperatures. The temperature must be high enough to melt the coating but keep
the support frame intact. For this reason it was not possible to use aluminium parts, as these are
not suitable for the high temperatures in the removal process. In Figure 3.15(a), one possible
method for removal is depicted. The frame is exposed to a gas burner to melt the coating at the
exposed area. This process is time consuming and not always effective, due to certain areas
being hard to reach. In particular, coating underneath the support frame is hard to remove and
can cause additional hazardous situations due to the required angle of the burner as depicted in
Figure 3.15(b). Additionally, a hazardous situation can also occur due to burning objects that
fall from the support frames as depicted in Figure 3.15(c). A safer option would be to heat the
frame in an oven. In this case the support frame is heated equally in a safe environment.

Figure 3.15: (a) Coating removal method using a gas burner, (b) hazardous angles, (c) falling burning objects.
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Improvements
The support frames still have room for improvements, mostly in the area of the ease of removing
the coating from the frame. The removal of unwanted coating is important, because after
extensive use, the coating starts to adhere to the support frame and a thick layer of coating is
applied to the surface of the frame. During the heating process, the excess coating starts to melt
and forms thick drops that fall onto the surface of the glass pane. This complication is depicted
in Figure 3.16 and results in an uneven coating layer. The complications can be prevented by
using more aluminium foil to protect the prototype during the coating process. The coating can
also be removes using high temperatures using the method described in section 3.2.6.

Figure 3.16: Formation of thick drops of coating due to melting
of excess coating on the support frame.
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3.3 CIP resin lamination process
Introduction
The resin laminated glass panes where produced in the laboratory Magnel-Vandepitte at
Ghent University. The production process of CIP resin usually requires the same methodology
described in section 2.3.2.5:
1.
2.
3.
4.

Clean the glass panes;
Use an adhesive tape on the glass panes to create an enclosed space;
Fill the enclosed space with the resin;
Cure the resin using the appropriate curing method.

Cleaning
The glass panes must be cleaned to remove contaminations and to ensure a good adhesion
between the glass and the CIP resin. Only the surface of the glass which will come into contact
with the resin has to be cleaned thoroughly with 2-propanol. No additional requirements are
mentioned in the product information.

Taping
The next step is to apply a double sided adhesive tape onto the surface of the glass pane to
create an enclosed space for the resin. The enclosed space must also allow enough spacing
between the tape, for the nozzle as well as to release trapped air between the glass panes during
the filling process. The width of the gap depends on the size of the enclosed area. Figure 4.17
depicts how the pane should be taped according to its dimensions. A distinction is made
between small or large units. A unit is considered as small if it has a length of less than 0.5 m
and a thickness of less than 16 mm. If the dimensions exceed these values, the unit is considered
to be large. A large gap should be left in the tape of about 10 cm, either in one of the top corners
or in the middle of the top edge. The resin will be injected between the panes of glass through
this gap.

Figure 3.17: Method to tape the glass pane according to its size (Allnex, n.d.).
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Filling
The filling process is done using a thin nozzle connected to a funnel with a tube. The funnel
makes it easier to pour the resin into the tube and through the nozzle. The funnel is kept as high
as possible to increase the pressure and reduce the filling time. Conventionally, a pump is used
to reduce the filling time; however, this equipment was not available at the time. The pump is
optional; however it does significantly reduce the time needed to fill the unit. The filling process
is crucial since inconsistencies, mostly air bubbles, in the CIP layer are formed during this
process. These inconsistencies can be reduced by applying external pressure at the right
location. After the unit is filled, hot melt is applied at the same time to prevent the resin from
leaking.

Figure 3.18: Method to fill the glass pane according to its size (Allnex, n.d.).

Curing
Uvekol is cured (hardened by polymerization) with suitable UV lamps. The basic requirement
for good results is that the intensity of the UV light on the resin film is sufficiently high with a
minimum intensity of 1 mW/cm2. The curing process should be performed at or near room
temperature. The reaction is exothermic; therefore, the rise in temperature indicates that the
curing process has started. The rise in temperature depends on the generated heat, the thickness
of the glass and the ambient temperature. The total surface of the resin interlayer must be cured.
All actions that can obstruct a complete cure must be avoided.
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Overview
A visual overview of the production process is depicted from Figure 3.3 to Figure 3.14. The
following steps are taken in the lamination process:
1. Clean the inside surface of the glass pane (the surface in contact with the CIP resin) to
remove contaminations.
2. Apply a compression resistant, double sided tape onto the surface of the glass pane. The
location of the tape is depicted in Figure 3.21, which shows that the glass pane is
considered to be a small unit; therefore, only one gap is left which is wide enough for
the nozzle and the air evacuation.
3. Remove the foil on the tape.
4. Place the glass panes on top of each other and apply pressure to create an enclosed space.
5. Apply hot melt on the corners of the glass pane to prevent leaks. These locations are
likely to leak due to the gap between the horizontal and vertical tape segments.
6. Apply rubbers and clamps for additional pressure to ensure no leakage will occur during
the filling process. The rubbers are used to prevent surface damage on the glass pane
due to the clamps. A total of four clamps are used in the lower part of the glass pane as
depicted in Figure 3.26 and Figure 3.28.
7. Insert the thin nozzle into the gap created by the tape.
8. Pour the resin into the funnel connected to the nozzle. During the filling process, the
glass pane is held at an angle to prevent leaks by increasing the filling speed of the resin.
The nozzle is elevated and the resin flows towards the opposite corner; therefore, the
clamps are applied at the bottom of the pane due to the increasing pressure of the resin.
9. Remove the nozzle and fill the gap using hot melt to prevent the resin from leaking
during the curing process.
10. Cure the glass pane by exposing it to UV light for about 30 minutes.

Figure 3.19: The surface of the glass pane is cleaned.

Figure 3.20: Double sided adhesive tape is applied to
the surface of the glass pane.
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Figure 3.21: Overview of the taped glass pane.

Figure 3.22: The protective layer of the tape is
removed.

Figure 3.23: Two glass panes are placed atop of each
other to create an enclosed space for the resin.

Figure 3.24: Hot melt is applied to the corners to
prevent leaks during the filling process.

Figure 3.25: Rubbers are applied at the location of
the clamps.

Figure 3.26: Overview of the glass pane with the
applied rubbers.
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Figure 3.27: Clamps are applied to the glass pane to
prevent leaks during the filling process.

Figure 3.28: Overview of the glass pane with clamps.

Figure 3.29: Funnel is elevated to increase the filling
speed.

Figure 3.30: Nozzle is inserted through the gap.

Figure 3.31: Resin is poured into the funnel.

Figure 3.32: The glass pane is tilted to prevent leaks.

Eindhoven University of Technology

50

Improvements
In the production process certain complications arose during the filling process. These
complications are caused by the relatively large time needed to fill the enclosed space with
resin. Due to this larger time frame it allows the resin to have more time to penetrate the double
sided tape causing the resin to leak out of the enclosed space. This problem can be prevented
by using a pump to decrease the time needed to completely fill the enclosed space. With the
filling time decreasing, the risk of a leak only occurs if the resin does not cure fast enough. The
pump also reduces the chances of air bubbles forming in the resin.
Another solution is to strengthen the boundary of the enclosed space to increase the resistance
against the penetrating resin. Several methods can be used for this strengthening such as:
1. Using clamps to increase the clamping pressure near the tape;
2. Creating an additional temporary boundary on the outer side of the tape;
3. An additional layer of adhesive tape to increase the thickness of the boundary.
The first and second method were used in this production process. As mentioned in section
3.3.6, the clamps were used at the bottom part of the glass pane to increase the clamping
pressure in these areas. An additional temporary boundary was also used by applying hot melt
on the corners of the glass pane.
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3.4 Conclusion
The production process of the coated as well as the CIP laminated glass pane can still be
improved. For the application of the coating it is recommended to use a fluidized bed for a more
uniform coating thickness. The effects of having a less uniformly distributed coating thickness
is discussed in section 5.9.2. Methods to improve the support frame are also discussed in section
3.2.7 to increase the production speed by improving the removal of the coating from the frame.
The production process of the CIP laminated glass panes can be improved by using a pump
during the filling process to prevent leaks and the formation of air bubbles. Additional measures
can be used and are discussed in section 3.3.7.
The current production process can only accommodate flat glass panes; therefore, adjustments
should be made for doubly curved glass panes. The production process of the coated glass panes
can be modified with relative ease. The support frames should be modified to allow the clamps
to position the glass pane under the right angle. This can be achieved by allowing the clamps to
rotate and by being able to position each clamp individually instead of two at a time.
Complications could arise due to the coating dripping when exposed to high temperatures. The
curvature of the glass pane could result to the coating flowing to different areas under the
influence of gravity. This could result in an unevenly distributed coating. The doubly curved
surface can also influence the transparency of the coating.
For the CIP laminated glass panes, different complications could arise during the production
process. The taping and filling of the glass pane could be more difficult if the curvature between
the two glass panes do not match properly. The variations could influence the thickness of the
laminated layer and increase the chances of leaks occurring due to gaps in the boundary set by
the double sided tape. Therefore, it is necessary to keep the variations of the curvature as
minimal as possible. Additionally, the curing of the laminated glass pane is done by positioning
the UV lamps at a certain distance from the glass pane. For a doubly curved surface, the distance
between the glass pane and the lamps should be adjustable to allow the resin to completely cure.
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4
4 Preliminary experiment

This chapter elaborates the preliminary experiment, which has been performed in the Pieter
van Musschenbroek laboratory at Eindhoven University of Technology. The chapter describes
the goal of the experiment, the test setup and determines whether the effect of the polymer
coating significantly influences the post breaking behaviour of the glass pane.
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4.1 Introduction
A preliminary experiment is performed to evaluate the post-breakage behaviour of a polymer
coated glass pane. The experiment is performed in the Pieter van Musschenbroek laboratory at
Eindhoven University of Technology. The goal is to gain initial information about the postbreakage behaviour, before conducting a more thorough series of experiments. If the postbreakage behaviour is similar to laminated safety glass or if it can be defined as ‘safe’, a more
thorough experiment will be performed.

4.2 Approach
The post-breakage behaviour will be evaluated using a hard body drop test. The glass pane will
be clamped along four edges and subjected to an impact. The impactor is a steel ball with
properties according to the EN 356. The solid steel ball has a diameter of 100 mm and a mass
of 4.11 kg. The test samples consist of glass panes with a length and width of 350 mm, and a
thickness of 3 mm. Two test samples will be tested, a coated glass pane and a monolithic,
uncoated glass pane which is used as a reference. The experiment does not completely comply
with the EN 356, because several parameters have been altered. The changed parameters are
given in section 4.3 along with an explanation for the changes. Most of the changes were due
to the immediate availability of certain materials in the Pieter van Musschenbroek laboratory.
The changes were necessary to save time and quickly perform the experiment. For the thorough
experiment, most of the deviations with the code will be dealt with.

4.3 Differences with the standards
Dimensions of the test specimen
The width and length of the test specimen should be 900 mm x 1100 mm according to EN 356.
This has been changed to 350 mm x 350 mm, since these glass panes were already present in
the laboratory. This change affects the structural behaviour due to the change in aspect ratio,
which is treated in section 2.4. It is clear that the behaviour will be significantly different from
the normal hard body drop test; therefore, a reference pane is used as a comparison.

Release system of the impactor
The release system of the impactor must be able to accurately position the steel ball over the
impact point. According to the code, the maximum allowable deviation is ± 20 mm. The used
release system does not meet the requirements. The system was not changed, since the
production of an accurate release system would require more time.

Number of strikes and height of the impactor
According to EN 356, four different drop heights (ℎ𝑑 ) should be used (1.5 m, 3 m, 6 m and 9
m) with a specific striking pattern shaped as an equilateral triangle with a side length of 130
mm. Each point is struck once with the steel ball (with the exception of the last drop height of
9 m, which is also struck three times on each point). However, since this is the first test that has
been performed on a coated glass pane, it is not possible to make an accurate estimation for the
drop height of the steel ball. Also due to financial reasons only one coated test sample was
available at the time. Due to these reasons, the choice was made to start at a drop height of 100
mm and to increase the drop height after each strike with 100 mm. The striking pattern remained
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the same; however, after every third strike the pattern is repeated, for example strike 1, 4, 7 and
10 are on the same position.

4.4 Test setup
General
The test setup for the preliminary experiment is depicted in Figure 4.1 and Figure 4.2. The
location of the section cuts are depicted in Figure 4.6. The test setup consists of the following
components:
1.
2.
3.
4.
5.

Steel ball
Launching platform
Steel clamping frame
Receiving box
Steel support structure

Figure 4.1: Test setup: section cut A-A’

The test sample is clamped using the steel clamping frame, which is supported by a steel
structure. The steel structure is rather complex, because the steel beams that were used to create
the structure, are taken from previous test setups in the Pieter van Musschenbroek laboratory.
The launching platform is connected to the support structure with the use of a threaded rod. The
height of the platform can be adjusted by moving the bolt along the steel rod. The launching
platform has been equipped with drilled holes at the location of the three impact points. During
the test the steel ball is held above the hole and then released. A receiving box is filled with
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sand and placed underneath the test sample in case the test sample fails. The box ensures that
the impactor does not get damaged and it prevents the steel ball from rebounding.
In the direction of section cut B-B’, the steel clamping frame is connected to the frame using
an alternative method as depicted in Figure 4.2. A large bolt is screwed on top of the large
threaded rod, to support the bottom flange of the bottom clamp, and a small steel pane (60 mm
x 60 mm) is used to clamp the upper flange of the bottom clamp. In between the large bolt and
small pane, a washer is placed to fill the gap. At one end, the large threaded rod is connected to
a steel beam using a corner profile, and at the opposite side, the large threaded rod is connected
directly to the steel beam. A more detailed description of the various components can be found
in section 1.4.2 to 1.4.6.

Figure 4.2: Test setup: section cut B-B’

Supporting steel structure
The supporting steel structure consists of four HEA300 beams with a length varying from 330
to 420 mm and three corner profiles. The steel beams and corner profiles are numbered from A
to D to clearly indicate their position in Figure 4.3 and Figure 4.4. The influence of the
supporting steel structure on the test results depend on the stiffness of the steel structure. If the
stiffness of the supporting structure increases, the effect on the impact will reduce. The stiffer
structure will deform less causing less energy to be dissipated. This will increase the impact
load on the test sample; therefore, the supporting structure is discussed in detail to provide
additional information about the approximate stiffness of the structure.
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The primary function of the support structure is to provide a stiff basis for the steel clamping
frame. In the section cut A-A’, the steel clamping frame is placed on the edges of steel beam C
and D as depicted in Figure 4.3. The steel beams C and D are connected to steel beam A using
the corner profiles A and B. The supporting steel structure is depicted in figures 1.3 and 1.4.
The other components of the test setup are omitted.

Figure 4.3: Supporting steel structure A-A'.

In the section cut B-B’, the bottom flange of the clamping profile is clamped between the large
bolt and the small steel pane, as depicted in Figure 4.4. As mentioned in section 4.4.1, a washer
is placed in the gap between the bolt and the pane. These components are all placed at the end
of the large threaded steel rod. The large threaded rod is connected to steel beam A by using
the corner profile C. The other threaded rod is connected directly to steel beam B.
The supporting steel structure is also used to connect the threaded rods of the launching
platform to steel beam C and D. Bolts are used at the bottom and top flange of the steel beam
to ensure a rigid connection. The connection is depicted in Figure 3.1.

Figure 4.4: Supporting steel structure: section cut B-B’.
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Clamping profile
The clamping profile consists of the following components:
1. Two L-shaped steel clamping frame; 80 mm x 60 mm x 10 mm. The length varies in
each direction.
2. Eight EPDM rubber strips; 30 mm x 4 mm. Hardness: 50 IRHD. Four rubber strips are
used for each clamping frame to cover the four sides of the test sample.
3. Four M8 bolts;

Figure 4.5: Clamping profile: section cut A-A’

The two L-shaped clamping frames are clamped using four M8 bolts. The bolts are only slightly
tightened, since the prescribed clamping pressure of 140 kN/m2 is easily reached. This high
clamping pressure is caused by the reduction of the clamping area when the dimensions of the
test sample were reduced. The position of the four bolts is depicted in figure 1.6. The location
of the section cuts, steel beams, striking pattern and test sample are also given. Other
components of the test setup are omitted from the figure.
Between the clamping profiles and the test sample, rubber strips are used to prevent damage to
the test sample. The rubber strips have a hardness of 50 IRHD and have a cover of 30 mm. The
strips meet all the requirements set by the EN 356.

Figure 4.6: Clamping profile: top view.
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Launching platform
The launching platform consists of the following components:
1. Wooden launching platform; thickness: 20 mm.
2. Four threaded steel rods
The launching platform is connected to steel beams C and D with the use of four threaded steel
rods. The steel rods are connected at the bottom and top flange to ensure that the rod remains
straight at higher drop heights. The height of the launching platform can be adjusted by moving
the bolts along the threaded rods. Additional extension elements were used on the threaded rod
to reach higher drop heights. The highest drop height in the test setup was 1.3 m. Three holes
have been drilled in the launching platform at the location of the impact.

Figure 4.7: Launching platform: section cut A-A’

Receiving box
The receiving box is constructed from wooden panes with a thickness of 20 mm. It is made
from the same material as the launching platform. The receiving box is filled with sand to
prevent damage to the steel ball. A relatively large amount of sand had to be used to ensure that
the steel ball does not reach the bottom of the box.

Impactor
A solid steel ball is used as an impactor for the hard body drop test. The impactor has a diameter
of 100 mm and a mass of 4.11 kg. According to the EN 356, the following requirements must
be met regarding the impactor [1]:
1. Diameter of 100 mm ± 0.2 mm
2. Mass of 4.11 kg ± 0.06 kg
3. Hardness of 60 HRC to 65 HRC
The hardness of the steel ball, used in the preliminary experiment, is not known. Therefore, it
is not clear whether the impactor meets all the requirements of the EN 356.
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4.5 Test samples
Introduction
Two test samples are subjected to the hard body drop test. Sample one consists of a glass pane
with a polymer coating and sample two is a monolithic glass pane without coating. Other
parameters of the glass panes are completely identical. The results of the two different samples
will provide an initial indication of the effect of the polymer coating on the post-breakage
behaviour. Ideally more test samples would be used to verify the results; however, due to
financial reasons this was not possible.

Glass type and dimensions
Both samples consist of regular float glass, which have not been treated. The edges of the panes
have been polished to prevent any cutting damage during the handling of the panes. The samples
have a length and width of 350 mm, and a thickness of 3 mm. As mentioned in section 4.3.1,
the relatively small dimensions were the result of the available material in the laboratory.
However, the samples are sufficiently large to provide an initial indication of the post-breakage
behaviour. The striking pattern is depicted in Figure 4.8. After every third strike, the striking
pattern is repeated, for instance strike 1, 4, 7 and 10 are on the same position.

Polymer coating
A polymer coating is applied on the surface of test sample one, to improve the post-breakage
behaviour. The product Abcite X545 is used to apply the polymer coating on the glass pane (De
Cleen, 2009). The thickness of the coating is measured on four different points, taken at an
offset of 20 mm from each corner. The measure points are depicted in Figure 4.8 as red dots
and the corresponding measurements of the total thickness of the glass pane are shown in
Table 4.1. The polymer coating has an average thickness of 0.346 mm on each side. However,
it must be noted that this is not the total thickness of coating, since the deviation of the thickness
of the glass pane is not taken into account.

Table 4.1: Thickness of the coated glass pane
Measure
point
1
2
3
4
Average

Thickness of the
glass pane [mm]
3.730
3.630
3.665
3.745
3.693

Figure 4.8: Test sample: top view.
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4.6 Experimental results
Overview
An overview of the experimental results is given in Table 4.2 and Table 4.3. The state of the
test sample is described for each drop height. In some cases the abbreviation N.C. is used to
indicate that there is no significant change compared to previous drop height, thus the test
sample exhibits the same breakage behaviour. For test sample one the following distinctions
are made for the breakage behaviour, according to the drop height.
4. Drop height: 100 mm – 200 mm. Only local damage is visible at the point of impact.
No cracks appear on the glass pane.
5. Drop height: 300 mm. The entire pane is cracked upon impact. The glass fragments are
held together by the polymer coating. The coating remains undamaged.
6. Drop height: 400 mm – 700 mm. Dents appear at the location of the impact. No glass
fragments are detected even though the glass pane is heavily deformed. The coating
remains undamaged.
7. Drop height: 800 mm – 1300 mm. The polymer coating starts to tear at the location of
the impact. After each impact the tear starts to grow and eventually the tear becomes
large enough for the steel ball to penetrate the test sample. No separate glass fragments
have been detected.
Table 4.2: Experimental results of coated test sample.
Impact ℎ𝑑
Remarks
no
[m]
1
0.10 Local damage at the point of impact.
2
0.20 N.C.
3
0.30 Glass pane is fully cracked upon impact.
4
0.40 Dent is formed at the point of impact.
5
0.50 N.C. , bad impact.
6
0.60 N.C.
7
0.70 N.C.
8
0.80 Polymer coating starts to tear at the point of impact.
9
0.90 N.C.
10
1.00 N.C.
11
1.10 N.C.
12
1.20 N.C.
13
1.30 The tear in the coating is now large enough for the steel ball to pass through.
No glass fragments are detected. The experiment is stopped.
Table 4.3: Experimental results of uncoated reference sample.
Impact ℎ𝑑
Remarks
no
[m]
1
0.10
Local damage at the point of impact.
2
0.20
Glass pane shatters into large fragments of glass with a sharp edge. The
experiment is stopped.

Eindhoven University of Technology

61

Visual overview
Below a visual overview is given of the state of the glass pane for both test samples. The state
of the glass panes change significantly after certain impacts. These impacts are identified and a
figure is shown to indicate the state of the glass pane after the impact. The uncoated test sample
fails early; therefore, the images after the impactor has penetrated the test sample are not
available. A full visual overview after every impact can be found in annex A.

Impact 1
Coated test sample
No damage

Figure 4.9: Coated test sample after impact 1.

Uncoated test sample
No damage

Figure 4.10: Uncoated test sample after impact 1.

Impact 2
Coated test sample
No damage

Figure 4.11: Coated test sample after impact 2.

Uncoated test sample
Impactor penetrates test sample

Figure 4.12: Uncoated test sample after impact 2
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Impact 3
Coated test sample
Glass pane cracks upon impact.

Figure 4.13: Coated test sample after impact 3.

Impact 12
Coated test sample
Dents are formed at the impact location.

Figure 4.15: Coated test sample after impact 12.

Impact 7
Coated test sample
Dents are formed at the impact location.

Figure 4.14: Coated test sample after impact 7.

Impact 13
Coated test sample
Coating starts to tear

Figure 4.16: Coated test sample after impact 13.

4.7 Conclusions
From the experimental results of the preliminary test, it is clear that the application of the
polymer coating on the glass pane significantly improves the post-breakage behaviour. The
coating is able to keep the fragments of glass together. This allows the glass pane to resist
impact loads after breakage. The polymer coating ensures that enough ‘warning signs’ are
present before the glass pane collapses. The warning signs of the polymer coated glass pane are
the cracking of the glass pane, the deformation of the glass pane, and finally the tearing of the
coating. However, it must be noted that the residual load bearing capacity, after the glass pane
is fully cracked, is still not known. Nevertheless the positive results of the preliminary
experiment have proved that the polymer coating has a significant effect and a more thorough
series of experiments can be performed.
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5
5 Hard body drop test

This chapter elaborates the hard body drop test, which has been performed in the Pieter van
Musschenbroek laboratory at Eindhoven University of Technology. The chapter describes the
goal of the experiment, the test setup, results and the conclusion of the evaluation of the different
laminates and coating used in the experiment.
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5.1 Goal
The goal of the experiment is to evaluate the post-breakage behaviour of different types of glass
panes. The impact resistance will be tested by determining whether the impactor is able to
penetrate the test sample in a modified hard body drop test. The results of each type of glass
pane will be compared to make a recommendation for the improvement of the safety of the
glass dome structure. Different factors are identified to determine the cause of the behaviour.
The following parameters are measured in the experiments.
1.
2.
3.
4.

The impact resistance;
Deformations during impact;
The breakage pattern;
Tearing of the interlayer or coating.

Different measures to improve the post-breakage behaviour of the test samples are provided
based on analysed parameters.

5.2 Approach
The experiment are conducted at the same location and in a similar manner as described in the
preliminary experiment and partially in accordance to the EN 356. The differences with the EN
356 are discussed in section 5.3. The glass panes will be clamped along the edges in a clamping
frame and subjected to an impact test. The impactor remains the same steel ball used in the
preliminary experiment. However, the test samples are increased in size and quantity. Different
measures are taken into account for the test setup to reduce the effect of external factors. The
improvements to test setup and test samples are discussed in sections 5.4 and 5.5. Different
types of test samples will be subjected to the modified hard body drop test to evaluate and
compare the post-breakage behaviour between each type.
Due to the differences with the EN 356, a modified hard body drop test is used for the
evaluation. Therefore, it is not possible to rely on data from previous research to provide an
indication of the maximum drop height at which failure will not occur. Also the increase of the
drop height in the hard body drop test according to EN 356 is too steep for this research. This
will be elaborated in section 2.4.
To address this problem, the experiment is split into two parts. In part one an interval will be
determined for the critical drop height for each different test sample. The minimum value of
the interval is the highest drop height where the steel ball is not able to penetrate the test sample
and the maximum value of the interval is the lowest drop height where the steel ball is able to
penetrate the test sample. In the first part a varying drop height is used instead of testing one
test sample at each drop height. This is done to improve the efficiency of the test series. This
results in less test samples being used to determine the critical drop height. The drop heights
that have been used during the experiments can be found in section 5.8.2.
In the second part, different drop heights will be chosen according to the results of first part of
the test series. In this test series the test samples will be subjected to three strikes in an
equilateral pattern at a constant drop height. The number of strikes, the striking pattern and the
use of a constant drop height is in accordance to the EN 356.
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5.3 Differences with the code of practice
Dimensions of the test specimen
According to the EN 356, the dimensions of the test specimen should be 900 mm by 1100 mm.
However, for the experiment the dimensions have been changed to 500 mm by 500 mm. This
change was made to reduce the costs of producing the test specimens, such as transportation
fees and material costs for the test specimens as well as the test setup. The smaller size also
makes it easier to produce the different test specimens, since some of the production methods
have never been used on glass panes by the manufacturing company.
However, the change in dimensions makes it difficult to rely on data from other researchers for
comparison. Due to this reference test samples are needed. Conversely, it is more difficult to
use the data obtained from the modified hard body drop test unless similar dimensions are used
for the test samples. Additionally, the smaller dimensions influence the flexural stiffness of the
glass panes, which results in changes to the structural behaviour as explained in section 2.4. In
case glass panes are used with larger dimensions, the results can vary due to this change in
behaviour.

Number of strikes
In the first part of the experiment, the number of strikes depend on the critical drop height of
the test sample. The test is repeated until a test sample fails. After each third strike, the striking
pattern is repeated. The second part of the experiment is in accordance to the EN 356 with only
three strikes for each test sample.

Drop height
According to the EN 356, four different drop heights are used in the experiment; 1.5 m, 3.0 m,
6.0 m and 9.0 m. However, due to the smaller dimensions of the test samples, these drop heights
are not suitable for this experiment. As explained in section 2.4, the smaller dimensions will
lead to failure at a lower impact force. This can also be observed from the results of the
preliminary experiment; therefore, it is clear that these drop heights are less suitable for this
modified hard body drop test. The starting drop height as well as the difference between each
drop height need to be lower. In the first part of the experiment, a starting drop height of 0.5 m
is used and is increased by 0.5 m after each impact until the test sample fails. For the second
test sample the starting drop height is set to minimum value of the critical drop height and is
increased by 0.1 m after each impact. The results of this test series is used to define a new
critical drop height. From these results new drop heights are chosen for the second part of the
experimental series. This will be treated in section 5.8.2.
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5.4 Test setup
General
The test setup for the modified hard body drop test is depicted in Figure 5.1. The test setup
consists of the following components:
1.
2.
3.
4.
5.
6.

Steel ball;
Launching platform;
Steel clamping frame;
Receiving box;
Steel support structure;
Recording equipment.

The test setup roughly consists of the same components as the preliminary experiment with
only the addition of recording equipment for the high speed camera. Some of the components
have been altered to reduce the effect of external factors. The test setup is split into two different
structures as depicted in Figure 5.1. One part consists of the steel support system and the
clamping frame, which are used to clamp and position the test sample. The other part is used to
position the steel ball at the right location and drop height. The materials used for the test setup
were taken from the Pieter van Musschenbroek laboratory; therefore, some of the components
might seem excessive. The steel clamping frame and the steel ball are the only components that
were purchased or produced for this test.

Figure 5.1: Test setup of the modified hard body drop test.
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Steel support structure
The steel support structure is depicted in Figure 5.2 and consists of various steel beams that
were taken from the laboratory. The clamping frame is placed on four steel HEA 150 profiles.
These four profiles are placed as such that they enclose a space which meets the geometric
requirements for the clamping frame. The pre drilled holes of the steel profile matches the holes
of the clamping frame. Underneath the frame, various threaded steel rods are used to prevent
the flanges of the steel profiles from bending inwards. Additionally, the outer flanges of the
steel profiles are also supported. The four steel profiles are again supported by another set of
four steel HEA 150 profiles. The eight steel HEA 150 profiles are placed on two steel HEA 300
profiles. This is done to add mass to the support system, which will decrease the effect of
vibrations, and to raise the clamping profile to a more favourable working height. Underneath
the HEA 300 profiles, aluminium panes are used to compensate for the unevenness of the
concrete floor.

Figure 5.2: Steel support structure.

Receiving box
The HEA 300 profiles are also used as the base for the wooden receiving box. The box is filled
with sawdust to prevent damage to the steel ball and to prevent the ball from rebounding. Due
to the brightness of the sawdust, black sheets of cardboard are placed on top to improve the
visibility of the test sample during the recording with the high speed camera. The black
cardboard also allows the observer to clearly see the glass fragments after each impact. Small
gaps are present between the wooden receiving box and the HEA 150 profiles. The steel profiles
have holes in the centre of the web at a centre to centre distance of 100 mm, which allows the
air to move freely underneath the clamping profile. Also a large gap is present underneath the
receiving box, which further contributes to the ventilation underneath the clamping frame. Due
to these measures, the build-up of air pressure underneath the test sample during the impact is
considered to be negligible.
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Clamping frame
The clamping profile is depicted in Figure 5.3 and consists of two frames, which enclose a
square surface with a length of 440 mm. Each frame consists of four steel strips, which are
welded together. This ensures that the frames are not able to rotate ensuring that the entire frame
displaces downwards at the same distance when the upper bolts are tightened. The bottom frame
is fastened to the steel support structure using M12 nuts. The weld at the bottom surface of the
frame has been abraded to a smooth surface allowing it to be properly placed on the supporting
steel structure. On top of the bottom frame, a rubber strip is glued to the upper surface. The
rubber strip meets the requirements set by the EN 356. The glue prevents the rubber strip from
slipping and ensures a constant clamping area for each test sample. The rubber strip is also
glued to the upper frame. The frames are clamped using eight M12 nuts on the top of the upper
frame, using a torque wrench to ensure a clamping pressure of 140 kN/m2. The combined
thickness of the two rubber strips and the test sample exceed the height of the M12 nut. This
allows the clamping frame to be properly clamped since a gap as present between the two M12
nuts.

Figure 5.3: Clamping frame.

Launching platform
In contrary to the test setup of the preliminary experiment, the launching platform is separated
from the clamping frame and steel support structure. Within this experiment it is likely that the
drop height will increase to a height of several meters. It is not possible to reach this height
using threaded steel rods attached to the steel support structure, since the threaded steel rods
and launching platform will become unstable at this height. Therefore, a steel framework is
used to position the launching platform to the desired height.
The launching platform is attached to two wooden beams by using four clamps located in the
four corner as depicted in Figure 5.4. Holes have been drilled into the timber beams to allow
the threaded steel rods to pass through them. These rods are clamped to the steel framework at
the desired height. Four extension pieces are used for the steel rods, to allow the wooden
platform with the wooden beams and threaded steel rod to be detached and lifted to the desired
height using a lifting mechanism.
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The launching platform has three holes with a diameter slightly larger, approximately 5 mm,
than 100 mm, which are positioned directly above the impact locations. A magnet with a
diameter of 100 mm is placed through one of the holes. A steel plate is attached to the magnet
to prevent it from falling through the hole. Finally, a steel clasp is attached to the magnet and
steel plate for the lifting mechanism. The magnet has sufficient magnetic force to support the
weight of the ball; however, it is not able to keep the ball in place. This is due to the insufficient
contact area between the magnet and the steel ball. Therefore, a steel ring is attached to the
magnet using duct tape, which allows the contact area to increase to the inner diameter of the
ring. This is sufficient to keep the ball in suspended above the impact location.

Figure 5.4: Components of the launching platform.

Recording equipment
A high speed camera is used to capture the impact, crack propagation and the fracture pattern.
The high speed camera records the impact with a framerate of 5130 images per second. With
such a high framerate, conventional lighting is insufficient. Therefore, two special lamps are
used to provide sufficient lighting for the high speed camera. These lamps also produce more
heat than conventional lighting. Therefore, the lamps have been placed at a certain distance to
prevent the heat from reaching the test sample or frame, since the heat can change the properties
of the interlayer or coating. As an extra precaution, the lamps are only used right before the
impact and are immediately shut off after the impact. The lights are only active for less than
one minute during each impact. In addition to the high speed camera, a normal camera with a
resolution of 18 megapixels is used to capture the test sample before and after each impact. The
camera is positioned directly above the test sample and is removed after each impact. Due to
the removal of the camera, a slight variation between the position of each image is present.
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5.5 Test samples
Overview
Multiple test samples will be tested with the modified hard body drop test to evaluate the postbreakage behaviour of the different types of interlayers and coating. The different types of test
samples for the experiment are depicted in Table 5.1. A code has been added to each type of
glass pane and additionally each pane number is indicated with a number. The first letter refers
to the following options:
•
•
•

C
R
P

: coated glass pane;
: resin laminated glass pane;
: PVB laminated glass pane.

The number following the first letter indicates the total thickness of the glass pane without any
coating or interlayer. When multiple glass plies are used, the thickness of the plies are added
together. For the PVB laminated glass pane an additional number is added to indicate the
number of sheets of PVB. The last number after the ‘-‘ indicates the pane number. For instance,
C4-11 refers to a coated glass pane with a thickness of four mm and is identified as pane number
eleven.
Table 5.1: Properties of the different test samples.
1
2
Code1
C6-xx
C4-xx
Glass type
Floatglas
Floatglas
Dimensions [mm]
500 x 500
500 x 500
Thickness2 [mm]
6
4
No. of specimens
11
13
Laminate
--(layers)
Coating
Abcite X545
Abcite X545
1
2

3
R6-xx
Floatglas
500 x 500
3+3
7
Uvekol S20

4
P6.1-xx
Floatglas
500 x 500
3+3
10
PVB (1)

5
P6.2-xx
Floatglas
500 x 500
3+3
11
PVB (2)

--

--

--

= the pane number is inserted in the location of ‘xx’.
= the thickness of the glass pane without coating or interlayer.

Thickness
The choice was made to use an overall thickness of approximately six mm for each different
type of glass pane. The thickness of the produced glass pane is usually slightly lower than six
mm due to the standards set for the production regulations. The test samples can also vary in
thickness, due to the thickness of the interlayer or coating. Using an overall thickness for the
glass allows for a better comparison between the different types of glass panes. The only
exception is the coated glass panes with a thickness of four mm. These test samples are used to
determine the difference in behaviour when using thinner coated glass panes. Additionally, the
effective thickness of the PVB laminated and resin laminated glass panes are lower than six
mm and should vary between three and six mm depending on the coupling effect between the
glass plies. Therefore, these glass panes will be able to deform more than the relatively stiffer
coated six mm glass pane. To check the contribution of this effect a thinner glass pane is also
used for the coating.
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The thickness of the glass panes are measured in six points before and after the production
process. The laminated PVB test samples have already been laminated by the manufacturer;
therefore, only the thickness of the whole pane is measured. All the measurements for each
pane are given in annex B. The average thickness of the six measured values are determined
before and after the coating or lamination process. Subtracting these two values results in the
average thickness of the coating or laminate. As an example, the average thickness of the C6
glass panes is given in Table 5.2. The columns depict the average thickness of the glass, total
average thickness of the test sample and the average thickness of the coating or interlayer for
each test sample. The average measurements of the other test samples are given in annex C.
Table 5.2: Average thickness of the C6 test samples.
Sample
Average thickness [mm]
Glass
Total
C6 - 1
5.784
6.632
C6 - 2
5.810
6.542
C6 - 3
5.814
6.744
C6 - 4
5.733
6.682
C6 - 5
5.784
6.583
C6 - 6
5.823
6.506
C6 - 7
5.814
6.708
C6 - 8
5.772
6.665
C6 - 9
5.811
6.714
C6 - 10
5.833
6.484
C6 - 11
5.803
6.576
Average
5.798
6.621
Standard deviation
0.027
0.085

Coating
0.848
0.732
0.930
0.948
0.799
0.683
0.894
0.893
0.903
0.652
0.773
0.823
0.098

Defects
Several test samples have defects or sustained damage during the production process. The
following defects are present in the test samples:
1. C4 – 13: large crack present in glass pane due to the production process.
2. R6 glass panes: multiple air bubbles present in interlayer due to the production
process.
3. R6 – 1: scratches on the surface of the glass pane.
4. P6.1 – 7 and P6.1 – 10: thickness of the test sample is significantly larger than
expected.
The crack in the C4-13 is caused by the production process when the glass pane was taken out
of the support frame. The formation of the air bubbles in the R6 test samples and various
methods to prevent these issues is treated in section 3.3.7. The R6-1 pane has several scratches
on its surface due to transportation. The defects have no significant influence on the results,
since none of the R6 glass panes failed during the modified hard body impact test. However,
the defects can cause weaknesses in the glass pane and could lead to failure at higher impact
loads. The thickness of the P6.1 – 7 and P6.1 – 10 glass panes is larger than the other test
samples. This is probably due to a production error where more than one sheet of PVB is used.
This does not influence the results as other test samples failed at the same drop height. The
influence of the thicker interlayers on the impact resistance is treated in section 5.9.1.
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5.6 Test procedure
For each test sample, a test procedure is followed to perform the experiments. The test
procedure is split into fourteen steps, where each step respectively corresponds to Figure 5.5
through Figure 5.18. Steps one to six are followed when the drop height changes between
impacts or test samples. Steps seven to eleven are followed when a new test sample is placed
for testing. The final steps, twelve to fourteen are followed between each impact. The action
order (step-by-step plan) is also elaborated to indicate to what extent they meet the requirements
or take external factors into account.
1. The test setup before the drop height is changed or the test sample is replaced.
2. The launching platform is hooked to the lifting mechanism to hold it in place during the
dismantling of the platform.
3. The four steel extension pieces for the threaded steel rods are dismantled to allow the
launching platform to freely move using the lifting mechanism. The timber beams, two
threaded steel rods, launching platform and clamps remain connected and are lifted or
lowered to the desired drop height. The four threaded steel rods remain at the previous
drop height and are not lowered using the lifting mechanism.
4. The four threaded steel rods are dismantled and placed at the desired drop height. Figure
5.8 depicts the placement of the steel rod to the steel framework. The framework has
holes with a centre to centre distance of 50 mm. This corresponds to the requirement of
a maximum allowable deviation of 50 mm for the drop height, set by the EN 356. The
threaded steel rods are placed approximately 20 mm above the desired drop height and
it is expected that the middle of the launching platform will have a deflection between
10 and 20 mm. Therefore, the drop height will always remain in the allowable interval.
5. The four threaded steel rods are connected to the previously lowered or lifted launching
platform. The chains of the lifting mechanism are removed.
6. Two conical shaped plummets are used to determine whether the launching platform is
positioned correctly. The four holes in each corner of the launching platform should be
positioned directly above the four holes in each corner of the steel support structure.
Only two plummets are needed since the platform is stiff and will not have a significant
deformation. Using this method, it is expected that the deviation for the impact location
will only amount to a maximum deviation of 5 mm. Therefore, it meets the maximum
allowable deviation of 20 mm set by the EN 356.
7. The rubber strips are cleaned to remove contaminations. In particular glass fragments
must be removed properly to prevent their influence on the test results.
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8. If necessary excessive coating is removed and the test sample is cleaned. This is
necessary to obtain clear images with the high speed camera. The thickness of the test
sample is measured. The coating is removed by layer using a scalpel until the surface is
smooth. This ensures a proper contact between the glass pane and the rubber strips of
the clamping profile.
9. The test sample is placed on the bottom profile of the clamping frame. Then the top
frame is placed on the test sample. Indications on the both profiles ensures that the
orientation of the clamping profiles remains the same for each test sample.
10. Eight M12 nuts are used to clamp the test pane. The nuts are tightened using a torque
wrench to ensure a clamping pressure of 140 kN/m2.
11. Markings are applied between the test pane and the clamping frame. After each impact
the markings are checked to determine whether the test sample slips. If this is the case
the clamping pressure should be increased; however, during each test no slippage has
occurred.
12. The high speed camera is placed in the right position using markings on the floor. A
soft circular object is placed on the impact location to adjust the focus of the camera.
13. The impact test is performed.
14. Lose glass fragments are removed from the surface of the glass pane. A camera is placed
directly above the centre of the test sample to capture the fracture pattern after each
impact. The camera is positioned using a tripod and three markings indicate the correct
location for each leg.
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Figure 5.5: Initial position of the test setup.

Figure 5.6: Hooking up the launching platform to the
lifting mechanism.

Figure 5.7: Launching platform is dismantled and set
to the new drop height.

Figure 5.8: The threaded steel rods are set to the new
drop height.
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Figure 5.9: Test setup set at the new drop height.

Figure 5.10: Checking the position of the launching
platform using plummets.

Figure 5.11: Cleaning the clamping frame.

Figure 5.12: Cutting the excess coating and other
obstacles on the surface of the glass pane.
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Figure 5.13: Glass pane and top frame are placed.

Figure 5.14: Clamping frame is tightened using a
torque wrench.

Figure 5.15: Glass pane is marked to check for slip.

Figure 5.16: High speed camera is positioned and
focused.
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Figure 5.17: Impact test is performed.

Figure 5.18: Pictures are taken after each impact.
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5.7 Results-Part 1
Within the first part of the experiment, a varying drop height is used for each glass pane type.
As previously explained in section 5.3.3, the initial drop height is 0.5 m and will increase with
an additional 0.5 m after each impact until the impactor penetrates the test sample. For the
second test sample, the drop height is adjusted according to the results of the previous test
sample. If the first test sample is able to withstand more than three impacts, the previous drop
height at which failure occurred is used as the first drop height for the second test sample. This
is done since after three impact, the striking pattern is repeated. After the test sample is unable
to withstand more than three impacts, the last test sample is used. The first impact for this test
sample is set to the highest drop height at which failure will not occur. Then the drop height is
increased by 0.1 m until failure occurs. The P6.1 test samples have been stopped prematurely
since the pane is only used as a reference and failure occurred at a relatively low drop height.
The results are depicted from Graph 5.1 to Graph 5.5. In each graph, the state of the glass pane
after each impact is shown using a symbol. A distinction is made between four different states;
1. Undamaged; the test sample remains undamaged without any cracks.
2. Cracked; the glass pane is cracked; however, the interlayer or coating remains intact and
does not show any sign of tearing.
3. Tearing; the test sample is cracked and the interlayer or coating is torn in one or multiple
locations.
4. Failed; the cracks in the glass pane as well as the tearing of the interlayer or coating
allows the impactor to penetrate the test sample resulting in the failure of the glass pane.
The tests on this particular test sample are finished after this state is reached.

2,5

2,5

2,0

2,0

Drop height [m]

Drop height [m]

The number of symbols for each test sample corresponds to the number of impacts. The vertical
axis depicts the drop height at which the impactor was released and the horizontal axis shows
the test sample.

1,5

1,0

1,0

0,5

0,5

0,0

1,5

C4-1
Cracked

C4-2

C4-3

Tearing

Graph 5.1: Results C4 part 1.

Failed

0,0

C6-1
Undamaged

C6-2
Tearing

Failed

Graph 5.2: Results C6 part 1.
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3,0
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Drop height [m]

3,5

2,5
2,0

1,5

1,0

1,5
0,5

1,0
0,5

0,0

0,0

P6.1-1

R6-1
Cracked

Cracked

Graph 5.3: Results R6 part 1.

Tearing

Failed

Graph 5.4: Results P6.1 part 1.
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0,5
0,0

P6.2-1
Cracked

P6.2-2

P6.3-3

Tearing
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Graph 5.5: Results P6.2 part 1.
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A summary of the test results is depicted in Graph 5.6. The green area shows the interval of the
drop height for which it is expected that failure will not occur, whereas the red area shows the
critical drop height, the interval of the drop height in which it is expected that failure will occur.
In this context, failure is defined as the state in which the steel ball is able to penetrate the test
sample. The critical drop height for the different test samples in order of low to high impact
resistance is;
1.
2.
3.
4.
5.

P6.1:
C6:
C4:
P6.2:
R6:

1.0 to 1.5 m.
1.0 to 1.1 m.
1.9 to 2.0 m.
3.0 to 3.1 m.
above 4.5 m.

4,5

4,0

3,5

Drop Height [m]

3,0

2,5

2,0

1,5

1,0

0,5

0,0
P6.1
P6.1

C6
C6

C4
C4

P6.2
P6.2

R6 R6

Graph 5.6: Overview test results part 1.
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5.8 Results-Part 2
Introduction
For the second part of the experiment, only constant drop heights are used. This is done due to
the varying results between similar test samples. At each drop height, three test samples are
tested as described in EN 356. More accurate results can be obtained by using more test samples
per drop height. The results are processed in the same manner as in part 1, where Graph 5.7
through Graph 5.11 depict the individual results for each type of glass pane and Graph 5.12
depicts the critical drop height for all test samples. The test results are then discussed in section
5.9. The following factors are identified along with their influence on the post-breakage
behaviour:
1.
2.
3.
4.

Thickness of the coating or laminate;
The initial breakage pattern;
The failure mode;
The movement of the impactor.

Based on these factors and the test results a summary is given in section 5.10 along with an
initial recommendation for the most suitable method to improve the post-breakage behaviour.

Drop heights
Initially, a drop height of 1.1 m is used for each type of glass pane. The drop height is then
changed according to the results of the test. The following drop heights are used along with the
glass pane type tested at this particular drop height:
1.
2.
3.
4.
5.
6.
7.

ℎ𝑑
ℎ𝑑
ℎ𝑑
ℎ𝑑
ℎ𝑑
ℎ𝑑
ℎ𝑑

= 0.7 m: C6 and P6.1;
= 0.9 m: C4, C6 and P6.1;
= 1.0 m: C4;
= 1.1 m: C4, C6, P6.1, P6.2 and R6;
= 2.0 m: P6.2;
= 2.5 m: P6.2;
= 4.5 m: R6.

Increasing the drop height results in an increase of the impact energy on the test sample. The
additional gravitational potential energy (𝐸𝑔 ) is converted into kinetic energy (𝐸𝑘 ). Since the
drop height is known, the gravitational potential energy and kinetic energy can be determined
when assuming that no energy is dissipated. The velocity and kinetic energy can also be
determined by measuring the distance of the impactor from the visual data collected by the high
speed camera. Comparing these values will provide information about the reliability of using
the visual data to determine the movement of the impactor during the impact. The conversion
of energy during the impact can be determined using (5.1.
𝐸𝐺 = 𝐸𝑘 + 𝐸𝑑

(5.1)
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Where;
𝐸𝐺
is the gravitational potential energy in J;
𝐸𝑘
is the kinetic energy in J;
𝐸𝑑
is the drag energy cause by air resistance in J.
In (5.1, the gravitational energy is also counteracted by the drag energy. In the assumption that
no energy is dissipated the drag energy is equal to zero. The influence of the drag force depends
on the velocity of the impactor. As the velocity approaches the terminal velocity, the influence
of the drag force increases and it can no longer be neglected. Therefore, it is important to
determine the terminal velocity to check whether the drag force is sufficiently small to be
neglected. The terminal velocity can be determined using (5.2.

𝑣𝑡 = √

2𝑚𝑖 𝑔
𝜌𝑎 𝐴𝑖 𝐶𝑑;𝑖

(5.2)

Where;
𝑣𝑡
𝑚𝑖
𝑔
𝜌𝑎
𝐴𝑖
𝐶𝑑;𝑖

is the terminal velocity in m/s.
is the mass of the impactor, which is 4.11 kg;
is the acceleration due to gravity, this value is 9.81 m/s2 in the current situation;
is the density of the fluid through which the impactor is falling, in this case the value is
1.225 kg/m3 corresponding to the air density;
The projected area of the impactor, which is 7.85 x 10-3 m2 due to a radius of 0.05 m;
is the drag coefficient, which ranges between 0.07 to 0.5 for spherical objects.

The drag coefficient is usually determined experimentally using a wind tunnel analysis. Due to
the lack of information and the relatively rough surface of the steel ball, a value of 0.5 is
assumed for the drag coefficient. Using this value, the terminal velocity of the impactor is
determined and is equal to 129 m/s.
In case the drag force is neglected, the velocity of the impactor right before the impact can be
determined using (5.3. The velocity of the impactor for the different drop heights is depicted in
Table 5.3. The velocity ranges from 3.71 to 9.40 m/s. This is only a small fraction of the terminal
velocity; therefore, the drag force on the impactor will have a limited effect for the lower drop
heights. At the higher drop heights, above 2.0 m, the drag force will be minimal as it approaches
more than 5% of the terminal velocity. The drag force is therefore neglected.
(5.3)

𝑣𝑒 = √2𝑔ℎ𝑑

Where;
𝑣𝑒
ℎ𝑑

is the velocity of the impactor right before the impact determined using energy equations
in m/s;
is the drop height in m.
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When the drag force is neglected, the impact energy can be determined using either the kinetic
or the gravitational potential energy. Since the drop height is known the impact energy is
determined using (5.4. The impact energy at each drop height is depicted in Table 5.3.
𝐸𝑖 = 𝑚𝑖 𝑔ℎ𝑑

(5.4)

Where;
𝐸𝑖

is the impact energy;

The velocity of the ball right before the impact can also be determined using the visual data
from the high speed camera. The framerate of the high speed camera is set to record 5130 frames
per second. Each frame is numbered; therefore, the time between different frames can be
determined by using the frame number and the framerate of the high speed camera. The
recording is only focused on the test sample and cannot be used to determine the time needed
for the impactor to reach the test sample after it is released. To address this issue, two different
frames are taken as depicted in Figure 5.19. On the first frame, the bottom of the steel ball just
comes into the view of the camera. On the second frame, the bottom of the steel ball is about to
reach the test sample. This method is used to ensure the highest possible distance between the
two frames to minimise measurement errors. The height of the steel ball is measured in the
second frame. Since it is known that the diameter of the ball is equal to 100 mm, it is possible
to use an amplification factor to translate the virtual distances in the images into actual
distances. The measured distances are depicted using red lines. It is estimated that the maximum
measurement inaccuracy is equal to two mm using this method. This value is obtained by
measuring the same distance between two frames multiple times and determining the maximum
difference between the obtained values.

Figure 5.19: Method used to obtain measurements from the visual data.
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From the visual data it is possible to determine the average velocity between the two frames
by using (5.5.
0.1
∆𝑠
ℎ𝑣;𝑏
=
=
∆𝑡
𝑡2 − 𝑡1
∆𝑠𝑣

𝑣𝑎𝑣𝑔

(5.5)

Where;
𝑣𝑎𝑣𝑔
∆𝑠𝑣

is the average velocity between frame 1 and 2 in m/s;
is the measured distance travelled by the steel ball between frame 1 and 2 obtained from
the visual data in m;
is the measured height of the steel ball obtained from the visual data in m;
is the elapsed time in frame 1;
is the elapsed time in frame 2.

ℎ𝑣;𝑏
𝑡1
𝑡2

The relation between the velocity of the steel ball and the elapsed time is schematically depicted
in Figure 5.20.

Figure 5.20: Relation between velocity and time of the steel ball.

The veloctity will increase due to the acceleration caused by gravity. Since the drag force is
neglected the velocty will increase linearly. It is assumed that the average velocity between
frame 1 and frame 2 is reached in the average elapsed time between frame 1 and 2 (𝑡𝑎𝑣𝑔 ). To
determine the velocty in frame 2, the additional increase in velocty between 𝑡𝑎𝑣𝑔 and 𝑡2 must
be determined and summed up with the 𝑣𝑎𝑣𝑔 . This results in (5.6.
0.1
ℎ𝑣;𝑏
= 𝑣2 =
+ 𝑔(𝑡2 − 𝑡𝑎𝑣𝑔 )
𝑡2 − 𝑡1
∆𝑠𝑣

𝑣𝑣𝑑

(5.6)

Where;
𝑣𝑣𝑑
𝑣2
𝑡𝑎𝑣𝑔

is the velocity of the impactor right before the impact obtained using visual data in m/s;
is the velocity in frame 2 in m/s;
is the average elapsed time between frame 1 and 2.
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The results of the various calculations in this section are depicted in Table 5.3. The last column
provides the difference between the impact velocity obtained from the energy equations and the
impact velocity obtained from the visual data in percentages. The difference varies from 2.02
to 4.86 %. Based on this information it seems that obtaining distances from the visual data
provided by the high speed camera is a reliable method. This method is used in section 5.9.6 to
track the movement of the impactor during the impact.
Table 5.3: Impact energy and velocity at different drop heights.
ℎ𝑑 [m]
𝐸𝑖 [J]
𝑣𝑒 [m/s]
𝑣𝑣𝑑 [m/s]
0.7
0.9
1.0
1.1
2.0
2.5
4.5

28
36
40
44
81
101
181

3.71
4.20
4.43
4.65
6.26
7.00
9.40

3.55
4.08
4.34
4.47
6.06
6.72
8.94

(𝑣𝑣𝑑 − 𝑣𝑒 )/𝑣𝑒 [%]
4.21
2.91
2.02
3.78
3.26
4.05
4.86

The difference between the obtained velocities can be caused by the following factors:
1. The tolerance of the drop height. The current test setup has a tolerance of 50 mm for the
drop height, which can influence the impact velocity, in particular for the lower drop
heights. As the drop height increases, the effect of the tolerance should decrease.
2. Inaccurate measurements. The measurements obtained from the visual data could be
slightly inaccurate due to the unclear pixels in the image.
3. The air resistance. The air resistance can be neglected due to the relatively high terminal
velocity; however, for the higher drop heights the effect of the air resistance will be
more noticeable.
4. The translation of the distance in the image to the actual distance. Currently, this is done
by measuring the height of the ball and setting it to a value of 100 mm. Due to the angle
of the camera it is possible that the height of the steel ball varies throughout the distance
travelled between the two frames. This effect is minimal; however, it can still have an
influence on the velocity obtained from the visual data.
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Test results
1,5
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C4-11
Failed

= test sample is damaged and already cracked.

Graph 5.7: Results C4 part 2.
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Graph 5.8: Results C6 part 2.
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Graph 5.9: Results R6 part 2.
1,5

Drop height [m]

1

0,5

0
P6.1-2

P6.1-3 P6.1-4

P6.1-5

Cracked
1

P6.1-6

P6.1-71

Tearing

P6.1-8

P6.1-9

P6.1-101

Failed

= thickness of the interlayer is significantly larger than other test samples.

Graph 5.10: Results P6.1 part 2.
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Graph 5.11: Results P6.2 part 2.
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Summary
A summary of the test results is given in Graph 5.12. Compared to the results of phase one, the
critical drop height seems to have decreased significantly for all test samples, excluding the R6
test samples. This is mostly contributed by the spread in impact resistance between each test
sample; however, the critical drop height of the C4 test samples seems a lot lower than
previously expected. During the test series, various different observations have been made,
which show that different factors influence the test results. The observations as well as possible
the possible influencing factors are treated in section 5.9. The critical drop height in order of
low to high impact resistance after the second phase is;
1.
2.
3.
4.
5.

P6.1:
C6:
C4:
P6.2:
R6:

below 0.7 m.
0.7 to 0.9 m.
0.9 to 1.1 m.
2.0 to 2.5 m.
over 4.5 m.

4,5

4,0

3,5

Drop Height [m]

3,0

2,5

2,0

1,5

1,0

0,5

0,0

P6.1
1

C6

C41

P6.2

R6

= If the results of the damaged test sample C4-12 are taken into account the interval is 1.0 to 1.1.

Graph 5.12: Overview test results part 2.
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From these results it can be determined that the resin laminated glass panes have the highest
impact resistance compared to the PVB laminated and coated glass panes. The upper limit of
the critical drop height was not found, since the test samples did not fail at the highest possible
drop height of 4.5 m. For the test setup it was no longer possible to extend the steel framework
for higher drop heights in the laboratory.
The coated glass panes seem to vary a lot in terms of the performance in impact resistance.
Even though they do outperform the P6.1 test samples, their impact resistance is still lower than
the P6.2 test samples. In practice two or multiple layers are mostly used for PVB laminated
glass panes. Therefore, it can be said that the performance of the coating is worse than PVB. It
must also be considered that the results could vary when using more test samples. The aspect
ratio also has an effect on the impact resistance, since the C4 test samples consistently
outperform the C6 test samples.

Visual overview
Throughout the research, visual data collected from the high speed camera is used; therefore, a
visual overview of the data of each test sample is given in annex D. The following data is
collected and summarized:
•

•

•

Impact 1:
1. First position: the bottom of the impactor is visible on the recording;
2. First contact: the impactor makes contact with the test sample;
3. First concentric fracture lines: the first concentric fracture lines are formed;
4. Lowest point: the lowest point of the impactor is reached;
5. Rebound highest point: the highest point for the impactor after rebounding is
reached;
6. End position: end of the recording.
Impact 2:
7. First position;
8. First contact;
9. Lowest point;
10. Rebound highest point;
11. End position.
Impact 3:
12. First position;
13. First contact;
14. Lowest point;
15. Rebound highest point;
16. End position.
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5.9 Discussion
Thickness of the interlayer
From the results of the PVB and resin laminated glass panes it seems that the thickness of the
interlayer is an important factor for the impact resistance. The impact resistance of the PVB
laminated glass panes is significantly improved when using an additional layer of PVB.
Furthermore, the resin laminated glass panes have the thickest interlayer and it seems likely that
its due to this property that the resin laminated glass panes have the highest impact resistance.
Therefore, the thicker interlayers achieve better results in the modified hard body drop test.
The tearing of the interlayer is influenced by the mechanical properties of the interlayer. The
thickness of the interlayer results in a higher tensile force needed to cause the interlayer to tear.
In case of static loading, the tearing of the interlayer is easier since a chain reaction is caused
when one of the glass plies fails. However, in impact loads, the load duration is significantly
lower. If the interlayer is able to withstand the tensile stress for the duration of the impact, the
interlayer will not tear. The resin laminated glass panes have the highest strength since the
interlayer did not tear in any of the test samples. Remarkably, in the later impacts for test sample
R6-1, the glass fragments at the impact locations were already smashed to dust. The impact
made direct contact with the interlayer and yet was unable to cause the interlayer to tear. In
contrast, almost all of the P6.1 failed at relatively lower drop heights. In total three test samples
were able to pass the modified hard body drop test of which two test samples are suspected to
have a thicker interlayer due to production errors from the manufacturer. It should also be noted
that the test sample P6.1-9 was only barely able to pass the impact test at a drop height of 0.7
m.
The thickness of the interlayer also has an effect on the fracture pattern of the glass pane. Figure
5.21 depicts the typical fracture pattern of P6.1 (a), P6.2 (b) and R6 (c) test samples after the
first impact at a drop height of 1.1 m. The images depict that the amount of fracture lines
decrease as the thickness of the interlayer is increased. This is most likely due to the additional
strength of the interlayer. The fracture lines are also less concentrated as the thickness of the
interlayer increases.

(a)

(b)

(c)

Figure 5.21: Fracture pattern of P6.1 (a), P6.2 (b) and R6 (c) at a drop height of 1.1 m.
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For the P6.1 test sample, a relatively higher number of fracture lines are concentrated and form
thick white fracture lines. In particular, the concentric failure lines are visibly thicker compared
to the other test samples. These thicker fracture lines are formed because the fracture lines in
both glass plies match. In past literature, these thick fracture lines are often referred to as
‘lightning bolt’ fracture lines (van Dam, 2017) (Monserez, 2013). In the R6 test sample, the
least amount of lightning bolt fractures are visible. There are no concentric lightning bolt
fractures present only radial lightning bolt fractures at the impact location. The P6.2 test sample
has a mixture of radial and concentric lightning bolt fractures below the impact location and
slightly fewer lightning bolt fractures above the impact location. These lightning bolt fractures
are also visible in the visual data provided by the high speed camera, which are depicted in
Figure 5.22. The lighting of the test setup reveals the lightning bolt fractures, since they reflect
more light. The locations of the lightning bolt fractures in the test samples match the earlier
findings.

(a)

(b)

(c)

Figure 5.22: High speed camera images of P6.1 (a), P6.2 (b) and R6 (c) at a drop height of 1.1 m.

The lightning bolt fractures are named after their appearance as they consist of short fracture
lines that branch out after a short distance, which is depicted in Figure 5.23. It is clear that both
glass plies have concentric fracture lines that coincide in the lightning bolt fracture.

Figure 5.23: Lightning bolt fracture.
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The lightning bolt fractures are an important factor for the post-breakage behaviour, since the
interlayer in the location of these fracture lines are more susceptible to tearing. In Figure 5.24,
a schematic representation of the concentric fracture lines in the laminated glass panes is
depicted. Two different situations are considered where the distinction is made according to
whether the concentric fracture lines between the bottom and top glass ply match. In case the
fracture lines match (a), the cross-section along the fracture line is considerably weakened as
only the interlayer is present. When the fracture lines do not match (b), the interlayer is still
partially supported by the other glass ply. Therefore, when the fracture lines match, the
interlayer is more likely to tear when loaded. This is explained in more detail in section 5.9.4.
Additionally, when handling the test samples with lightning bolt fractures, the test sample is
more likely to rotate along these fracture lines.

Figure 5.24: Matching (a) and non-matching (b) concentric failure lines in laminated glass panes.
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Thickness of the coating
The test results of the coated glass panes show a large variation in impact resistance between
each test sample. In the first part of the experiment, the C4-3 test sample was able to withstand
impacts from a drop height of 1.9 m, whereas the C4-6 test sample in the second part of the
experiment failed to withstand an impact from a drop height of 1.1 m. The inconsistent results
of the coated glass panes could be explained by variations in the thickness of the coating. In
section 3.2 it is already explained that the coating process is mostly done according to the
experience of the worker. Therefore, the production process is not as accurate as the other glass
pane types. This can also be observed from the measurements of each test pane, which are given
in Table 5.4 along with the results of the modified hard body drop test.
Table 5.4: Coating thickness and test results of the coated test samples.

Sample
C4 – 4
C4 – 5
C4 – 6
C4 – 7
C4 – 8
C4 – 9
C4 – 10
C4 – 11
C4 – 121
C6 – 3
C6 – 4
C6 – 5
C6 – 6
C6 – 7
C6 – 8
C6 – 9
C6 – 10
C6 – 11
1

Drop
height
[m]
1.1
1.1
1.1
0.9
0.9
0.9
1.0
1.0
1.0
1.1
1.1
1.1
0.9
0.9
0.9
0.7
0.7
0.7

Thickness coating [mm]
Minimum
0.840
0.580
0.375
0.595
0.705
0.640
0.550
0.685
0.860
0.690
0.580
0.650
0.385
0.630
0.510
0.465
0.350
0.485

Average
0.991
0.705
0.545
0.938
0.883
0.918
0.941
0.889
1.206
0.930
0.948
0.799
0.683
0.894
0.893
0.903
0.652
0.773

Maximum
1.145
0.905
0.705
1.085
1.070
1.160
1.405
1.220
1.625
1.165
1.250
0.990
1.030
1.195
1.320
1.305
1.025
1.030

Result

Pass
Pass
Fail, at impact 2
Pass
Pass
Pass
Pass
Pass
Pass
Pass
Fail, at impact 2
Pass
Fail, at impact 2
Pass
Fail, at impact 3
Pass
Pass
Pass

= Test sample was already damaged before the experiment.

As mentioned in section 5.5.2, the thickness of the test samples have been measured in six
different locations. The minimal, average and maximum thickness of the coating for each test
sample are given. The minimum and maximum thickness refers to the lowest and highest
measured thickness from one of the six points. The average thickness refers to the average of
all six measurements. The combined thickness of the coating on the top and bottom of the glass
pane is measured. The average thickness of the coating of all test samples reaches the advised
coating thickness of 0.4 mm on each side; however, the individual glass panes show that some
test samples deviate largely from this value. Additionally, considering the minimum and
maximum thickness of the coating, it is clear that the thickness of the coating is not uniformly
distributed. In some areas, the combined coating thickness on both sides of the glass pane are
even thinner than one sheet of PVB, which has a thickness of 0.38 mm. This has a clear effect
on the results of the impact test, since the test samples with the lowest minimum coating
thickness fail at similar drop heights. Most likely these weaker areas in the coating are easily
torn, which can lead to larger tears and eventually failure.
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Initial crack pattern
After reviewing the visual data from the high speed camera, distinct differences were found for
the initial crack pattern of the glass panes. These are formed directly after the first impact and
influence the overall shape of the breakage pattern. In total three different crack patterns are
considered: cross, star and fish scale, which are depicted in Figure 5.25. In Table 5.5, the
number of test samples corresponding to these fracture patterns are given.
Table 5.5: Number of test samples for each initial crack pattern.
Pattern
C4
C6
R6
Cross
6
1
1
Star
0
1
5
Fish scale
2
7
0

(a)

(b)

P6.1
0
9
0

P6.2
3
5
0

(c)

Figure 5.25: Different initial crack patterns: cross (a), star (b) and fish scale (c).

The development of the different initial crack patterns depends on two factors: the boundary
condition of the supporting frame and the surface flaws on the glass panes. The initial crack
pattern is first formed due to the combination of the location of the highest stress concentration
caused by the impact and the location of the weakest area in the glass pane. The location of the
highest stress concentration depends on the boundary condition of the edges of the glass pane.
Depending on various factors, either a simply supported or inclined boundary condition is
achieved as depicted in Figure 5.26(a) and Figure 5.26(b).

Figure 5.26: Mechanical schemes of the influence of the boundary conditions: simply supported (a), both ends
inclined (b) and rotational spring at both ends (c).
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The figure also depicts the bending moment in the glass pane for each different boundary
condition. In practice, the boundary condition will be a combination of both mechanical
schemes and will behave like a rotational spring as depicted in Figure 5.26(c). When the spring
stiffness is equal to zero, the boundary conditions are similar to being simply supported and if
the stiffness is considered to be infinitely stiff, the boundary conditions are similar to being
inclined. This is an important factor, since the peak stress of the bending moment shifts
according to the spring stiffness. In general, the location of the highest stress can either be near
the edge or in the center of the glass pane underneath the impact location.
It is known that the glass pane is clamped with a pressure of 140 kN/m2; however, it is still
difficult to predict where initial fracture will occur. The flexural stiffness of the test sample also
influence the boundary conditions. The prediction is made more difficult due to the failing
mechanism where the bending moment in one of the critical areas will result in fractures in the
tensile zone of the glass pane due to the presence of surface flaws. Therefore, the failure location
is not necessarily the location of the highest occurring bending stress.
The cracking nucleus of the star shaped fracture pattern is formed directly under the impact
location. This indicates that the combination of the highest stress and weakest location on the
glass pane is directly underneath the impact location. The radial fracture lines start at this
nucleus and spread somewhat uniformly into multiple directions and are not concentrated in a
specific direction. The radial fracture lines start at the bottom of the glass pane as indicated in
Figure 5.26. The concentric fracture lines are formed after the radial fractures and start at the
top of the glass pane. The figure depicts the basic principle of the development of fracture lines
in a glass pane. It is observed that all test samples have exhibited this type of initial fracture
pattern with the exception of the C4 test samples.

Figure 5.27: Formation of fracture lines: no fractures (a), radial fractures (b) and concentric fractures (c).
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The formation of the cross shaped fracture pattern is similar to the star pattern. The cracking
nucleus appears directly below the impact; however the subsequent breakage lines are more
concentrated to the four edges of the glass pane. This creates a more cross shaped fracture
pattern. This is most likely caused due to the span length being the highest from the impact
location to the corner of the glass pane. This results in a higher bending stress and causes the
fractures to rotate along these lines. It is observed that all test samples have exhibited this type
of initial fracture pattern with the exception of the P6.1 test samples.
The fish scale fracture pattern has an irregular form which resembles fish scales. The pattern is
named after its appearance in past literature (Monserez, 2013). The initial crack is generated
near the edge of the glass pane in one of the four corners instead of directly underneath the
impact location. This indicates that the combination of the highest stress and weakest location
on the glass pane is located in the corner. The initial fracture location can be derived by looking
at the dominant V shaped fracture lines near the edge. An example is depicted in Figure 5.28,
where the V shaped fracture line is indicated using a red colour.

Figure 5.28: V shaped fracture line in fish scale patterns.

Only the C4 and C6 test samples exhibit the fish scale pattern. Since the clamping pressure is
kept constant during the experiments, it is likely that the flexural stiffness of these test samples
has influenced the initial crack pattern. Therefore, the C4 and C6 test samples have this fracture
pattern since these consist of coated monolithic glass panes. This is also reflected by the amount
of glass panes with a fish scale pattern as the C6 test samples are larger in number most likely
due to their higher thickness. The fracture lines in fish scale patterns propagate more quickly
and are larger in number compared to the other fracture patterns. This is most likely due to the
fracture lines developing in the top of the glass pane under the influence of the tensile zone of
the bending moment. However, as the glass pane starts to sag, these fractures are pushed
together and the fractures are unable to develop further. Therefore, more fractures are needed
in a shorter amount of time to compensate for this effect.
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Failure modes
The test samples used in the modified hard body drop test fail when the steel ball has penetrated
the test sample. The failure occurs when the interlayer or coating is torn to an extent that allows
the steel ball to penetrate it. From the observations, two distinct failure modes for the failure of
the glass panes have been identified:
1. Local failure;
2. Torn area.
The two different failure modes are depicted in Figure 5.29. The distinction between the two
failure modes are based on the location of the tears in the interlayer or coating.

Figure 5.29: Failure modes: local failure (left) and torn area (right).

In the local failure mode, the coating or interlayer in the concentric fracture lines formed from
only one impact are torn to allow the steel ball to penetrate the test sample. For this failure mode
to occur, the enclosed area of the concentric fracture lines must exceed the area of the crosssection of the steel ball. The interlayer or coating in one or several radial fracture lines are also
torn from the impact location to the area enclosed by the concentric fracture lines. Only a
relatively small amount of coated test samples have failed in this failure mode. The failure mode
is observed when coated test samples were subjected to a relatively high impact load. The
damage progression of these test samples is treated in more detail in section 5.9.6. The test
sample has a relatively smaller amount of fracture lines. This is most likely due to the premature
failure of the test sample where the impact force dissipates after the steel ball penetrates the test
sample. Since, the failure mode only occurred in the coated test samples, the occurrence of this
failure mode could be related to the coated samples only being comprised of a single glass pane.
In the laminated glass panes, the concentric fracture lines need to match in both glass plies for
this failure mode to occur. The higher stiffness of the C6 test samples can also be a factor for
the occurrence of this failure mode, since it is easier for the steel ball to punch through the
concentric fracture lines.
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In the torn area failure mode, the coating or interlayer underneath several radial and concentric
fracture lines formed from multiple impacts are torn to allow the steel ball to penetrate this torn
area. The vast majority of the test samples fail in accordance to this failure mode. After the first
impact, a fracture pattern is formed. The following impacts result in only a slight change to the
existing fracture pattern due to cut-off lines. The fractures lines that appear due to the second
or third impact are unable to propagate further when meeting an existing fracture line. These
fracture lines are referred to as cut-off lines. The impact causes additional stress in these cutoff lines causing the interlayer or coating to tear along these lines. This can be observed from
the footage of the high speed camera as additional glass fragments are formed along these
fracture lines and displace upwards. An example of the torn area failure mode is depicted in
Figure 5.30. The radial and concentric fracture lines are indicated using a green and red colour
respectively. Along these fractures, the coating or interlayer is torn or bent inwards to allow the
steel ball to penetrate the test sample. If these lines coincide with the lightning bolt fracture
lines, the possibility of failure increases significantly.

Figure 5.30: Torn area caused by the second impact.
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Damage progression of coated test samples
During the experiment various types of damages to the coated test sample have been observed.
From these observations, the damage progression of these test samples have been deduced and
sorted from least to most damaged. This damage progressions is only viable for test samples
with a cross or star shaped initial fracture pattern. The damage progressions roughly follows
the following steps:
1. No damage to the glass pane or coating;
2. The glass pane is fractured, there is no visible deformation and the coating remains
undamaged.
3. The glass pane is fractured, deformations are visible near the impact location and the
coating remains intact. This step is depicted in Figure 5.31(a) where the impact location
is located in the middle of the glass pane.

Figure 5.31: Damage progression of coated test samples: small deformations (a), large deformations (b) and torn
coating (c).
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4. The test sample displaces further causing stresses to appear perpendicular to the
adhesion area between the coating and the top of the glass pane. This causes adhesive
failure along the fracture line and the coating detaches itself from the glass in these
areas. This delamination only appears along fracture lines and the affected area depends
on the amount of deformation. This step is depicted in Figure 5.31(b). The additional
deformations cause tensile stresses in the coating. In general, these stresses are located
at the bottom layer of the coating underneath the radial fracture lines and in the top layer
of the coating above the concentric fracture lines.
5. The coating starts to tear in the beforementioned areas. The coating above the impact
location also starts to tear when the displacement becomes larger. This step is depicted
in Figure 5.31(c). It is likely that the coating underneath the impact location starts to
tear first as these tears are often larger. However, since the high speed camera was only
recording the top surface of the glass pane it is not possible to verify this. When the
coating along the concentric fracture line is completely torn and the enclosed area is
sufficiently large, the local failure mode can occur.
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Movement of the impactor
From the visual data of the high speed camera it is possible to track the movement of the
impactor during the modified hard body drop test. The data is collected from the moment the
impactor makes contact with the test sample. The movement of the impactor is then tracked as
it reaches its lowest point and rebounds until it reaches its highest point. After the highest point
is reached and the impactor starts to visibly move toward the test sample, the data collection is
stopped. A total of 55 frames are measured to obtain the time and displacement of the impact
of which approximately 20 frames are used for the downward movement and 35 frames are
used for the rebound movement. The values for the displacement and the time are measured
using the same method used in section 5.8.2. In Graph 5.13, the displacement of the impactor
for the C6 test samples at a drop height of 0.9 m is depicted. This allows a comparison the be
made between the test samples at each constant drop height. Only the first impact of each test
sample are measured as the method is not suitable for the second and third impact. After the
first impact, the test sample is deformed causing the impactor to displace either towards or away
from the high speed camera; therefore, the displacements cannot be accurately determined. The
data for the other test samples can be found in annex E.
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Graph 5.13: Displacement of the impactor for the first impact of the C6 test samples at a drop height of 0.9 m.

The test samples used in Graph 5.13 fail at different impacts. The test sample C6-6 fails at the
second impact, C6-8 at the third impact and C6-7 does not fail. A relation is observed between
the impact resistance and the rebound force on the impactor. A higher rebound force leads to a
higher impact resistance as the probability for the impactor to penetrate the test sample
decreases. Therefore, the rebound movement of the impactor can provide an indication for the
impact resistance of the test sample.
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The difference in the rebound force for the test samples is most likely caused by the different
fracture patterns. A fracture pattern can be arranged as such that the glass pane is able to transfer
more or less of the impact energy back to the impactor. Another factor is the tearing of the
interlayer or coating. From the visual data of the high speed camera it is observed that more
tears in the interlayer or coating significantly reduces the rebound force. This is most likely
caused by the glass fragments in the vicinity of the tears being unable to transfer any loads as
they are no longer properly attached to the remaining glass pane. Since these factors influence
the rebounding force the large disparity between the different test samples can be explained.
When all test samples at different drop heights are considered, it is also apparent that the drop
height influences the rebound force. A higher drop height leads to an increase in impact energy,
which can be converted by the test sample into a higher rebounding force on the impactor if the
impact resistance is sufficiently high. This can be observed in the R6 test samples in annex E.8
where the rebounding force caused the impactor to move outside the recording area of the high
speed camera due to the relatively high drop height of 4.5 m.
From the downward movement of the impactor in Graph 5.13 it seems that a longer downward
movement results in a higher rebound force as the impactor reaches a higher altitude; however,
the results provided in annex E show that the this is not always the case. Therefore, it is
unreliable to use this parameter to determine the rebound force of the impactor. A more reliable
method is to use the difference in altitude of the impactor between the lowest and highest point
and the time between these two points. The time is an important factor, since this can be
determined more accurately then the displacement in the second and third impact. The
parameters of the time of the rebounding movement can be determined from the data of the
high speed camera. The results for the C6 test samples are given in Table 5.6.
Table 5.6: Displacement and time of the rebound movement of the impactor.
Impact 1
Impact 2
Impact 3
Test sample ℎ𝑑 [m] Result1
𝑠𝑖;𝑟 [mm]
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
C6 - 3
1.1
Pass
49
128
154
138
C6 - 4
1.1
Fail (2)
25
118
Fail
Fail
C6 - 5
1.1
Pass
28
106
76
0
C6 - 6
0.9
Fail (2)
24
105
Fail
Fail
C6 - 7
0.9
Pass
40
130
97
117
C6 - 8
0.9
Fail (3)
24
96
52
Fail
C6 - 9
0.7
Pass
20
100
117
117
C6 - 10
0.7
Pass
26
103
108
98
C6 - 11
0.7
Pass
27
117
102
117
1

= The number between brackets indicate the impact number at which failure occurred.

Where:
𝑠𝑖;𝑟
𝑡𝑖;𝑟

is the displacement of the impactor during the rebound movement from the lowest to
the highest point in mm.
is the time interval of the impactor during the rebound movement from the lowest to
the highest point in ms.
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The table shows that a significantly higher displacement and time of the rebounding movement
does indeed result in lower chance of failure. This confirms the earlier findings from results of
annex E. The time needed for the rebound movement in impact two and three are relatively
higher when the first impact also shows a high rebound force. The results of the other test
samples can be found in annex F.

5.10 Conclusions
From the results of the hard body drop test it is apparent that the R6 test samples have the
highest impact resistance followed by the P6.2, C4, C6 and P6.1 test samples. The thickness of
the coating or interlayer is an important factor that influences the results. For the interlayer the
performance increases as the thickness of the layer is increased. This explains the outstanding
performance of the R6 test samples. When comparing the fracture pattern of the laminated test
samples at a similar drop height, the use of thinner interlayers showed that the amount of
lightning bolt fractures in the fracture pattern increases. This indicates that the fracture pattern
between the two glass plies are more likely to match and are considered to be significantly
weaker. In the second and third impact these weak spots are prone to cause tears in the interlayer
when they are used as cut-off lines, which allow the steel ball to penetrate the test sample.
Similarly, the impact resistance of the coated test samples improve when using a thicker
coating. The thickness of the coating has not been varied during the production of the test
samples; however, a large variations were still measured. The test samples with the lowest
measured coating thickness consistently fail earlier indicating that the performance of coated
test samples are reduced when an uneven coating layer is used. From the damage progression
of the coated test samples it is clear that certain areas of the coating will be subjected to tensile
stresses during the impact. If these areas are found to have a thinner layer of coating, they are
more likely to start to tear. These tears can result in premature failure similarly to the PVB
laminated test samples where the fracture lines containing the tears in the coating are more
likely to tear further when they are used as cut-off lines for the second or third impact.
The influence of the tearing of the interlayer and coating are an important factor, which
significantly lowers the impact resistance of the test samples. This is observed from the results
of the modified hard body drop test as test samples showing earlier signs of excessive tearing
are more likely to fail. The rebound force from the impactor verifies this as the torn test samples
show a significantly smaller amount of rebound force due to the glass fragments no longer being
able to transfer loads as they are no longer properly attached to the remaining test sample.
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6
6 Residual load bearing capacity test

This chapter elaborates the residual load bearing capacity test, which has been performed in
the Pieter van Musschenbroek laboratory at Eindhoven University of Technology. The chapter
describes the goal of the experiment, the test setup, results and the conclusion of the evaluation
of the residual load bearing behaviour.
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6.1 Goal
The goal of the experiment is to determine the residual load bearing behaviour of the tested
glass panes from the previous modified hard body drop test. This behaviour has been
determined by two factors;
1. Sufficient residual load bearing capacity over a time period of 24 hours;
2. The residual stiffness.
The residual load bearing capacity determines whether the glass pane is able to support a portion
of the subjected load for 24 hours, whereas the residual stiffness provides an indication of the
stiffness after failure. These two factors are determined using the same experimental setup and
are important as the doubly curved glass shell structure used in the glass dome project does not
have a supporting structure. Therefore, it is important to consider the residual load bearing
behaviour to prevent additional damage and injuries.

6.2 Approach
The experiment is carried out in the Pieter van Musschenbroek laboratory at Eindhoven
University of Technology. The glass panes will be subjected to a uniformly distributed load for
a time period of 24 hours. In general the testing procedure follows the DIN 18008-2 for nonaccessible glazing, where the structure is tested for impact safety using a 4.1 kg steel sphere
drop test. Following this test, a 24 hour residual strength has to be determined using half of the
evenly distributed working load. The impact test was already performed using the modified
hard body drop test. The residual load bearing capacity is tested by determining whether the
test pane fails during the 24 hour time period. During the experiment, the displacement in the
middle of the glass pane is measured to determine the residual stiffness.
During the experiment, the occurring displacements of the test samples are measured. The
results are used to evaluate the residual load bearing behaviour. The residual load bearing
capacity over a time period of 24 hours is evaluated by whether the test sample is able to
withstand the beforementioned loading. The measured displacements during the experiment are
used for the evaluation of the residual stiffness. At the end of the experiment, the results will
be presented and discussed.
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6.3 Test setup
General
The top view of the test setup is depicted in Figure 6.1. The test setup consists of the following
components:
1.
2.
3.
4.
5.
6.

Steel support structure;
Supporting frame;
Test sample;
Load system;
Magnetic clamp system;
Linear variable differential transformer (LVDT).

The test setup is split into two parts, where each has its own steel support structure. One part
consists of the supporting frame, the test sample, wooden framework and the load system. These
components are supported by two HEA 300 beams. The other part consists of a magnetic clamp
system and a LVDT. These components are supported by vertically placed HEA 150 profiles.
The steel support structures, load system, magnetic clamp system and LVDT were already
available from the laboratory. The materials for the supporting frame and load system were also
available from the laboratory and have only been adjusted to fit the dimensions of the test
samples.

Figure 6.1: Top view of the test setup.
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Supporting frame
The supporting frame is used to support the test sample while it is loaded during the duration
of the experiment. The frame is placed on two HEA profiles, which are positioned at a distance
of 440 mm as depicted in Figure 6.2. The frame is made from concrete plex plywood and
consists of one piece with square opening with a length of 480 mm. The test panes are placed
directly above the opening resulting in a span of 480 mm. In the previous test setup the cover
at each side was 30 mm instead of 10 mm. The cover has been reduced to increase the occurring
bending moment, since the test pane is relatively small compared to the conventional 1100 mm
by 900 mm. An overlap of 20 mm at each side is present between the support frame and the
HEA 300 beams to ensure that the frame is properly supported. Due to the relatively small
overlap it is unlikely that the test sample will make contact with the HEA 300 beams without
failing the test. A wooden framework is placed around the test sample to support the load
system.

Figure 6.2: Section cut A-A' of the test setup.

Load system
The test samples will be subjected to half of the uniformly distributed work load; however, the
test panes have not been applied in a practical environment. Therefore, an assumption is made
that the glass panes are used as a roofing structure to determine the work load. From Eurocode
1, a classification is used as such that the roofing structure is loaded by a uniformly distributed
load of 1 kN/m2. The load is introduced by using the mass of sand. Since the test samples have
a span of 480 mm at each side this results in a total mass of 11.7 kg.
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The load is introduced using the mass of sand since the test samples will be deformed from the
modified hard body drop test. The fine sand grains have a grain size distribution of 0.20 to 0.63
mm and can deform to adjust to the shape of the deformed glass pane, allowing the full surface
to be loaded. The sand will also be able to adjust according to the occurring displacement caused
by its mass ensuring that the glass pane is properly loaded during the full 24 hours.
To prevent the sand from spilling, plastic sheets are used on the test sample and are placed over
the wooden framework. The plastic sheets are pressed on the surface of the glass pane to ensure
proper contact. In the middle of the plastic sheets, a small aluminium tube is used for the
placement of the LVDT. This allows the LVDT to move unhindered by the sand. Multiple
sheets are used since glass fragments can cause small tears.

Magnetic clamp system
For the placement of the LVDT, a magnetic clamp system is used. Two magnetic clamps are
each placed on separate vertically orientated HEA 150 profiles. The profiles are placed between
the HEA 300 beams and at opposite sides of the test sample. A framework of rods and clamps
are used to bridge the gap between the two magnetic clamps. One of the rods is placed directly
over the centre of the test sample allowing the LVDT to be placed in the correct position. Two
supports are used to prevent any significant displacement due to the weight of the LVDT and
its clamping system during the 24 hours.

6.4 Test samples
In this experiment the test samples from the modified hard body drop test are used; therefore,
the full overview of these samples can be found in section 5.5.1.

6.5 Test procedure
For each test sample, a test procedure is followed to perform the experiments. The test
procedure is split into eight steps, where each step respectively corresponds to Figure 6.3
through Figure 6.10. The action order (step-by-step plan) is also elaborated at each step.
1. The supporting frame is cleaned to remove obstacles and glass fragments.
2. The glass pane is placed on the frame with a cover length of 10 mm.
3. The middle of the glass pane is marked using a black marker pen. This indicates the
measuring point for the LVDT.
4. The wooden framework is placed outside the edges of the glass pane and creates an
enclosed space for the sand.
5. The plastic sheet with the aluminium tube is placed over the glass pane and the wooden
framework. The plastic sheet is pressed against the glass pane and the wooden frame.
Ample space is left when the plastic sheet is covered over the sides of the frame to allow
the plastic sheet to deform according to the sand and displacement of the glass pane.
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6. The LVDT is placed through the aluminium tube unto the previously marked area.
During this process, the marked area is visible through the tube allowing an accurate
placement of the LVDT. The LVDT is completely pressed in and the displacement on
the digital indicator is set to zero and the measurement is started.
7. The sand is poured onto plastic sheet to fill the enclosed space created by the plastic
sheet and vertical frame. This action usually takes less than a minute to complete.
8. The sand is redistributed as evenly as possible using a steel comb. After a few strokes
the redistribution of the sand will no longer influence the displacement at an accuracy
of 0.001 mm. This process is relatively quick, due to small grain size of the sand.
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Figure 6.3: Supporting frame is cleaned.

Figure 6.4: Glass pane is placed on the frame.

Figure 6.5: Location of the LVDT is marked.

Figure 6.6: wooden framework is placed.
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Figure 6.7: Plastic sheet is placed.

Figure 6.8: LVDT is placed through the tube on the
previously marked area.

Figure 6.9: The sand is poured onto the enclosed
space.

Figure 6.10: Sand is redistributed using a steel comb.
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6.6 Test results
The test results of the experiment are given in Table 6.1 through Table 6.5. The results are
divided by the glass pane type. The displacement for each test sample is given along with the
drop height and result of the previous modified hard body drop test, since these parameters
influence the test results. In case the test sample failed in the previous test, a number is used to
indicate at which impact number the test sample failed. The tables provides information about:
1. The initial displacement directly after the test sample is loaded by the total weight of
the sand (𝛿𝑖 );
2. The displacement of the test sample during 24 hours without taking the initial
displacement into account (𝛿24ℎ );
3. The total displacement after 24 hours including the initial displacement (𝛿𝑡 ).
The maximum displacement of the LVDT is reached in test sample P6.1-1 and its results are
not included in the average value. The test setup was adjusted to allow the LVDT to be able to
measure higher displacements.
Table 6.1: Results of the residual load bearing capacity test for the C4 test samples.
Test sample ℎ𝑑 [m]
Result
𝛿𝑖 [mm]
𝛿24ℎ [mm]
𝛿𝑡 [mm]
C4 - 1
V
Fail (4)
11.537
0.455
11.992
C4 - 2
V
Fail (1)
1.309
0.303
1.612
C4 - 3
V
Fail (5)
6.394
1.466
7.860
C4 - 4
1.1
Pass
5.582
1.654
7.236
C4 - 5
1.1
Pass
1.834
0.301
2.135
C4 - 6
1.1
Fail (2)
2.491
0.932
3.423
C4 - 7
0.9
Pass
3.329
1.194
4.523
C4 - 8
0.9
Pass
1.847
0.356
2.203
C4 - 9
0.9
Pass
1.685
0.235
1.920
C4 - 10
1.0
Pass
5.984
1.124
7.108
C4 - 11
1.0
Pass
0.600
0.124
0.724
C4 - 12
1.0
Pass
1.032
0.287
1.319
Average
3.635
0.703
4.338
Table 6.2: Results of the residual load bearing capacity test for the C6 test samples.
Test sample ℎ𝑑 [m]
Result
𝛿𝑖 [mm]
𝛿24ℎ [mm]
𝛿𝑡 [mm]
C6 - 1
V
Fail (3)
3.683
1.672
5.355
C6 - 2
V
Fail (2)
3.334
1.362
4.696
C6 - 3
1.1
Pass
1.083
0.281
1.364
C6 - 4
1.1
Fail (2)
2.096
0.548
2.644
C6 - 5
1.1
Pass
4.858
1.803
6.661
C6 - 6
0.9
Fail (2)
1.714
1.060
2.774
C6 - 7
0.9
Pass
1.461
0.703
2.164
C6 - 8
0.9
Fail (3)
5.931
3.536
9.467
C6 - 9
0.7
Pass
1.345
0.425
1.770
C6 - 10
0.7
Pass
3.103
1.368
4.471
C6 - 11
0.7
Pass
1.906
0.490
2.396
Average
2.774
1.204
3.978
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Table 6.3: Results of the residual load bearing capacity test for the R6 test samples.
Test sample ℎ𝑑 [m]
Result
𝛿𝑖 [mm]
𝛿24ℎ [mm]
𝛿𝑡 [mm]
R6 - 1
V
Pass
13.002
4.858
17.860
R6 - 2
1.1
Pass
7.176
2.486
9.662
R6 - 3
1.1
Pass
7.158
2.447
9.605
R6 - 4
1.1
Pass
7.058
2.371
9.429
R6 - 5
4.5
Pass
8.343
4.699
13.042
R6 - 6
4.5
Pass
4.719
1.119
5.838
R6 - 7
4.5
Pass
7.376
5.825
13.201
Average
7.833
3.401
11.234

Table 6.4: Results of the residual load bearing capacity test for the P6.1 test samples.
Test sample ℎ𝑑 [m]
Result
𝛿𝑖 [mm]
𝛿24ℎ [mm]
𝛿𝑡 [mm]
1
P6.1 – 1
V
Fail (3)
23.736
0.000
23.736
P6.1 - 2
1.1
Fail (2)
15.902
13.275
29.177
P6.1 - 3
1.1
Fail (2)
16.521
13.263
29.784
P6.1 - 4
1.1
Fail (2)
6.910
4.775
11.685
P6.1 - 5
0.9
Fail (3)
20.355
1.668
22.023
P6.1 - 6
0.9
Fail (2)
24.745
19.030
43.775
P6.1 - 7
0.9
Pass
21.591
20.160
41.751
P6.1 - 8
0.7
Fail (3)
21.703
20.020
41.723
P6.1 - 9
0.7
Pass
17.322
34.041
51.363
P6.1 - 10
0.7
Pass
11.866
10.137
22.003
Average
17.435
15.152
32.587
1

= The maximum displacement of the LVDT is reached. The result is not included in the average value.

Table 6.5: Results of the residual load bearing capacity test for the P6.2 test samples.
Test sample ℎ𝑑 [m]
Result
𝛿𝑖 [mm]
𝛿24ℎ [mm]
𝛿𝑡 [mm]
P6.2 - 1
V
Fail (5)
17.037
18.223
35.260
P6.2 - 2
V
Fail (3)
22.256
20.570
42.826
P6.2 - 3
V
Fail (2)
15.311
12.916
28.227
P6.2 - 4
1.1
Pass
15.232
9.110
24.342
P6.2 - 5
1.1
Pass
12.714
9.267
21.981
P6.2 - 6
1.1
Pass
10.722
8.291
19.013
P6.2 - 7
2.5
Pass
13.317
12.568
25.885
P6.2 - 8
2.5
Fail (3)
16.981
22.418
39.399
P6.2 - 9
2.0
Pass
12.366
11.261
23.627
P6.2 - 10
2.0
Pass
15.688
12.588
28.276
P6.2 - 11
2.0
Pass
12.823
12.223
25.046
Average
14.950
13.585
28.535
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The average values for the displacement of each glass pane type are summarized in Table 6.6.
In one part, the displacement of all test samples are averaged to obtain the average values for
the displacements. It is unclear whether the values can represent the residual stiffness of the
glass pane type as several influencing parameters are not taken into account such as:
1. The drop height; when a test sample is subjected to a higher drop height the impact
energy will increase, which results in more fractures to the test sample. Generally, the
test samples subjected to impacts at higher drop height will have higher displacements
and consequently a lower residual stiffness.
2. Failure of the test samples; failed test samples from the modified hard body drop test
will exhibit more damage than test samples which have passed the test. The large tear
at the point of penetration will result in less glass fragments being able to resist the
dead load of the sand. Generally, failed test samples will have higher displacements.
3. The number of impacts; the test samples used in the first part of the modified hard
body drop test are subjected to a varying number of impacts. A higher number of
impacts will cause more damage to the test sample which lowers the residual stiffness
of the test sample. Similarly, test samples which fail prematurely can have lower
displacements in particular the test samples which fail after the first impact.
The results from the residual load bearing capacity test can be isolated to check each individual
parameter; however, the data set is not large enough to provide reliable results. Therefore, a
distinction is made only on the drop height where the values for the displacements are averaged
of the test samples tested at a common drop height of 1.1 m. The results from the modified hard
body drop test and the number of impacts are not taken into account. The results for the average
values for the test samples tested at a drop height of 1.1 m are different; however, when
comparing the values between the glass pane types the same conclusion is reached in terms of
the residual stiffness of each pane type.
Table 6.6: Average values for the displacements in the residual load bearing capacity test.
All test samples
Test samples at ℎ𝑑 = 1.1 m
Test sample
𝛿𝑖 [mm] 𝛿24ℎ [mm]
𝛿𝑡 [mm]
𝛿𝑖 [mm] 𝛿24ℎ [mm]
𝛿𝑡 [mm]
C4
3.635
0.703
4.338
3.302
0.962
4.265
C6
2.774
1.204
3.978
2.679
0.877
3.556
R6
7.833
3.401
11.234
7.131
2.435
9.565
P6.1
17.435
15.152
32.587
13.111
10.438
23.549
P6.2
14.950
13.585
28.535
12.889
8.889
21.779
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6.7 Conclusion
The experiment shows that all the tested glass panes have a sufficient residual strength to bear
half of the work load for 24 hours, since none of the test samples have failed in this time interval.
From the data of the LVDT, the displacement during the experiment have been determined.
These displacements provide an indication for the residual stiffness of each glass pane type.
The residual stiffness of the glass pane types arranged from high to low are: C6, C4, R6, P6.1
and P6.2.
The coated glass panes have a consistently higher residual stiffness compared to the laminated
glass panes. This is most likely due to the coated glass panes being comprised of one glass pane
whereas the laminated glass panes are comprised out of two glass plies. The stiffness of the
laminated glass panes are therefore largely dependent on the degree of coupling between the
glass plies. From previous research it is clear that the load duration has a large effect on this
coupling effect where a longer load duration results in a lower coupling effect which lowers the
stiffness of the glass pane as a whole (Hooper, 1972).
The varying results between the different laminated glass panes is most likely caused due to the
properties of the interlayer. The thickness and shear modulus of the interlayer can influence the
coupling effect between the two glass plies. In this case the higher residual stiffness of the
laminated glass panes are most likely due to the use of a thicker interlayer. Additionally, in
section 5.9.1 it is established that the use of a thicker interlayer results in less lightning bolt
fractures. Since the test sample is more likely to rotate along the lightning bolt fractures, the
test samples with a thinner interlayer will have a lower residual stiffness.
For the coated glass panes, the occurring displacement is also reduced by the coating. Unlike
with the laminated glass panes, the coating is wrapped around the glass pane. After the modified
hard body drop test, the glass pane breaks into several fragments and shows sign of deformation.
In this case, the coating will exert a clamping pressure on the glass fragments, since it wants to
return to its original position. This effect reduces the occurring displacements when loaded by
the dead load of the sand. The difference between the residual stiffness of the C4 and C6 is
most likely due to the stiffness of the C6 being higher. Even after the glass pane is fractured,
the stiffness of the glass fragments of the C6 test samples are still higher. The C4 test samples
can only have a higher residual stiffness if the glass fragments are arranged more optimally by
the fracture pattern.
Additionally, the values for the residual stiffness also agree with the personal experience with
the test samples, since the residual stiffness of the glass pane types are arranged according to
degree of caution used when transporting the test samples. In particular, the PVB laminated
glass panes had to be moved with caution to prevent the test sample from deforming or breaking
apart.
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7
7 Numerical analysis

This chapter describes the current information about the material properties of the adhesive
DP490, which is used to connect the DGU’s in the shell structure. Different material models,
experimental test data and previous research are analysed to check whether the properties are
accurately defined. At the end of the chapter the material properties are defined,
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7.1 Introduction
A numerical analysis is performed of the doubly curved shell structure to determine its
displacements and internal stresses. Conventional analytical models can only be used in a
limited manner due to the geometry of the dome as well as the material properties of the
different parts. Therefore, a numerical analysis is needed to address these complications. As
mentioned in sections 1.3 and 1.5, the numerical model will not take the methods used to
improve the post-breakage behaviour into account. In the previous research of Blandini (2005)
and Anne Bagger (2010), numerical models were also used for the structural analysis and to
provide more information about the behaviour of the structure. Before the shell structure can
be analysed, two different topics must be researched;
1. The current design of the dome;
2. The material properties of the adhesive.
These two topics are treated in section 7.2 and 7.3 respectively. The glass domes built at the
TU/e are designed according to gravity loading; however, it is still not completely optimised
based on a structural analysis. Therefore, the shape of the dome has been altered using a form
finding method. In this chapter the reference ‘glass dome’ refers to the glass dome project at
the TU/e unless specified otherwise.
The material properties of the adhesive remain unclear, since conflicting properties have been
found by two different researchers. A choice is made to implement both material properties to
check the difference and to determine whether they affect the internal stresses or deformations.
However, these properties could not be checked due to singularities found in the Finite Element
(FE) models.
Different failure criteria will be used to check the ultimate strength of the different components
in the FE-model. The failure modes of the structure will be given along with different failure
criteria, which can be used to check the stresses and to determine whether failure will occur.
The failure modes and criteria are treated in section 7.4 and 7.5 respectively.
The properties of the numerical model including the geometry, boundary conditions, loading,
mesh and contact interactions are treated in section 7.6. The validity of the FE-model is checked
using a sensitivity analysis; however, the results of the analysis show that the model has
multiple singularities in critical areas for the determination of the internal stresses. Due to these
singularities it is not possible to acquire accurate results to predict the failure of the structure;
therefore, a parametric study is conducted to identify and solve the singularities in the FEmodel.
The parametric study is treated in section 7.7. From the results of this analysis, the cause of the
singularities is identified and different solutions are given to modify the original FE-model used
in section 7.6; however, due to multiple complications it was not possible to implement these
changes. Therefore, the study was discontinued prematurely and the checks for the internal
stresses and displacements are not performed.
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7.2 Form finding
The current shape of the glass dome has been defined in previous research. The design is based
on two shell structure designs by Heinz Isler depicted in Figure 7.1 and Figure 7.2, where a
doubly curved shape is designed using both synclastic and anticlastic shapes. The goal was to
mimic the design to check whether it is possible to create these different shapes. However, other
factors influence the shape of the dome such as the boundary conditions, the load type and the
dimensions of the dome. Before conducting a structural analysis of the shell structure it is
necessary to acquire a shape which is based on these different parameters. Therefore, the shape
of the dome will be adjusted using a suitable form finding method.

Figure 7.1: Heinz Isler Dome in Burgdorf (Pininterest,
2013).

Figure 7.2: Shell structure model of Heinz Isler
(Designboom, 2012).

Form finding methods
Different form finding methods can be used to adjust a shape of a structure to the loading. The
program Oasys GSA will be used, which supports three different types of methods for form
finding:
1. Soap film method;
2. Force Density method;
3. Normal properties method.
7.2.1.1 Soap film method
The soap film method relies heavily on the boundary conditions. By restricting the displacement
of the structure along certain edges, a basic shape of the structure is defined. A soap film is then
used to inflate or deflate the shape in between the boundary conditions. This effect is depicted
in Figure 7.3, where the rings display the rigid boundary conditions. These will remain the same
in the design and will not be adjusted. The shape in between the rings, is the freeform shape of
the structure. Often a soap film is used to define the geometry of this surface hence this method
is often referred as the soap film method.
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Figure 7.3: Example of a simple soap film model, (Habraken, 2013)

7.2.1.2 Force density method
The force density method is a form finding concept based on the force densities of different
structural elements. In this concept, the force density of an element is its axial force divided by
the length of the element (Schek, 1973). A surface has two main directions of curvature. A soap
model would balance the shape to an equal curvature. However, during form finding we could
play with the force density and increase the curvature in one direction and decrease it in the
other direction. This way one direction increases in strength and stiffness, and the other
direction decreases in strength and stiffness. Creating a difference in curvature could help when
for instance loading in one direction is higher than in the other direction. This method can be
effectively used in cable net structures. An example of a cable net structure shaped using the
force density method is depicted in Figure 7.4. The cable net structure is used to support the
doubly curved shape. This shape has a strong relation with membrane structures. A cable net
structure is made from high quality steel cables, making large spans possible, spans that are not
possible using membrane. In that case the cable net can be the primary structure and the
membrane the cladding.

Figure 7.4: German pavilion of the Montreal Expo in 1967 (arch. Rolf Gutbrod and Frei Otto, 1967).
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7.2.1.3 Normal properties method
The surface of a form-active structure is deformed according to the type of loading and the
boundary conditions. The normal properties method uses the deformed shape and freezes it.
The deformed shape is then inverted and used as the new design for the structure. An example
of this method is the gateway arch in St. Louis depicted in Figure 7.5. In this example the
deformed shape is given by the catenary line, which is then inverted to create the arch. The
shape of the structure can be adjusted by using two different methods. The first method is to
increase the loading on the structure to get a heavily deformed shape. As soon as the desired
height or shape of the structure is reached, the deformed shape is then inverted. The second
method is to soften the material of the structure by reducing the modulus of elasticity, which
causes the structure to behave like a cloth.

Figure 7.5: St. Louis gate arch (Saarinen, 1965).

Chosen form finding process
Three different form finding methods are supported by the program Oasys GSA. The soap film
method and the force density method are not compatible with the glass dome structure. The
soap film method requires more elaborate boundary conditions for the soap film to adjust the
shape of the dome. The force density method uses a support structure of cable nets or trusses to
define the doubly curved shape; however, in the glass dome structure there is no such supporting
structure. The normal properties method can be used to define the shape of the glass dome,
since the boundary conditions as well as the load type are known. The displacement of the flat,
base form will be used in a iteration process until the desired height of 0.4 m is reached. The
height is chosen according to the current curvature of the glass dome design.
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Form finding process
In the form finding process it is important to define the base form, boundary conditions and
loading to obtain an optimum shape for the glass dome. The base form is flat and depicted in
Figure 7.6. The footprint of the shape for the revised glass dome is 1.5 m by 2.1 m, which is
approximately equal to the footprint of the large glass dome built at the TU/e. The dimensions
of the revised dome are equal to the previous design, however after the form finding process it
will only consist of synclastic shapes. In this case the maximum curvature of 2.0 m, which is
used in the large glass dome of the TU/e will not be exceeded. This is vital since the current
production process for bending the glass panes is not able to exceed this curvature.

Figure 7.6: Base form of the glass dome used in the form finding process.

The boundary conditions of the base form are depicted in Figure 7.6 with red lines. The red
lines in the four corners of the model will remain in their original position during the form
finding process. These boundary conditions match the previous design of the glass dome. The
shell is divided into a raster of 60 by 60 mm, resulting in 25 vertical segments and 35 horizontal
segments. The nodes at these intersections will provide the coordinates of the new shape. Using
a smaller raster will result in a better defined shape as the number of nodes will increase;
however after a trial and error process it is determined that the current raster is sufficient.
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When using the normal properties method only the load type is important, since the modulus of
elasticity can be lowered or the amount of loading can be increased with each iteration. For the
form finding process it is assumed that the structure consists of a homogenous shell. It is stated
that the modulus of elasticity is unimportant for the form finding process; however, if multiple
materials and cross-sectional geometries are considered for the model, the ratio between these
variations can be implemented into the form finding process to achieve a better defined design
for the doubly curved shell. However, the material properties of the adhesive are not properly
determined, which is explained in section 7.3. Furthermore, the variations are only present in a
relatively small area of the shell. Therefore, it is assumed that the effect of implementing these
variations will not result in significant changes. If the variations are implemented it would also
require a very dense raster with a minimum distance of 6 by 6 mm.
The current designs of the glass dome are only subjected to their own weight; therefore, only
gravity loading is applied. The gravity loading is applied in the opposite direction causing the
structure to displace upwards. An iteration process is used where the loading is then reapplied
until a height of 0.4 m is reached. The steps in the iteration process are depicted in Figure 7.7.
Figure 7.7(a) depicts the raster in the flat base form before the form finding process. The shape
of the shell about halfway through the form finding process is depicted in Figure 7.7(b). In
Figure 7.7(c), the desired height of 0.4 m is reached and this will become the new shape of the
glass dome. Figure 7.7(d) is added to illustrate that it is still possible to repeat the form finding
process to achieve a different shape according to a higher chosen height for the glass shell
design.

Figure 7.7: Iterations used in the form finding process.
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Doubly curved 3D model
In section 7.2.3, a form finding process was used to define a new shape for the glass dome. This
process results in a curved raster; however, the elements inside the raster are still flat. These
elements will be translated into a doubly curved surface using the software program Rhino. The
different steps are depicted in Figure 7.8. In the first step depicted by Figure 7.8(a), the nodes
obtained from the form finding process in Oasys GSA are imported into Rhino by using the
coordinates of the raster found after the last step of the form finding process. In Figure 7.8(b),
the nodes are connected using curved lines. The curved lines can then be translated into a doubly
curved surface using the function ‘loft’ as depicted by Figure 7.8(c). After removing the nodes
and curved lines, a basic shape remains, which is depicted in Figure 7.8(d). This surface can be
split into different areas and extruded to create 3D surfaces in accordance to the desired shape.
The elements can be imported into a FE program when the 3D model is completed.

Figure 7.8: Steps used in Rhino to create a doubly curved 3D model.

FEM compatibility
The 3D models that are created in the program Rhino can be imported into a FE-model using
the export function ‘STEP’. This file type recreates the steps needed to describe the geometry
of a certain shape. This file type can be used as long as the used functions are available in both
programs. For instance the function ‘loft’ must be available in both programs for the geometry
to be imported correctly. For the modelling of the FE-model the program ABAQUS standard
version 6.14-1 is used. The functions used in both programs matched resulting a correctly
described geometry in the FE-model.
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This method can be used to describe various different models by scaling, partitioning and
extruding the same base surface. This is depicted in Figure 7.9, where different models are
created using the same base shape. In these models only a fourth of the total glass dome has
been modelled, since two symmetry axis will be used along 2 edges. The location of the
symmetry axis is treated in section 7.6.3. In the models the length of the glass pane is set to 400
mm, since this is the maximum length that can be produced by the current production process.
The width of the glass panes is described by the same ratio 1.4:1 used in the base form in section
7.2.3. The number of DGU’s is varied from two to four per side, resulting in a dome structure
with a total of 16, 36 and 64 DGU’s respectively. Accordingly, the footprints are approximately
1618 by 1140 mm, 2430 by 1712 mm and 3242 by 2284 mm with height of 308 mm, 463 mm
and 618 mm respectively. In the FEM analysis only the glass dome structure with two glass
DGU’s per side will be treated in section 7.6.

Figure 7.9: Various 3D FE-models created using the same base surface.

Eindhoven University of Technology

127

7.3 Material properties
The current glass-glass connection of the glass dome consists of multiple structural elements
with different materials. Most of the material properties have already been defined with the
exception of the adhesive. Several material properties have been provided by the manufacturer;
however, these are not sufficient for the analysis of the glass dome connection, since most of
the material properties are only valid when the adhesive has a thickness of less than 0.5 mm. In
the glass-glass connection of the glass dome, the adhesive has a varying thickness of 6 to 18
mm; therefore, the product information has not been verified for these thicknesses. Due to these
reasons, multiple studies have been performed to determine the material parameters of the
DP490 (Blandini, 2005) (Bagger, 2010); however, the determination of the material properties
is more difficult as conventional elastic-plastic models are not sufficiently accurate. The
adhesive exhibits different mechanical behaviour depending on temperature, loading and time
(Blandini, 2005) (Adams et al. 1992). For this reason a more in-depth research is performed
into the material parameters of the DP490.

Previous research
In the past literature two different projects have used the same adhesive to laminate glass panes;
1. Blandini’s glass dome (Blandini, 2005);
2. Anne Bagger’s plate shell glass structure (Bagger, 2010).
Both found that the current material properties where not sufficient to be used in an analysis.
For this reason both studies required additional tests to accurately determine the material
properties. Different parameters were studied; however it remains unclear whether the found
material properties are sufficient to accurately model the material behaviour. For this reason
both studies will be analysed.

Blandini
In Blandini’s research different experimental tests were performed;
1.
2.
3.
4.

Short time tensile test;
Short time shear test;
Short time bending test;
Long time tensile test;

The experiments were conducted at different temperatures; -10 ⁰C, 23 ⁰C. 55 ⁰C and 85 ⁰C.
However, this is only the case for the short time tensile test. Due to this reason Blandini was
not able to fully implement the material model for different temperatures. The load rate during
the majority of the experiments was also not varied. Blandini used two different material
models; a linear elastic model and a hyperelastic Yeoh form model. This resulted in the
following two material properties:
•
•

Linear elastic model; E = 1000 N/mm2, v = 0.35.
Hyperelastic Yeoh model; C10 = 300, C20 = -5.00 E4 , C30 = 3.00 E6 , D = 9.94 E-3.

Both models have their own advantage, as the Yeoh material model is more accurate, but
requires more computation time. The linear elastic model is less accurate, but requires less
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computation time. However, the material properties were obtained using unconventional
methods. In all of the experiments, the entire connection was tested instead of only the adhesive;
therefore, the experimental data also takes the effect of the adhesion to glass into account
resulting in a less accurate model. Also the measured force and displacement were used to
obtain the material parameters instead of the stress - strain relation.
To address these issues Blandini varied the Young’s modulus in his numerical research to take
the effect of the changing stiffness due to the temperature and viscous deformations into
account. A minimum (𝐸𝑎;𝑚𝑖𝑛 ) and maximum (𝐸𝑎;𝑚𝑎𝑥 ) value for the Young’s modulus of the
adhesive was used in three different cases according to the temperature. The temperatures were
chosen by using the experimental data collected at a temperature of -10 °C, 23 °C and 55°C.
This results in the following material properties:
1. T = -10 °C; 𝐸𝑎;𝑚𝑖𝑛 = 1500 N/mm2, 𝐸𝑎;𝑚𝑎𝑥 = 3000 N/mm2.
2. T = 23 °C; 𝐸𝑎;𝑚𝑖𝑛 = 800 N/mm2, 𝐸𝑎;𝑚𝑎𝑥 = 1500 N/mm2.
3. T = 55 °C; 𝐸𝑎;𝑚𝑖𝑛 = 100 N/mm2, 𝐸𝑎;𝑚𝑎𝑥 = 800 N/mm2.
The exclusion of the experimental data at a temperature of 85 °C and other conditions for using
these material parameters are treated in section 7.4.3.

Anne Bagger
In the research of Anne Bagger into flat plate glass shell structures, the following tests were
performed (Poulsen and Zangenberg, 2010);
1.
2.
3.
4.
5.
6.
7.
8.

Short time tensile test;
Short time shear test;
Short time bending test;
Short time in-plane sheat test;
Long time tensile test;
Long time shear test;
Long time bending test;
Long time in-plane shear test.

The temperature during the experiments were not varied and remained at an approximate
temperature of 21⁰C. The load rate was varied for each different test. For the bending and inplane shear tests, the entire connection was used. Therefore, these tests cannot be considered
when determining the material properties of only the adhesive. The experimental data and
numerical FEM were used in an iterative process to determine the material parameters, which
resulted in the following parameters;
•

Linear elastic model; E = 1907 N/mm2, v = 0.28, G = 745 N/mm2.
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Initially, different material properties were determined according to the tensile test. According
to this test the young’s modulus is 2230 N/mm2 and the shear modulus is 500 N/mm2 resulting
in an unrealistic poisson’s ratio of 1.23. This problem can be solved by using a hyperelastic
material model; however, in the research the iterative process was chosen instead making it
unclear whether the correct model is used. Also no video optometry was used during the test
and no biaxial tests were performed to validate the material model.

Assumed material properties
The material properties of the adhesive DP490 has been defined by two other studies; however
both studies have a relatively large difference, a factor of 1.9, in defining the properties. This
difference is caused by several factors, which influence the material properties. These factors
have partially been taken into account in both studies, such as the temperature, load rate, curing
time and hyper elasticity. In both cases additional experimental data is needed to accurately
model the material parameters; however, these experiments require a lot of resources and time.
It is also unclear whether the material models of both studies lead to inaccurate results, since
the adhesive is only applied in a small section of the structure. Therefore, the choice is made to
assume the material properties given by both studies. These properties are then varied and a
comparison will be made to check whether this variation influences the results of the numerical
simulations similar to the method used by Blandini. In case the variations do not influence the
results, no further research into this topic is necessary for this project. If the results do change
significantly, additional tests must be performed to verify and validate the material model and
its properties.
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7.4 Failure modes
Introduction
For the glass dome structure different failure modes can be distinguished according to the
location of the failure. The failure can occur in the glass panes or in the adhesive layer. The
difference in materials can result in different values for the maximum allowable stress due to
their respective material properties. In this master thesis failure due to insufficient strength will
be considered; therefore, the following failure modes and their corresponding stress locations
will be checked using a numerical model:
•
•

Glass pane:
1. Fracture of the glass pane; check internal stresses in the glass pane.
Adhesive:
1. Cohesive failure; check internal stresses in the adhesive layers.
2. Adhesive failure; check internal stresses in the interface layers between the
adhesive and the glass.

Glass fracture strength
The maximum allowable stress for the fracture of the glass pane can be determined using the
standards. Two different standards are used in this research: the Dutch norm NEN 2608 and the
European norm prEN 16612. The choice for these norms is based on the location of the glass
dome. The strength of the glass panes will be determined using both codes. The two values will
be compared, and a choice is made to use one of the two values for the numerical analysis.
7.4.2.1 Dutch norm
According to the NEN 2608, the strength of the glass pane can be determined using (7.1. The
design value of the strength can be determined by multiplying the characteristic value for the
bending strength of glass with different k factors and dividing the value with the material factor.
These factors will result in a lower value for the design strength of the glass by taking certain
unfavourable conditions into account. A value of 0.8 is taken for the 𝑘𝑒 due to the use of
annealed glass. The factor can be improved by using heat strengthened or fully tempered glass.
The value of 𝑘𝑠𝑝 is determined to be 1.0 due to the use of floatglas. The material factor 𝛾𝑚;𝑎 is
equal to 1.8 in the current situation.
𝑓𝑚𝑡;𝑢;𝑑 =

𝑘𝑒 𝑘𝑎 𝑘𝑚𝑜𝑑 𝑘𝑠𝑝 𝑓𝑔;𝑘
𝛾𝑚;𝑎

(7.1)

Where;
𝑓𝑚𝑡;𝑢;𝑑 is the design value of the strength of annealed glass, in N/mm2;
𝑘𝑒
is the factor for the edge quality of the glass pane, for annealed glass this value is 1.0;
𝑘𝑎
is the factor for the surface effect;
𝑘𝑚𝑜𝑑 is the factor for the load duration;
𝑘𝑠𝑝
is the factor for the glass surface profile, for floatglas this value is 1.0;
𝑓𝑔;𝑘
is the characteristic value for the bending strength of glass; where 𝑓𝑔;𝑘 = 45 N/mm2;
𝛾𝑚;𝑎 is the material factor for glass; for the current situation this value is 1.8.
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The value for the factor 𝑘𝑎 can be determined using (7.2. The surface effect is determined by
taking the surface that is affected by the load into account. A higher loaded surface will result
in a lower 𝑘𝑎 value. Therefore, as a precaution the maximum surface area of 500 by 500 mm is
taken. In this situation a value of 1.0 is obtained from the equation.
1

𝑘𝑎 = 1.644 × 𝐴−(25)

(7.2)

Where;
is the loaded surface of the glass pane in mm2, the maximum possible area of 500 by
500 mm is used.

𝐴

The 𝑘𝑚𝑜𝑑 factor can be determined using (7.3. Two parameters are used in the equation: the
corrosion constant 𝑐 and the load duration 𝑡. A value of 16 is taken according to the Dutch
norm and takes the effect of temperature and humidity into account. The load duration is set to
50 years, since the structure is only subjected to its dead load. Using these parameters, the 𝑘𝑚𝑜𝑑
is determined to be 0.29 according to the equation.
1

𝑘𝑚𝑜𝑑

5 𝑐
=( )
𝑡

(7.3)

Where;
𝑐
𝑡

is the constant for the corrosion, for this situation this value is 16;
is the load duration time in s, for the dead load this value is 50 years.

The design value for the strength of the glass pane can be determined, since all the factors are
now known. After filling in the equation, a value of 5.9 N/mm2 is obtained for 𝑓𝑚𝑡;𝑢;𝑑 .
7.4.2.2 European norm
According to the prEN 16612, the strength of the glass pane can be determined using (7.4.
Similar to the Dutch norm, the characteristic value of the bending strength of glass is reduced
using the k factors and the material factor to obtain the design value. The 𝑘𝑠𝑝 , 𝑓𝑔;𝑘 and 𝛾𝑀;𝐴
have the same value as prescribed in the Dutch norm in section 7.4.2.1. However, the value of
the 𝑘𝑒 can vary between 0.8, 0.9 and 1.0 depending on the edge conditions. In the structure of
the glass dome it is expected that the edges are finished using seamed edges resulting in a value
of 0.9 for the 𝑘𝑒 .

𝑓𝑔;𝑑 =

𝑘𝑒 𝑘𝑚𝑜𝑑 𝑘𝑠𝑝 𝑓𝑔;𝑘
𝛾𝑀;𝐴

(7.4)

Where;
𝑓𝑔;𝑑

is the design value of bending strength for the surface of glass panes in N/mm2.
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The value of the 𝑘𝑚𝑜𝑑 is determined using (7.5. A similar period of 50 years is taken as the
load duration time The equations for the determination of the 𝑘𝑚𝑜𝑑 are different between the
two norms; however, the same value of 0.29 is obtained for the 𝑘𝑚𝑜𝑑 .
1

𝑘𝑚𝑜𝑑 = 0.663𝑡 −16

(7.5)

The design value for the strength of the glass pane can be determined, since all the factors are
now known. After filling in the equation, a value of 6.6 N/mm2 is obtained for the 𝑓𝑔;𝑑 .
7.4.2.3 Comparison
The equations used in both norms are quite similar in its purpose and use of variables. Only the
following three differences are observed:
1. The factor 𝑘𝑎 is only used in the Dutch norm;
2. The factor 𝑘𝑚𝑜𝑑 is calculated using different equations;
3. The factor 𝑘𝑒 has a different value between the two norms.
The factor 𝑘𝑎 does not affect the design strength of the glass pane as its value is equal to 1.0
resulting in an unchanged value for the design strength. The factor 𝑘𝑚𝑜𝑑 also has no influence
on the design strength, since the different equations still result in the same value of 0.29 in both
norms. Therefore, the different value for the design strength is only influenced by the different
𝑘𝑒 value found in both norms. In the Dutch norm a value of 0.8 is used for annealed glass. This
value can be increased to 1.0 when using either HSG or FTG. In the European norm, the same
principle applies where the 𝑘𝑒 value is 0.8 for annealed float glass and 1.0 for HSG or FTG.
However, the edge finishing is also taken into account in this norm. A distinction is made
between the following three edges with their corresponding 𝑘𝑒 value:
1. As-cut, arrised or ground edges, 𝑘𝑒 = 0.8;
2. Seamed edges, 𝑘𝑒 = 0.9;
3. Polished edges, 𝑘𝑒 = 1.0.
The three different 𝑘𝑒 values result in a design strength value of 5.9 N/mm2, 6.6 N/mm2 and
7.4 N/mm2 respectively.
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Adhesive failure
7.4.3.1 Mechanical behaviour
The mechanical behaviour of the adhesive is influenced by multiple parameters, such as the
temperature, load rate, humidity, treatment of the glass edges and the geometry of the
connection. The influence of these parameters has largely been treated in the research of
Blandini. From his research the mechanical behaviour as well as the characteristic strength of
the adhesive is derived along with the conditions to which these properties apply.
Research into the influence of the temperature on the mechanical behaviour of the adhesive has
been conducted by Blandini. As mentioned in section 7.3.2, various tests were performed at
different temperatures to check their influence on the strength of the adhesive. The strength of
the adhesive is at its maximum at 23 °C and is able to guarantee good adhesion properties where
adhesive failure did not occur. At a lower temperature of -10 °C, the adhesive fails in a brittle
manner causing it to reach a much lower strength compared to the tests performed at 23 °C. At
the highest temperatures of 85 °C, the strength of the adhesive is at its minimum. At this
temperature all of the tested adhesives failed by adhesion and were no longer suitable for use.
The DP490 still exhibits partial cohesive failure at a temperature of 55 °C, due to its higher
glass transition temperature ( 𝑇𝑔 ) of 69 °C according to the manufacturer. Therefore, the
assumption that only cohesive failure occurs with the DP490 is only valid in the temperature
range of -10 to 55 °C. In Blandini’s case, the temperature measured in his glass dome did not
exceed 55 °C in the critical areas.
The characteristic strength of the adhesive is derived by Blandini by making use of the
experimental research treated in section 7.3.2. The tensile stress in the adhesive is governing
for cohesive failure in the adhesive and represents the characteristic strength of the adhesive.
Three different values have been identified at the temperatures -10 °C, 23 °C and 55 °C. This
results in a characteristic strength of 3.4 N/mm2, 10.3 N/mm2 and 6.6 N/mm2 respectively.
The influence of the load rate as well as the temperature has been taken into account by Blandini
by varying the Young’s modulus in his numerical models. This does not directly affect the
characteristic strength of the adhesive and only results in different occurring stresses. The
influence of the humidity is not taken into account by his research. However, it is known that a
higher humidity results in a lower strength for the adhesive joint (Ruttert, 1990). The edges of
the glass panes were milled at the surface and sandblasted to improve the roughness reaching
pattern and roughness similar to water-jet abraded glass panes. It is recommended to use a
similar or better edge treatment for the glass panes.
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The characteristic strength of the adhesive is also affected by the geometry of the joint. In
general, the strength of the adhesive increases as the thickness of the adhesive is reduced. From
the data of previous research it is likely that this effect is also exhibited by the DP490. In the
research of Blandini a 10 mm wide butt joint is used, which results in a tensile strength of 10.3
N/mm2 at 23 °C. When using thinner joints with a thickness of approximately 2.5 mm, the value
for the tensile strength is found to be 33 N/mm2 using similar temperature and loading
conditions (Pires et al. 2003; Poulsen and Zangenberg 2010). Since the connection used in this
research is relatively thick varying from 6 to 18 mm, the tensile strength found by Blandini is
used as the characteristic strength of the adhesive.
7.4.3.2 Material factor
A global material factor is used to obtain the design value for the strength of the adhesive. This
material factor is formulated in accordance to the EUROCOMP Design Code (ISE, 1999),
which is comprised of various partial safety factors for adhesive joints. The global material
factor is determined according to (7.6.
𝛾𝑚,𝑔 = 𝛾𝑚1 ∙ 𝛾𝑚2 ∙ 𝛾𝑚3 ∙ 𝛾𝑚4 ∙ 𝛾𝑚5

(7.6)

Where:
𝛾𝑚𝑔
𝛾𝑚1
𝛾𝑚2
𝛾𝑚3
𝛾𝑚4
𝛾𝑚5

is the global material factor according to the EUROCOMP Design Code;
is the material factor for the source of the adhesive properties = 1.25;
is the material factor for the method of adhesive application = 1.5;
is the material factor for the type of loading, for long-term loading this value is 1.5;
is the material factor for the environmental conditions = 2.0;
is the material factor for fatigue loading, for basic static loading this value is 1.0.

The values for the partial material factors are obtained from the research of Blandini. The partial
material factors result in a global material factor of 5.6, which can be used to determine the
design strength of the adhesive. The global material factor can be lowered by performing
additional tests on specific partial material factors. The reduction of the material factor depends
on the test results.
7.4.3.3 Design strength
The design strength of the adhesive is obtained using (7.7, where the characteristic tensile
strength of the adhesive is divided by the global material factor.

𝜎𝑑,𝑎 =

𝜎𝑘,𝑎,𝑡𝑒𝑛𝑠
𝛾𝑚,𝑔

(7.7)

Where:
𝜎𝑑,𝑎
𝜎𝑘,𝑎,𝑡𝑒𝑛𝑠

is the design strength of the adhesive in N/mm2;
is the characteristic tensile strength of the adhesive in N/mm2.
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The value of the design strength is given in Table 7.1. Three different design values of the
adhesive are determined according to the characteristic strength at -10, 23 and 55 °C.
Table 7.1: Design strength values of the adhesive at different temperatures.
T [°C]
𝐸𝑎;𝑚𝑖𝑛
𝐸𝑎;𝑚𝑎𝑥
𝜎𝑘,𝑎,𝑡𝑒𝑛𝑠
[N/mm2]
[N/mm2]
[N/mm2]
-10
1500
3000
3.4
23
800
1500
10.3
55
100
800
6.6

𝜎𝑑,𝑎
[N/mm2]
0.61
1.80
1.20

The material factor remains at a value of 5.6 for each temperature. This results in a design value
of 0.61 N/mm2, 1.80 N/mm2 and 1.20 N/mm2 respectively. The minimum and maximum value
for the Young’s modulus is also given in each of the three cases. This value is varied to take
the effect of the changing stiffness due to the temperature and viscous deformations into account
(Blandini, 2005). In the current glass dome project, the model is mostly exhibited indoors.
Therefore, a design value of 1.80 N/mm2 is taken as the governing value in this numerical
research. In case the model is exposed to a wider range of temperatures it is recommended to
perform numerical analyses taking all three temperatures into account with the corresponding
Young’s modulus and design strength values.

7.5 Failure criterion
Failure criteria are often used to determine the occurring stress in a structural element. The
occurring stress in different directions is summed up using a specific formula corresponding to
the used failure criterion and compared to the design strength value of the element. The failure
criterion is material specific as it depends on the mechanical behaviour of the material. A
distinction is made between the glass pane and the adhesive. The design strength of the two
materials is determined in section 7.4. In general, the glass panes are checked using the
maximum principal stress, due to its brittle behaviour (Haldimann, 2007). However, the
mechanical behaviour of the adhesive is influenced by a multitude of factors:
1.
2.
3.
4.
5.

Failure type: cohesive or adhesive failure;
Geometry of the joint;
Temperature;
Load rate;
Type of load.

These factors make it difficult to choose a proper failure criterion. The influence of these factors
on the behaviour of the adhesive is discussed in section 7.4.3.1. In general, the maximum
principal stress is often used for adhesives (Crocombe et al., 1990) (Dispersyn and Belis, 2016).
It is possible to use a different failure criteria. However this choice is often based on
experimental and numerical data, which take the specific joint geometry and loading conditions
into account. Therefore, the occurring stress in the glass panes and adhesives will be determined
using the maximum principal stress criterion.
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7.6 FE-model
Introduction
For decades the finite element method (FEM) has been successfully used to define the stress
and strain distribution in adhesive joints. Material parameters as well as the failure behaviour
may be more easily predicted. Yet, the dimensions of the adhesive layer are small compared to
the adherends and this gives rise to problems in defining the mesh density. In some applications
the use of a two-dimensional finite element analysis is no longer possible and three dimensional
analyses are required. These are more accurate; however, they also greatly increase the
computational time. The FE-analysis has been carried out using the program ABAQUS
standard version 6.14-1.

Geometry
The geometry in the FE-model is modelled using 3D solid elements, due to the doubly curved
shape of the shell. A 2D or 3D shell element model would be more beneficial due to the
relatively lower computation time; however, these model types are insufficient to properly
model the shape of the shell. A model containing 3D shell elements could be used if the cross
section of the model was not varied throughout the model. The geometry is explained in step
wise manner in the subsequent sections to properly describe the full geometry of the FE-model.
7.6.2.1 Connection
The connection used in the FE-model is depicted in Figure 7.10. The connection is similar to
the two glass domes built at the TU/e. The dimensions of the glass panes are approximately 400
by 280 mm. The following parts are modelled in the FE-model:
1. Glass panes;
2. Spacers;
3. Adhesive.

Figure 7.10: Connection used in the FE-model.
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7.6.2.2 Dimensions
The FE-model has a total footprint of 809 by 507 mm excluding the two axis of symmetry, and
a total height of 308 mm. The top view of the FE-model is depicted in Figure 7.11. In the figure,
five reference points are used: X1, X2, Y1, Y2 and Z. The point Z, indicated in blue, depicts the
point where the FE-model reaches its maximum height of 308 mm. In this point the two
symmetry axes intersect; therefore, the point also represents the top of the full dome structure.
The points X1 and Y1 are placed at the ends of the corner support, which was used in the form
finding process in section 7.2.3. The distance between X1 and X2, corresponds to the maximum
length of the footprint, which is equal to 809 mm. Correspondingly the distance between Y1
and Y2 are equal to the maximum width of the footprint, which is 507 mm. The section cuts of
X1-X2 and Y1-Y2 are treated in section 7.6.2.3.

Figure 7.11: Top view of the FE-model.

The side views of the FE-model are depicted in Figure 7.12. The three reference points X1, Y1
and Z are also indicated in this figure.

(b)

(a)
Figure 7.12: Side views of the FE-model.
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7.6.2.3 Section cuts
The geometry in the doubly curved shell varies according to its location; therefore a schematic
section cut is depicted in Figure 7.13. The section cut is made between the reference points X1
and X2 along the x-axis; therefore, depicting the zx-plane.
The location of section cut X1-X2 is depicted in Figure 7.11, indicated with a red striped line.
In Figure 7.13, the symmetry axis is depicted using a red line, located at the middle of the
adhesive connection at the top of the section cut, intersecting with the reference point X2. In
section 7.6.2.2, it was already mentioned that the point Z is also located at the intersection
between the two symmetry axes. Therefore, the two points, X2 and Z, are located along the yzplane. This is also the case with the reference point Y2, which is located along the xz-plane with
point Z. This was purposely done to correctly model the boundary conditions for both symmetry
axes. This will be further explained in section 7.6.3.
The adhesive connection is encountered twice in the section cut. The first time it is modelled
fully and the second time only halve of the connection is modelled, due to the symmetry axis.
The dimensions of the parts used in the connection are treated in section 7.6.2.1. The height of
the section cut is only 210 mm, since the maximum height of the model is only reached in point
Z.

Figure 7.13: Schematic section cut X1-X2 of the FE-model.
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The schematic section cut Y1-Y2 is depicted in Figure 7.14. The geometry and connection is
quite similar to section cut X1-X2; however, the dimensions are smaller. In the figure the other
side of the symmetry axis is no longer depicted.

Figure 7.14: Schematic section cut Y1-Y2 of the FE-model.

7.6.2.4 Model parts
In the FE-model, different model parts are used; glass panes, adhesive and spacers, which are
depicted in Figure 7.15. The top view of the glass panes are depicted in Figure 7.15(a). In total
four DGU’s are modelled, resulting in a total of eight glass panes. The glass panes are stacked
with a distance of 6 mm between them. The adhesive is depicted in Figure 7.15(b) and is placed
in the space between the glass panes and spacers. The spacers are depicted in Figure 7.15(c)
and are placed in between the stacked glass panes to form DGU’s. The assembly of the different
parts is treated in section 7.6.2.5.

(a)

(b)

(c)

Figure 7.15: Model parts used in the FE-model; glass panes (a), adhesive (b), spacers (c).
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7.6.2.5 Assembly
The assembly of the different parts is depicted in Figure 7.16 in a stepwise manner to illustrate
the 3D configuration of the model. In the figure, the following steps are taken:
a) The four bottom glass panes are placed;
b) The spacers are positioned on top of the bottom glass panes;
c) The adhesive is positioned between the glass panes and spacers ensuring that the
surfaces are in direct contact;
d) The top glass panes are positioned on top of the spacers and between the adhesive,
ensuring that the surfaces are in direct contact and an enclosed cavity is formed on the
four DGU’s.
In the 3D configuration it is apparent that the surfaces are in direct contact as is illustrated in
the section cuts. This is achieved by using the same basic shape for the 3D geometry of the
various parts.

(a)

(b)

(c)

(d)

Figure 7.16: Stepwise assembly of the model parts in the FE-model.
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Boundary conditions
The boundary conditions used in the FE-model are depicted in Figure 7.17. The following
boundary conditions are used:
1. A corner support between the reference points X1 and Y1;
2. Symmetry axis along the x-axis and through reference point Z in the xz plane;
3. Symmetry axis along the y-axis and through reference point Z in the yz plane.
The corner support is used in similar manner as in the form finding process, which is based on
the glass domes built at the TU/e. The corner support is applied to the bottom edge of the bottom
glass pane of the DGU. This is also depicted in Figure 7.17 using red lines. Along the edge, the
displacement in the three directions are restricted by setting them to zero.
In the previous sections 7.6.2.2 and 7.6.2.3, it was already mentioned that the reference point Z
is modelled as such that the symmetry axes precisely follow along the x and y axes. The
boundary conditions are then used to describe these surfaces as symmetry surfaces in
respectively the xz and yz plane.

Figure 7.17: Boundary conditions used in the FE-model.

Loading
In the FE-model, two different load types are used:
1. Gravity loading;
2. Pressure load of 5 kN/m2.
The different load types are depicted in Figure 7.18. The gravity load is used, since the structure
is only required to carry its own weight. Therefore, it is necessary to check the stresses and
displacements due to gravity loading. The gravity loading is applied by adding the density of
2500 kg/m3 to the material properties of the glass panes. The weight of the adhesive and spacer
are relatively low and therefore neglected.
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In the FE-model, the displacement due to gravity loading is relatively low, since the form
finding process is based on this type of loading. In practice, the displacements are usually higher
due to imperfections during the production process. Therefore, the displacements can be
relatively higher than expected in the FE-model. The higher displacements could result in the
improper use of certain element types in the mesh of the FE-model. This will be further
explained in section 7.6.8.1. Therefore, a pressure loading of 5 kN/m2 is added as a load type
to ensure a higher displacement in the FE-model and to check the validity of the element type.
The load type is changed to weaken the effect of the form finding process, since the load is now
directed perpendicular to the surface of the glass panes as depicted in Figure 7.18. After a trial
and error process, the relatively high load of 5 kN/m2 seemed to give a displacement higher
than the lowest mesh element size used in the FE-model. The lowest element size in the FEmodel is 2 mm and the maximum displacement, due to the pressure load is 2.143 mm; therefore,
the load meets the requirements for checking the validity of the mesh.

(a)

(b)

Figure 7.18: Two load types used in the FE-model; gravity load (a) and pressure load (b).

Constraints
The constraints between the different parts in the FE-model are modelled using ties between
the contacting surfaces of different parts depicted in Figure 7.19 as red lines.

Figure 7.19: Constraints used in the FE-model.
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The ties are modelled using a master and slave surface. Typically, the material with a higher
stiffness is chosen as the master surface; therefore, the glass pane is always defined as a master
surface when interacting with the adhesive or spacer. In the interaction between the adhesive
and the spacer, the adhesive is chosen as the master surface. For a proper interaction it is
necessary for the part with the slave surface to have a mesh density equal to or higher than the
mesh density of the master surface.

Interactions
In the FE-model, interactions are used to model the isochore pressure in the DGU. The
interaction ‘fluid cavity’ is used to simulate the pressure by defining the surface of the cavity
as depicting in Figure 7.20 in red lines.

Figure 7.20: Interactions used in the FE-model.

The fluid cavity has the same properties as dry air. The following properties were defined in
the FE-model:
•
•
•
•

𝑀𝑑 :
𝑇0 :
𝑅𝑢 :
𝜌𝑎𝑚 :

Ideal gas molecular weight of dry air = 0.02897 kg/mol;
Absolute zero temperature = -273.15 °C;
Universal gas constant = 8.314 J K-1 mol-1;
Ambient pressure = 0.101 N/mm2.

With these properties it is possible to accurately determine the isochore pressure in the DGU;
however, an ambient pressure of 0.101 N/mm2 is used to define the isochore pressure to lower
computation time. This value is based on the sea level standard atmospheric pressure.
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Material properties
In the FE-model, the model properties of each part are assigned using the elastic properties for
the young’s modulus and the poisons ratio. An overview of the material properties of each part
is depicted in Table 7.2. The glass pane is defined by using the elastic properties for soda lime
silica glass. The adhesive is defined using the elastic properties for the epoxy based adhesive
DP490, which was determined by Blandini. The material properties defined by Blandini using
a hyperelastic material model was not used, since this material model results in a higher
computation time. The elastic properties for the spacer are not known; however it is known that
the spacer is made from silicone rubber. Therefore, typical elastic properties for silicone rubber
is assumed.
Table 7.2: Material properties used for different parts in the FE-model.
Part
Material
Youngs modulus [N/mm2]
Glass pane
Soda lime silica glass
70000
Adhesive
Epoxy DP490
1000
Thermoflex
Silicone rubber
1 - 50
spacer

Poisons ratio
0.23
0.35
0.47

Mesh
7.6.8.1 Element type
For a 3D model with a volumetric geometry, the following element types are available for the
mesh:
1. Hex;
a. Linear: C3D8R;
b. Quadratic: C3D20R.
2. Tet;
a. Linear: C3D4
b. Quadratic: C3D10
3. Wedge;
a. Linear: C3D6
b. Quadratic: C3D15
The hex type mesh elements are considered to be the default element when applying a mesh to
a volumetric geometry, since the amount of generated elements are lower compared to the other
element types. This significantly reduces the computation time; however, the geometry must be
compatible with the shape of the hex elements. This is the case for the glass panes and the
spacers; therefore, hex elements will be used to describe the mesh for these parts. The geometry
of the adhesive does not allow the use of a hex mesh due to the complex geometry. When using
the quad elements, several elements were warped out of plane resulting in inaccuracies. The
mesh for the adhesive is therefore described using tet (tetrahedron) elements.
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The use of reduced integration in hex elements is beneficial as it significantly reduces the
computation time. However, in certain cases the reduced integration can lead to inaccuracies
due to instability caused by the stiffness matrix becoming zero at integration points. This is
defined as the hourglass mode and can be detected since the element is deformed into an
hourglass shape. The hourglass mode can be prevented by using full integration element types
(C3D8 or C3D20) or by increasing the mesh density. In this model, the hourglass mode did not
occur in any model; therefore, the use of reduced integration is valid.
Within the hex and tet elements the choice can be made to use either linear (C3D8R or C3D4)
or quadratic (C3D20R or C3D10) shape function for the approximations. By default, linear
shape functions are used, since the computation time of these elements are lower compared to
quadratic functions with the same mesh densities. Certain situations can result in quadratic
elements to provide more accurate results. One of the key elements is the size of the
displacements. For larger displacements it can be more preferable to use quadratic shape
functions; however, in this FE-model the displacements are considered to be relatively small.
Another reason for choosing quadratic elements in this model are the use of curved surfaces.
These surfaces are better defined using quadratic shape functions; however, most of these cases
depend on the definition of the FE-model itself and it does not necessarily lead to better results.
In the FE-model an alternate and relatively high pressure load is used to ensure that the linear
shape functions are still valid for higher displacements.
Initially linear shape functions were used in the FE-model. Due to singularities in the FE-model
quadratic shape functions were also tested in later models. However, in the sensitivity analysis
both shape functions were unable to resolve the problem of the singularities occurring in the
model. This will be discussed in more detail in section 7.7. The singularities are only present
for the determination of the maximum principal stress; however, the displacements do converge
according to the sensitivity analysis. In this analysis, the quadratic shape functions were not
beneficial in terms of accuracy in determining the displacement and had a higher computation
time. Therefore, linear shape functions are recommended and used in the other FE simulations.
Therefore, C3D4 elements for the adhesive and C3D8R elements for the glass pane and spacer.
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7.6.8.2 Element size
The mesh density in the FE-model is defined by setting the element size to a certain value for
each different part. However, from an initial sensitivity analysis it is determined that after a
certain mesh size, the values change drastically. This is caused by the mesh density reaching a
density for which the depth of the parts is divided into multiple parts. The effect of different
mesh depths is investigated in section 7.7.3. After the investigation, the depth of the mesh for
the different parts was set at three divisions. In Figure 7.21, an example is depicted of the mesh
depth of the glass pane, which is divided into three equal parts with a height of 2 mm.

Figure 7.21: Mesh depth of the glass pane.

The length and width of the mesh element is defined by making divisions in the edges of the
glass pane to approximately match a predetermined element size. Using this method nine
meshes with a different element size are defined as depicted in Table 7.3.
Table 7.3: Different mesh densities used in the FE-model.
Element size (mm)

Mesh 1
Mesh 2
Mesh 3
Mesh 4
Mesh 5
Mesh 6
Mesh 7
Mesh 8
Mesh 9

Glass pane
18.00
15.00
12.00
10.50
9.00
7.50
6.00
5.25
3.00

Spacer
6.00
5.00
4.00
3.50
3.00
2.50
2.00
1.75
1.50

Total number of
element (× 103 )
Adhesive
6.00
5.00
4.00
3.50
3.00
2.50
2.00
1.75
1.50
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65.3
94.0
143.1
197.0
273.3
417.0
646.9
914.6
1466.9
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A sensitivity analysis is performed to determine, which mesh size is valid resulting in a
relatively constant value for the displacement and maximum principal stress. However, due to
the singularities in the FE-model it was not possible to determine the appropriate mesh density.
This will be treated in more detail in section 7.7. The top view of the mesh density
corresponding to mesh five is depicted in Figure 7.22 as a visual example of the mesh sizes.

Figure 7.22: Mesh density of mesh 5 - top view.
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The mesh of the glass pane matches the mesh of the adhesive in every third node, since the
mesh size is also a third of the adhesive. Mesh 9 is an exception to this, as the element size of
the glass pane is halve of the adhesive. In this mesh it was no longer possible to reduce the
element size of the adhesive to a third of the glass pane, due to hardware limitations and high
computation time. As mentioned in section 7.6.5, the mesh density of the adhesive and spacer
needs to be higher than the glass pane due to the master slave surface constraint. The spacer is
kept at the same mesh density as the glass pane to reduce computation time.

Analysis type
Initially, a Linear Elastic Analysis (LEA) was performed of the FE-model. After this analysis,
more complex analyses could be performed; however, due to the singularities in the sensitivity
analysis other more complex analyses were not performed.
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7.7 Sensitivity analysis
Introduction
In this section the results of the sensitivity analysis is treated. The analysis is performed to
validate the FE-model and to determine the appropriate mesh density. The values of the
displacement and maximum principal stress will be checked by using the varying mesh
densities treated in section 7.6.8.2. The FE-model is considered to be valid if the values show
convergence. From this value the mesh size of each part can be determined; however, from the
results of the analysis it becomes clear that the values for the maximum principal stress do not
converge due to singularities in the mesh geometry. This problem is addressed in section 7.7.5
and a parametric study is performed to eliminate this problem.

Measure points
In the different sensitivity analyses, a set of measure points are used to measure the
displacement and maximum principal stress. Two different types of measurements are used:
1. Geometrical nodes;
2. Glass pane parts.
The location of the geometrical nodes are numbered from N1 to N8 using red dots and numbers
as depicted in Figure 7.23. The geometrical nodes are nodes that are used to describe the corners
of the geometry of a part. These nodes are used since the mesh nodes match the geometrical
nodes. This is necessary to ensure that the displacement or maximum principal stress is
measured in the same location for each different mesh density. The mesh nodes can only be
used if the nodes are present in the same location for each different mesh. This can only be
achieved if the mesh size is increased with a constant factor. For instance, changing the mesh
size from eight to four mm only adds an extra set of nodes between the existing nodes.
Therefore, all nodes in the lowest mesh density will be present in all other models.

Figure 7.23: Location of the measure points used in the FE-model.
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This method of creating different mesh sizes was not applicable, since the number of elements
increases rapidly resulting in an exceedingly high computation time. Therefore, only the
geometrical nodes can be used to as measurement locations for a specific point. In the sensitivity
analysis, different glass pane parts are also measured. With this method all relevant properties
in these mesh nodes are measured. The glass panes are numbered using black letters depicted
in Figure 7.23. The top and bottom glass pane are also separately checked and designated as
TG1 to TG4 for the top glass panes and BG1 to BG4 for the bottom glass panes.

Mesh depth
After an initial series of sensitivity analyses, it was observed that after a certain mesh density
has been reached, the value for the displacement is lowered drastically. This is caused by the
mesh depth of the different parts. All the parts used in the FE-model have a depth of six mm as
depicted in Figure 7.10. As the mesh density increases, the element size of the mesh decreases.
After the element size reaches a value lower than 4.5 mm, the depth of the mesh transitions
from one part into two parts. The results found for the displacement of this mesh are
significantly lower than the previous meshes with a higher element size. Therefore, a sensitivity
analysis is performed to check the influence of the mesh depth of the different parts.
The element size for the length and width, corresponds to mesh 1 which is described in section
7.6.8.2. The depth of the mesh is varied from one to five parts, resulting in a mesh depth of 6,
3, 2, 1.5 and 1.2 mm respectively. In the analysis, the total displacement in the FE-model (𝛿𝐹𝐸 )
is measured in nodes N1 to N8. In Graph 7.1, the displacement in nodes N1, N4 and N7 are
given, since the displacement in these nodes shows the least amount of convergence.
Normalized values are used in the graph by dividing the displacement obtained from a certain
mesh density with the displacement obtained from the mesh with the highest mesh density
(𝛿𝐹𝐸;ℎ ). Consequently, the last value of the graph is always one, since the displacement value
is divided with itself due to the normalized values. The loading in the FE-models corresponds
to load type two.

Graph 7.1: Displacement at N1, N4 and N7.

Graph 7.2: Displacement at N1, N4 and N7
excluding the first value.
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In the results it can be seen that the largest effect on the displacement is indeed caused when
the mesh depth is increased from one to two parts. This explains the drop in the earlier series
of sensitivity analyses. When the depth of the mesh consists of even more parts, the value of
the displacement becomes lower. This cannot be clearly observed from Graph 7.1; therefore,
Graph 7.2 is added in which the first value is omitted. In the graph, it can be observed that the
displacement of N1 is equal to 1.06, which corresponds to an overestimation of 6% compared
to the last value. After dividing the mesh depth into three parts, the value is decreased to 1.029.
The choice is made to divide the mesh depth into three parts as the overestimation based on the
displacement has reached an acceptable value. A more accurate result can be obtained when
using more divisions; however, this will also significantly increase the computation time. In the
sensitivity analyses treated in section 7.7.4, the mesh depth will remain constant at three parts,
which corresponds to a length of two mm.

Mesh surface
A sensitivity analysis is performed to determine the appropriate mesh density of the mesh
surface. In section 7.7.3, the mesh depth has been determined and will not be varied. The
different mesh densities are given in section 7.6.8.2. The loading in the FE-models corresponds
to load type two. The displacement and maximum principal stress is measured in the
geometrical nodes N1 to N8. The values are normalized by using the same method in section
7.7.3. The results of the displacement of N1, N2 and N4 are depicted in Graph 7.3. These nodes
are chosen, since they show the least amount of convergence. The maximum principal stress in
these nodes is depicted in Graph 7.4.

Graph 7.3: Displacement in N1, N2 and N4.

Graph 7.4: Max. Principal stress in N1, N2 and N4.

Where;
𝛿𝐹𝐸
𝛿𝐹𝐸;ℎ
𝜎𝑀𝑃
𝜎𝑀𝑃;ℎ

is the displacement obtained from the FE-model in mm.
is the displacement obtained from the FE-model with the highest mesh density in mm.
is the maximum principal stress obtained from the FE-model in N/mm2.
is the maximum principal stress obtained from the FE-model with the highest mesh
density in N/mm2.
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From Graph 7.3, it can be observed that the value of the displacement converges as the mesh
density becomes higher. The displacement becomes stable at approximately 650,000 elements,
which corresponds to mesh seven. At this point all displacements reach a minimum of 96% of
𝛿𝐹𝐸;ℎ . Therefore, the element sizes used to generate mesh seven has the appropriate mesh
density for determining the displacement in the model. However, the value of the maximum
principal stress does not seem to converge towards a certain value. Graph 7.4 depicts that the
maximum principal stress changes erratically and lacks any consistency in all nodes.
To properly identify the problem, the maximum principal stress in all nodes of each glass pane
have been checked. The highest value of the maximum principal stress in each glass pane is
determined for different mesh densities, that are described in section 7.6.8.2. The results of the
top glass panes, TG1 to TG4, and the bottom glass panes, BG1 to BG4, are respectively depicted
in Graph 7.5 and Graph 7.6.
For most of the glass panes, the maximum principal stress converges to a stable value. This can
be observed in TG1, TG2, TG3 and BG3. In TG4 and BG1 only one or two values are
inconsistent and in BG2 and BG4 most values are inconsistent. When checking the location of
the inconsistent values of these glass panes, it is observed that the nodes are located on the
interface between the glass pane and the adhesive. Therefore, it is likely that singularities have
occurred in the nodes at the interface. This also explains the fact that the maximum principal
stress is completely erratic when the geometrical nodes are checked, since they are always
located at the interface between the glass pane and adhesive in contrast to the results in each
glass pane. When only the results without inconsistencies are taken into account, the value for
the maximum principle stress again becomes stable at mesh seven. Remarkably, when using
this mesh density a minimum of 96% of 𝜎𝑀𝑃;ℎ is reached, which is consistent with the results
obtained when checking the displacement in nodes N1, N2 and N4.

Graph 7.5: Max. Principal stress in TG1 to TG4.

Graph 7.6: Max. Principal stress in BG1 to BG4.
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Results
The results of the sensitivity analyses indicate that the value for the displacement and maximum
principal stress becomes stable when using a mesh size of six mm for the glass panes and two
mm for the adhesive and spacer. However, singularities are present in the nodes located at the
interface between the glass panes and the adhesive when determining the maximum principal
stress. This problem must be resolved, since the stress in these locations could lead to failure.
The singularities could be caused by the sharp edges between the glass pane and the adhesive,
which is a common problem when modelling adhesives in FE-models (Crocombe and Kinloch,
1994) (Dean and Crocker, 2001). The sharp corners in the geometry result in inaccurate results
along the edges between the adhesive and the glass panes. The results can be improved by using
a fillet between the geometries. The location of the fillets are depicted in Figure 7.24. To
determine the effect of the fillets, a parametric study is performed using multiple FE-models.
The study is performed to check whether the singularities can be eliminated. Also the relation
between the influence of the radius of the fillet on the required mesh density of the FE-model
to acquire a reliable value for the maximum principal stress will be investigated.

Figure 7.24: Location of the fillets used in the parametric study.
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7.8 Parametric study
Introduction
From the sensitivity analysis in section 7.7, it can be concluded that the FE-model of the shell
structure is unable to determine accurate results for the maximum principal stress. The problem
most likely lies in the geometry and the mesh density of the FE-model at the interface between
the different materials resulting in a singularity along the interface. Therefore, a parametric
study is performed to determine the effects of the geometry and mesh density on the accuracy
of the maximum principal stress. The main goal is to eliminate the singularities in the FE-model.
The results can also be used to adjust the geometry of the FE-model with the required mesh
density according to the results of the parametric study.
The FE-models are created using the software program ABAQUS standard version 6.14-1. The
results of the analyses of the different models will provide information about the sensitivity of
the maximum principal stress for different geometries. At the end of the study a
recommendation is given for the geometry and corresponding mesh density. This information
can be used as input for meshing the FE-models described in section 7.7 to analyse the shell
structure of the glass dome.

Geometry
7.8.2.1 Base
For the FE-model, a 3D shell model is used to describe the geometry of the model. The
geometry of the model is depicted in Figure 7.25. The depth of the model is not modelled;
however, it is taken into account using 2D flat shell section with an assigned thickness of 400
mm. Therefore, the composition of the different parts are assumed to be homogeneous in the zdirection of the model. Since, the left and right side of the model are similar, a symmetry axis
is used along the middle of the model. The symmetry axis is indicated as a red line in Figure
7.25.

Figure 7.25: Geometry of the 3D shell FE-model used in the parametric study.
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The following parts are used in the FE-model:
1. Two identical glass pane parts with a length of 300 mm and a thickness of 6 mm;
2. Two identical spacer parts with a length and width of 6 mm;
3. One halve adhesive part with an irregular shape.
7.8.2.2 Varying fillet
In the numerical model it is necessary to add a fillet between the different geometries to
accurately determine the stresses in these locations. In the parametric study, five different
radiuses are considered:
1.
2.
3.
4.
5.

r = 0.5 mm, corresponding to 1/12 of the total edge length;
r = 1.0 mm, corresponding to 1/6 of the total length;
r = 1.5 mm, corresponding to 1/4 of the total length;
r = 2.0 mm, corresponding to 1/3 of the total length;
r = 2.5 mm, corresponding to 1/2.4 of the total length.

The different models are depicted in Figure 7.26. The values for the radius are chosen as a
multitude of 0.5, since this results in better defined elements when certain mesh densities are
used. The maximum radius of 3.0 mm is not used, because with this radius the different
geometries are only connected along a line instead of a surface. The difference in radiuses
between the different numerical models are indicated in the name of the models using R05,
R10, R15, R20 and R25.

Figure 7.26: Different fillets used in the 3D shell FE-model.
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Boundary conditions and loading
The boundary conditions and loading in each model consist of the following elements:
1. A hinged support at the bottom left part of the lower glass pane;
2. A symmetry axis along the y-axis in the middle of the adhesive;
3. A concentrated load at the upper right part of the top glass pane.
The location of the boundary conditions and loads for the R20 models are depicted in Figure
7.27. The hinged support restricts movement in the x, y and z-direction. Along with the mirrored
hinged support, the model is restricted and rigid body movement is prevented.
The loading consists of a concentrated load of 120 N, which is also mirrored, resulting in two
concentrated loads on the model with total load of 240 N. The total load is determined by
simulating a pressure load of 1 kN/m2 distributed over the top surface of the top glass panes
with a surface area of 0.24 m2. However, due to the symmetry axis the surface area is reduced
to 0.12 m2. A line load along the top glass pane would be a better approximation for a pressure
load; however, a concentrated load was chosen to reduce computation time. This is vital, since
it is yet unknown at which mesh density the model yields correct results for the maximum
principal stress.
The location of the hinged support as well as the concentrated load differs between each of the
geometries with a different radius. This difference is caused by the fillet at the corners of the
models. In this case the support and load are located at a distance of the length of the radius
from the corner of the glass panes. For instance, in the R20 models, the load and support are
located at a distance of 2.0 mm from the closest glass pane corner.

Figure 7.27: Loading and boundary conditions used in the 3D shell FE-model.
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Material properties
In the FE-model, the model properties of each part are assigned using the elastic properties for
the young’s modulus and the poisons ratio. The material properties remain the same as given in
section 7.6.7.

Mesh
7.8.5.1 Element type
Within ABAQUS standard different element types can be used to define the mesh. For a 3D
shell model the following element types can be used:
1. Quad;
a.
b.
c.
2. Tri;
a.
b.

Linear with reduced integration: S4R;
Linear without reduced integration: S4;
Quadratic with reduced integration: S8R.
Linear without reduced integration: S3;
Quadratic with reduced integration: STRI65.

The choice was made to use the standard quad elements, since these elements are able to define
the mesh properly. Tri elements are typically used when the geometry is too complex, resulting
in quad elements being warped out of plane due to a distorted geometry. The program ABAQUS
standard is able to determine these warped out of plane elements during the mesh generation
and during the analyses of the FE-model. For the quad elements, these distortions did not occur;
therefore, the model can be meshed using quad elements. The tri elements can still be used;
however, this will result in more generated elements for the same mesh density and a higher
computation time.
Within the quad elements, two choices can be made concerning the use of reduced integration
and the type of shape function. Information about these topics has been treated in section
7.6.8.1. Reduced integration is applied, since the hourglass shape did not occur in the model
and a linear shape function is used. Therefore, the S4R elements are used in the mesh for all
parts.
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7.8.5.2 Element size
The different parts in the geometry of the FE-model are outlined using multiple lines. The lines
will be divided into several segments according to the desired element size. The length of each
segment will be approximately equal to the length and width of the mesh element. By varying
the element size, different mesh densities are obtained for the model. For instance, a line with
a length of 12 mm will be divided into 24 segments when using an element size of 0.5 mm. The
different mesh densities are numbered from mesh one to six. The element size of each mesh is
given in Table 7.4.
Table 7.4: Different mesh densities used in the 3D shell FE-model.
Element size [mm]

Mesh 1
Mesh 2
Mesh 3
Mesh 4
Mesh 5
Mesh 6

Glass pane
1.000
0.500
0.250
0.125
0.100
0.050

Spacer
1.000
0.500
0.250
0.125
0.100
0.050

Total number of
element (× 103 )
Adhesive
1.000
0.500
0.250
0.125
0.100
0.050

4.1
16.7
74.4
307.3
478.1
1937.7

The line segments between different parts are modelled as such that the overlapping segments
in each part coincide. Therefore, the location of the nodes along these lines will match. This is
depicted in Figure 7.28, where the red circles mark the nodes that coincide in each part. These
nodes are connected by merging the mesh of the various parts with a sensitivity of 0.0001 mm.
Using this method it is not necessary to use any additional contact properties between the
different parts, such as the master slave interaction used in the 3D volumetric models in section.
A more organised mesh can be generated by using circular meshing rules in the fillets; however,
this process adds unnecessary complexity to the FE-models. Additionally, the current method
already provides a valid mesh without any distorted mesh elements.

Figure 7.28: Matching mesh node locations in the 3D shell FE-model.
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Analysis type
The FE-models used in the parametric study will only be analysed using a LEA. The goal of
the study is to eliminate the singularities present in the FE-model. This analysis type is
appropriate to check whether the singularities are still present in the modified models, since
these singularities are also present in a LEA.

Measure points
The maximum principal stress is measured in the geometrical nodes located at the interface
between the different parts. The exact locations of the nodes are indicated with red circles in
Figure 7.29. A sensitivity analysis is performed in each of these nodes. The node designated as
N1 showed the least amount of convergence; therefore, the results in this node will be presented.
As mentioned in section 7.7.2, it is only possible to use the mesh nodes if the mesh density is
increased using a constant factor. This is not the case as the element density does not increase
with a constant factor when transitioning from mesh four to five. This was done due to an
incorrectly generated mesh for some FE-models when using an element size of 0.0625 mm.
Therefore, only the geometrical nodes can be checked when using the current mesh densities.

Figure 7.29: Location of the measure points in the 3D shell FE-model.
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Results
The maximum principal stress in node N1 is depicted in Graph 7.7 and Graph 7.8. Normalized
values have been obtained in a similar manner as described in section 7.7.3.

Graph 7.7: Max. principal stress in N1.

Graph 7.8: Max. principal stress in N1 zoomed in.

From Graph 7.7 it is clear that the maximum principal stress does converge when using a fillet
between the different parts in the FE-model. The size of the fillet also influences how well the
value converges. It can be observed that the models with a higher radius seem to converge at a
lower mesh density. Overall, the R05 model does not seem to converge well compared to the
other models, as most likely a higher mesh density is needed. Therefore, it is recommended to
use a fillet with a minimum radius of 1.0 mm. It is also recommended that a minimum element
size of 0.125 mm is used as this results in a value for the maximum principal stress reaching
97% of the value when using an element size of 0.050 mm.
Graph 7.8 depicts the same results; however, the focus is placed on the beginning of Graph 7.7.
From this graph the differences between the models are more clear. It can be observed that the
models with a higher radius are consistently converging at a quicker rate when increasing the
mesh density. This confirms that using a fillet with a higher radius results in an earlier
convergence of the maximum principal stress; therefore, lowering the required mesh density to
obtain reliable results. This effect is most likely caused due to the geometry being changed more
gradually in the corners when using a higher radius for the fillet.
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7.9 Conclusion
The results from the various numerical analyses indicate that it is possible to determine the
displacement and internal stresses in the shell structure using a FE-model. However, there are
some challenges when dealing with the geometry and the appropriate mesh density to obtain
valid results. The sensitivity analysis indicates that singularities are present in the nodes
between the interface of the glass panes and the adhesive connection. The parametric study
shows that these singularities can be resolved by changing the geometry with the use of fillets
in the corners of the various parts. It is recommended to use a fillet with a minimum radius of
one mm to obtain more stable results. When using a higher radius it must be considered whether
the geometry is still a good representation of the actual geometry.
A general mesh density is obtained from the sensitivity analysis for the different parts in the
FE-model. In these parts it is recommended to split the thickness of the mesh into three
segments resulting in a mesh depth of two mm. The mesh surface should have a minimum
element size of six mm for the glass panes and two mm for the adhesive and spacer. According
to the results of the parametric study it is recommended to use an element size of 0.125 mm for
the length, width and height of the mesh elements at the interface of two different parts.
The next step in the research is to adjust the geometry and the mesh of the FE-model used in
section 7.7 to obtain valid results in all nodes for the displacement and the maximum principal
stress. The mesh can changed by using two different methods. The first method is to use the
element size of 0.125 mm throughout the whole model. This is a relatively simple solution;
however, this will result in a very high number of elements and consequently a high
computation time. In terms of computation time it is preferable to use a varying mesh density
between the minimum requirements for the mesh density found by the two different studies.
The majority of the model will be meshed in accordance to the minimum requirements found
by the sensitivity analyses and the regions near the interface will be meshed in accordance to
the minimum requirements found by the parametric study. This method will substantially lower
the computation time; however, the solution is more complex and will require additional
analysis to check the validity of the mesh.
At this point of the research, the focus has already been shifted towards the post breakage
behaviour of the glass panes treated in part III of this report. Since the next step for the
numerical research will require a lot of time, the choice is made to discontinue this part of the
research. The results can be used as a basis for further numerical research into the shell structure
of the glass dome. For instance, numerical models with a varying material properties for the
adhesive can checked to determine to what extent the parameters will influence the internal
stresses and displacements. The result this analysis can then be used to determine whether it is
necessary to have more accurate data about the material properties of the adhesive.
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8
8 Conclusions and recommendations
8.1 Introduction
The goal of the research is to improve the post-breakage behaviour of the components used in
the glass dome structure. The improved component within this research are the glass panes used
for the DGU’s. The post-breakage behaviour is improved by making use of either coated or
resin laminated glass panes. These glass panes have been tested on their impact resistance,
sufficient residual load bearing capacity and residual stiffness. Additionally, a basic numerical
model has been defined which can be improved to predict the stresses and deformations of the
current glass dome structure.

8.2 Impact resistance
The impact resistance of the different glass panes are evaluated using a modified hard body
drop test. The resin laminated glass panes have a significantly higher impact resistance
compared to the PVB laminated and coated glass panes. The coated glass panes have the lowest
impact resistance, as two layered PVB laminated glass panes have a higher impact resistance.
The coated panes do outperform the single layered PVB laminated glass panes; however, these
panes are often not used in the built environment. Therefore, the impact resistance is insufficient
compared to PVB laminated glass panes. Based on the impact resistance it is recommended to
make use of resin laminated glass panes. The choice for coated glass panes can still be made if
it provides certain advantages; however, it is recommended to improve the impact resistance
before making use of coated glass panes.
The impact resistance of the glass panes largely depends on the thickness of the coating or
interlayer. A thicker interlayer is less likely to tear and provides other benefits to the impact
resistance as explained in chapter 6. Therefore, it is recommended to adjust the production
process to apply a thick and even coating or interlayer to improve the impact resistance. For the
resin laminated glass panes it is sufficient to adjust the filling process described in section 3.3.4
by making use of a pump to reduce the amount of leaks and air bubbles in the interlayer during
the filling process. For the coated glass panes it is recommended to make use of a production
process where the thickness of the coating can be controlled more precisely to prevent an
uneven coating thickness. A possible solution is to make use of a fluidized bed where the
coating process is machine controlled to limit the variations of the coating thickness of each
glass pane.
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8.3 Residual load bearing behaviour
All the tested glass panes have sufficient residual load bearing capacity to be able to carry half
of the work load for a time period of 24 hours. The coated glass panes have the highest residual
stiffness followed by the resin laminated glass panes and lastly the PVB laminated glass panes.
The lower residual stiffness of the laminated glass panes is mostly due to the coupling effect
between the two glass plies. Again the thickness of the interlayer is an important factor for this
coupling effect as explained in chapter 7. Based on the results of the experiment both the coated
and resin laminated glass panes have good properties with regards to the residual load bearing
behaviour and the coated glass panes have a higher residual stiffness. Additional research into
this topic does not seem necessary unless major changes are made for instance, the loading
conditions.

8.4 Shell structure analysis
For the structural analysis of the glass dome structure, a basic numerical model has been
defined. During the various numerical analyses, complications were found for the geometry and
mesh density of the numerical model. The complications have been identified and possible
solutions are given to modify the geometry and the mesh density according to the results of the
research. The solutions have not been applied to the numerical model as the focus of the
research was shifted.

8.5 Further research
Based on the impact resistance, the preferred choice for the improvement of the post-breakage
behaviour of the glass dome is to make use of resin laminated glass panes. The next step would
be to check whether the production process allows the resin to be applied to the doubly curved
glass panes. If needed the impact resistance can be checked to see whether the doubly curved
geometry influences the results.
Additionally, more components can be taken into account when assessing the post-breakage
behaviour of the glass dome structure for instance, the adhesive connection between the glass
panes. In this research the possibility of the entire glass pane falling due to the failure of the
adhesive connection is not taken into account. Research can be conducted into either preventing
or allowing the failure to happen in a more secure manner.
For the coated glass panes, research can be conducted into improving the coating thickness by
changing the production process. Moreover, the impact resistance of the coated glass panes can
be increased by adding more layers of coating. Research can be conducted into checking to
what extent the thickness of the coating influences the impact resistance. However, the
additional layers of coating could influence the transparency of the glass panes. Alternatively,
different coating products could be used based on their resistance to tearing. These products
can be tested and evaluated to choose a more suitable product. Additionally, the impact
resistance of the coated glass panes can also be improved by changing the aspect ratio of the
glass panes. Different geometries for the coated glass panes can be evaluated to determine the
effect of the geometry on the impact resistance.
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If the improvements to the impact resistance of the coated glass panes are sufficient, research
can be conducted into evaluating whether the production process is suitable for coating doubly
curved surfaces. It is expected that problems could arise concerning the uneven distribution of
the coating thickness due to the curved surfaces. The curvature of the glass pane could cause
the coating to move during the heating process. Additionally, the transparency of the glass pane
should be checked to determine whether the coating meets the necessary optical quality.
For the shell structure analysis, the next step would be to implement the suggested changes to
the numerical model. The numerical model can then be used to determine the internal stresses
and deformations of the glass dome structure. This information can be used to determine the
probability of failure. In case of failure, several parameters can be changed and its effect can be
checked using the numerical model. For instance, increasing the thickness of the glass panes,
adjusting the geometry of the glass shell structure, changing the geometry of the connection.
Before making use of the numerical model, it should be validated, preferably using an
experimental model. The results of the numerical model can be evaluated by comparing the
results between the numerical and experimental model. Additionally, the influence of different
parameters for instance, the elastic properties of the adhesive can be checked using the
numerical model to determine to what extent a parameter influences the results.
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A
A.
A.1

Visual overview preliminary experiment

Uncoated test sample
Impact 1

A.2

Impact 2

Coated test sample
Impact 1

Impact 2
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Impact 3

Impact 4

Impact 5

Impact 6

Impact 7

Impact 8
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Impact 9

Impact 10

Impact 11

Impact 12

Impact 13 (1)

Impact 13 (2)
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B
A.
B.1

Measured thickness of the test samples

C4 test samples – without coating

Sample

C4 - 1
C4 - 2
C4 - 3
C4 - 4
C4 - 5
C4 - 6
C4 - 7
C4 - 8
C4 - 9
C4 - 10
C4 - 11
C4 - 12
C4 - 13
Total

B.2

1
3.835
3.880
3.880
3.815
3.815
3.855
3.815
3.850
3.830
3.825
3.825
3.825
3.840

2
3.835
3.860
3.860
3.830
3.820
3.865
3.815
3.860
3.860
3.825
3.835
3.820
3.850

Measured thickness [mm]
Location
3
4
5
3.840
3.835
3.845
3.880
3.865
3.880
3.865
3.860
3.860
3.815
3.825
3.825
3.815
3.815
3.820
3.865
3.870
3.880
3.815
3.815
3.825
3.840
3.845
3.835
3.840
3.845
3.850
3.825
3.825
3.830
3.840
3.840
3.850
3.825
3.825
3.830
3.830
3.850
3.835

Average
6
3.845
3.865
3.855
3.840
3.820
3.885
3.825
3.835
3.860
3.835
3.845
3.830
3.845

3.863
3.870
3.818
3.872
3.818
3.825
3.828
3.844
3.848
3.839
3.826
3.839
3.842
3.841

C4 test samples – with coating

Sample

C4 - 1
C4 - 2
C4 - 3
C4 - 4
C4 - 5
C4 - 6
C4 - 7
C4 - 8
C4 - 9
C4 - 10
C4 - 11
C4 - 12
C4 - 13
Total

1
4.625
4.575
4.800
4.960
4.395
4.480
4.900
4.700
4.970
5.090
5.045
4.685
5.215

2
4.480
4.650
4.735
4.680
4.510
4.240
4.870
4.765
4.500
5.230
4.685
5.340
4.900

Measured thickness [mm]
Location
3
4
5
4.530
4.600
4.300
4.555
4.800
4.325
4.975
4.390
5.045
4.930
4.900
4.665
4.575
4.720
4.445
4.440
4.305
4.585
4.410
4.850
4.910
4.730
4.915
4.540
4.625
4.740
4.740
4.375
4.665
4.600
4.590
4.865
4.535
4.735
5.450
4.840
5.410
4.910
4.785
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Average
6
4.760
4.880
4.440
4.760
4.490
4.440
4.595
4.710
5.020
4.650
4.650
5.140
4.520

4.731
4.415
4.756
4.631
4.523
4.816
4.768
4.727
4.766
4.728
5.032
4.549
4.957
4.723
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B.3

C6 test samples – without coating

Sample

C6 - 1
C6 - 2
C6 - 3
C6 - 4
C6 - 5
C6 - 6
C6 - 7
C6 - 8
C6 - 9
C6 - 10
C6 - 11
Total

B.4

1
5.755
5.780
5.785
5.740
5.850
5.840
5.840
5.745
5.780
5.800
5.845

2
5.800
5.835
5.835
5.780
5.740
5.810
5.800
5.790
5.840
5.850
5.775

C6 - 1
C6 - 2
C6 - 3
C6 - 4
C6 - 5
C6 - 6
C6 - 7
C6 - 8
C6 - 9
C6 - 10
C6 - 11
Total

1
6.630
6.810
6.710
6.550
6.840
6.650
6.470
7.065
7.085
6.825
6.635

2
6.810
6.375
7.000
7.030
6.435
6.635
6.630
6.890
6.710
6.385
6.730

1

6
5.810
5.840
5.850
5.785
5.670
5.800
5.780
5.800
5.835
5.870
5.740

5.784
5.810
5.814
5.733
5.784
5.823
5.814
5.772
5.811
5.833
5.803
5.798

Measured thickness [mm]
Location
3
4
5
6.420
6.465
6.640
6.615
6.550
6.550
6.845
6.620
6.750
6.325
6.820
6.810
6.625
6.460
6.525
6.870
6.395
6.300
6.730
6.590
6.855
6.260
6.350
6.660
6.800
6.820
6.250
6.365
6.410
6.700
6.330
6.370
6.620

Average
6
6.825
6.350
6.540
6.555
6.615
6.185
6.975
6.765
6.620
6.220
6.770

6.632
6.542
6.744
6.682
6.583
6.506
6.708
6.665
6.714
6.484
6.576
6.621

R6 test samples – without interlayer

Sample

R6 - 1
R6 - 2
R6 - 3
R6 - 4
R6 - 5
R6 - 6
R6 - 7
Total

Average

C6 test samples – with coating

Sample

B.5

Measured thickness [mm]
Location
3
4
5
5.765
5.805
5.770
5.785
5.835
5.785
5.790
5.835
5.790
5.745
5.775
5.575
5.860
5.710
5.875
5.840
5.810
5.840
5.840
5.785
5.840
5.750
5.790
5.755
5.785
5.840
5.785
5.805
5.855
5.815
5.845
5.765
5.845

1
5.620
5.605
5.645
5.630
5.615
5.595
5.630

2
5.640
5.620
5.625
5.620
5.620
5.600
5.620

Measured thickness1 [mm]
Location
3
4
5
5.620
5.635
5.615
5.605
5.620
5.610
5.640
5.640
5.635
5.630
5.620
5.625
5.615
5.615
5.620
5.595
5.600
5.595
5.625
5.620
5.620

Average
6
5.635
5.620
5.630
5.620
5.620
5.600
5.620

5.628
5.613
5.636
5.624
5.618
5.598
5.623
5.620

= The measured thickness of the two glass panes are added together.
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B.6

R6 test samples – with interlayer

Sample
1
7.155
7.045
7.035
7.085
7.025
7.035
7.050

R6 - 1
R6 - 2
R6 - 3
R6 - 4
R6 - 5
R6 - 6
R6 - 7
Total

B.7

2
7.095
7.150
7.055
7.020
7.005
7.120
7.075

Average
6
7.135
7.095
7.090
7.070
7.015
7.045
7.070

7.173
7.112
7.103
7.128
7.116
7.087
7.163
7.126

P6.1 test samples – with interlayer

Sample

P6.1 - 1
P6.1 - 2
P6.1 - 3
P6.1 - 4
P6.1 - 5
P6.1 - 6
P6.1 - 7
P6.1 - 8
P6.1 - 9
P6.1 - 10
Total

B.8

Measured thickness [mm]
Location
3
4
5
7.285
7.290
7.075
7.210
7.155
7.015
7.150
7.270
7.015
7.245
7.265
7.085
7.175
7.185
7.290
7.120
7.165
7.035
7.345
7.240
7.195

1
6.090
6.060
6.090
6.090
6.090
6.090
6.485
6.090
6.095
6.480

2
6.080
6.085
6.090
6.085
6.090
6.090
6.485
6.090
6.085
6.460

Measured thickness [mm]
Location
3
4
5
6.090
6.070
6.090
6.060
6.090
6.060
6.095
6.105
6.085
6.095
6.090
6.075
6.070
6.070
6.065
6.070
6.070
6.070
6.470
6.470
6.460
6.090
6.090
6.090
6.100
6.100
6.075
6.480
6.455
6.495

Average
6
6.075
6.085
6.090
6.100
6.070
6.070
6.450
6.090
6.090
6.450

6.083
6.073
6.093
6.089
6.076
6.077
6.470
6.090
6.091
6.470
6.154

P6.2 test samples – with interlayer

Sample

P6.2 - 1
P6.2 - 2
P6.2 - 3
P6.2 - 4
P6.2 - 5
P6.2 - 6
P6.2 - 7
P6.2 - 8
P6.2 - 9
P6.2 - 10
P6.2 - 11
Total

1
6.365
6.390
6.390
6.370
6.370
6.370
6.395
6.380
6.370
6.365
6.385

2
6.385
6.365
6.410
6.395
6.390
6.380
6.410
6.370
6.405
6.385
6.400

Measured thickness [mm]
Location
3
4
5
6.365
6.380
6.370
6.380
6.370
6.385
6.390
6.405
6.390
6.365
6.380
6.365
6.370
6.390
6.370
6.370
6.385
6.370
6.385
6.405
6.380
6.385
6.365
6.385
6.380
6.405
6.385
6.365
6.385
6.365
6.385
6.410
6.385
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Average
6
6.385
6.370
6.410
6.380
6.390
6.385
6.410
6.365
6.405
6.390
6.410

6.375
6.377
6.399
6.376
6.380
6.377
6.398
6.375
6.392
6.376
6.396
6.384
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C
A.
C.1

Average thickness of the test samples

C4 test samples

Sample
C4 - 1
C4 - 2
C4 - 3
C4 - 4
C4 - 5
C4 - 6
C4 - 7
C4 - 8
C4 - 9
C4 - 10
C4 - 11
C4 - 12
C4 - 13
Average
Standard deviation

C.1

Glass
3.839
3.872
3.863
3.825
3.818
3.870
3.818
3.844
3.848
3.828
3.839
3.826
3.842
3.841
0.018

Average thickness [mm]
Total
4.549
4.631
4.731
4.816
4.523
4.415
4.756
4.727
4.766
4.768
4.728
5.032
4.957
4.723
0.161

Coating
0.710
0.759
0.868
0.991
0.705
0.545
0.938
0.883
0.918
0.941
0.889
1.206
1.115
0.882
0.168

Glass
5.784
5.810
5.814
5.733
5.784
5.823
5.814
5.772
5.811
5.833
5.803
5.798
0.027

Average thickness [mm]
Total
6.632
6.542
6.744
6.682
6.583
6.506
6.708
6.665
6.714
6.484
6.576
6.621
0.085

Coating
0.848
0.732
0.930
0.948
0.799
0.683
0.894
0.893
0.903
0.652
0.773
0.823
0.098

C6 test samples

Sample
C6 - 1
C6 - 2
C6 - 3
C6 - 4
C6 - 5
C6 - 6
C6 - 7
C6 - 8
C6 - 9
C6 - 10
C6 - 11
Average
Standard deviation
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C.1

R6 test samples

Sample
R6 - 1
R6 - 2
R6 - 3
R6 - 4
R6 - 5
R6 - 6
R6 - 7
Average
Standard deviation
1

Glass1
5.628
5.613
5.636
5.624
5.618
5.598
5.623
5.620
0.011

Average thickness [mm]
Total
7.173
7.112
7.103
7.128
7.116
7.087
7.163
7.126
0.029

Coating
1.545
1.498
1.467
1.504
1.498
1.489
1.540
1.506
0.026

= The measured thickness of the two glass panes are added together.
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D
A.

Visual overview modified hard body drop test
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177
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E
A.

E.1

Displacement of the impactor

C4 test samples at a drop height of 1.1 m.
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E.2

C4 test samples at a drop height of 0.9 m.
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C4 test samples at a drop height of 1.0 m.
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E.4

C6 test samples at a drop height of 1.1 m.
60
50
40

Displacement [mm]

30
20
10
0
0

50

100

150

200

250

-10
-20
-30
-40

Time [ms]
C6 - 3

E.5

C6 - 4

C6 - 5

C6 test samples at a drop height of 0.9 m.
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E.6

C6 test samples at a drop height of 0.7 m.
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R6 test samples at a drop height of 1.1 m.
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E.8

R6 test samples at a drop height of 4.5 m.
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P6.1 test samples at a drop height of 1.1 m.
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E.10 P6.1 test samples at a drop height of 0.9 m.
70
60
50

Displacement [mm]

40
30
20
10
0
0

50

100

150

200

250

-10
-20
-30
-40

Time [ms]
P6.1 - 5

P6.1 - 6

E.11 P6.1 test samples at a drop height of 0.7 m.
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E.12 P6.2 test samples at a drop height of 1.1 m.
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E.13 P6.2 test samples at a drop height of 2.5 m.
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E.14 P6.2 test samples at a drop height of 2.0 m.
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F
A.
F.1

1

Displacement of the impactor

C4 test samples.

Test sample

ℎ𝑑 [m]

Result1

C4 - 4
C4 - 5
C4 - 6
C4 - 7
C4 - 8
C4 - 9
C4 - 10
C4 - 11
C4 - 12

1.1
1.1
1.1
0.9
0.9
0.9
1.0
1.0
1.0

Pass
Pass
Fail (2)
Pass
Pass
Pass
Pass
Pass
Pass

Impact 1
𝑠𝑖;𝑟 [mm]
𝑡𝑖;𝑟
19
92
8
61
12
100
68
97
123

[ms]
121
172
110
142
65
173
156
173
188

Impact 2
Impact 3
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
120
120
140
179
Fail
Fail
137
113
127
129
140
112
142
148
166
137
181
161

= The number between brackets indicate the impact number at which failure occurred.

F.2

C6 test samples.

Test sample

ℎ𝑑 [m]

Result

C6 - 3
C6 - 4
C6 - 5
C6 - 6
C6 - 7
C6 - 8
C6 - 9
C6 - 10
C6 - 11

1.1
1.1
1.1
0.9
0.9
0.9
0.7
0.7
0.7

Pass
Fail (2)
Pass
Fail (2)
Pass
Fail (3)
Pass
Pass
Pass

Impact 1
𝑠𝑖;𝑟 [mm]
𝑡𝑖;𝑟
49
25
28
24
40
24
20
26
27

[ms]
128
118
106
105
130
96
100
103
117

Impact 2
Impact 3
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
154
138
Fail
Fail
76
0
Fail
Fail
97
117
52
Fail
117
117
108
98
102
117

Eindhoven University of Technology

238

F.3

R6 test samples.

Test sample

ℎ𝑑 [m]

Result

R6 - 2
R6 - 3
R6 - 4
R6 - 5
R6 - 6
R6 - 7

1.1
1.1
1.1
4.5
4.5
4.5

Pass
Fail (2)
Pass
Fail (2)
Pass
Fail (3)

F.4

[ms]
229
236
232
max
max
max

Impact 2
Impact 3
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
192
184
196
181
194
188
max
max
max
max
max
max

P6.1 test samples.

Test sample

ℎ𝑑 [m]

Result

P6.1 - 2
P6.1 - 3
P6.1 - 4
P6.1 - 5
P6.1 - 6
P6.1 - 7
P6.1 - 8
P6.1 - 9
P6.1 - 10

1.1
1.1
1.1
0.9
0.9
0.9
0.7
0.7
0.7

Fail (2)
Fail (2)
Fail (2)
Fail (3)
Fail (2)
Pass
Fail (3)
Pass
Pass

F.5

𝑠𝑖;𝑟

Impact 1
[mm]
𝑡𝑖;𝑟
206
222
211
max
max
max

Impact 1
Impact 2
Impact 3
𝑠𝑖;𝑟 [mm]
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
38
134
Fail
Fail
47
143
Fail
Fail
36
133
Fail
Fail
54
136
94
Fail
60
147
Fail
Fail
no data
no data
no data
no data
46
133
49
Fail
48
133
82
39
100
170
101
101

P6.2 test samples.

Test sample

ℎ𝑑 [m]

Result

P6.2 - 4
P6.2 - 5
P6.2 - 6
P6.2 - 7
P6.2 - 8
P6.2 - 9
P6.2 - 10
P6.2 - 11

1.1
1.1
1.1
2.5
2.5
2.0
2.0
2.0

Pass
Pass
Pass
Pass
Fail (3)
Pass
Pass
Pass

Impact 1
𝑠𝑖;𝑟 [mm]
𝑡𝑖;𝑟
57
121
64
15
38
34
50
36

[ms]
146
189
151
132
153
120
172
108

Impact 2
Impact 3
𝑡𝑖;𝑟 [ms]
𝑡𝑖;𝑟 [ms]
114
90
125
125
124
109
80
80
73
Fail
94
113
114
82
79
112
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