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Abstract 
 
In structural glass design, an often applied connection is the through bolt connection where the 
connection is subjected to in-plane tensile loads. Traditionally, the hole in the glass panel is 
manufactured by core drilling and conical edge finishing. An alternative method is by waterjet 
cutting the holes. The topic of this research is the comparison of the edge strength of core drilled 
and waterjet cut holes. 
 
In this research, both in-plane tensile tests and out-of-plane, coaxial double ring tests are 
performed. The research consists of an experimental part in combination with a validated numerical 
part. In the in-plane tensile tests, peak stresses occur perpendicular to the load direction. These 
stresses are found higher for waterjet cut holes (+13%) compared to drilled holes. As a result, the 
characteristic ultimate load is lower for waterjet cut holes (-16%). Furthermore, the influence of 
thermally toughening the glass, is found to be more favorable for the characteristic ultimate load of 
specimens containing drilled holes than for waterjet cut holes. In the research also the influence of 
increasing the panel thickness, increasing the hole diameter, and eccentric loading is determined for 
panels containing waterjet cut holes.  
 
In this research is found that waterjet cut holes are not perfectly round, while drilled holes are. 
Furthermore it is found that this unroundness negatively influences the ultimate load and the 
stresses in the glass; the larger the extent of unroundness, the higher the stresses and the lower the 
ultimate load. 
 
The final outcome of this research is that waterjet cut holes result in lower characteristic ultimate 
loads and higher stresses. Even if the waterjet cut holes are perfectly round, the ultimate load still is 
lower compared to core drilled holes, which is explained by the edge finishing.  
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Definitions 
Core drilling Producing a hole in a glass panel by use of a core (i.e. hollow drill), which is finished 

with a conical chamfer. 
(Core) drilled hole Hole which is produced by the use of a core and conical drill.  
Unroundness  Term used to indicate the deviation from a perfectly round hole.  
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1. Introduction 
 
The increase of applications of glass as a construction material in structures contributes to a more 
transparent, and modern built environment. Along with the increasing application, goes the rapid 
development of production methods and variety of innovative possibilities in structures. When 
looking around at buildings, it becomes clear that a variety of structural elements is already being 
applied, such as load-bearing beams, façades, and horizontal glazing. The transparency is an 
advantage from an aesthetical point of view, and because of its good ability for recycling, it offers 
opportunities for sustainability (ABT, 2019). However, glass still is relatively new and requires well 
designed detailing. The development of structural details in glass connections is the main topic of 
this research. This document is the final report of the graduation project on the edge strength of 
drilled and waterjet cut holes in structural glass panels.  
  
This research consists of two main parts; experimental and numerical research. After the reporting 
of literature and presentation of the research proposal, these two main parts will be subsequently 
presented in chapters four and five. Next to that, both studies will be compared, from which 
conclusions can be drawn.  
 

1.1 Reason for research 
 

1.1.1 Case  

The main reason for research is a case of a building in which structural glass façade panels were 
applied. Some panels failed in the user’s phase at the location of the connections. The broken façade 
panels were later replaced. The building is located in Antwerp, Belgium. For the connections of these 
panels, holes were made in the glass by traditional drilling (core and conical). In this case, the façade 
panels were mainly loaded in-plane, as a result of the self-weight. Next to that, the panels were also 
loaded out-of-plane caused by wind loads. The load cases are shown in figure 1. As a result of this 
failure, the question was asked if there are alternative methods to produce holes in the glass panel 
in order to obtain higher (edge) strengths.  
 

 
Figure 1: load cases on façade panel (Haldimann et al. 2007) 

 

1.1.2 Specifications case Antwerp 

The façade panels that were applied in the building in Antwerp are made of thermally toughened 
glass and the holes have a diameter of 12 mm. The applied bushing material, in between glass and 
steel bolt, was Polyamide 6 (nylon 6/6). A possible cause for the reduction of the strength of the 
glass panels is that these bushings were insufficient, i.e. they did not fill the entire space. 
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Involvement of Metaglas 

The panels that were replaced, were produced by Metaglas B.V., located in Tiel (the Netherlands). 
The request for the research was done by Metaglas and Metaglas provided the required specimens 
for experimental testing. 
 

1.2 Value of research 
Performing research on the comparison of core drilling and waterjet cutting might lead to 
advantageous consequences.  
 
Saving production costs 

One advantage is that one step in the production process is saved. Traditionally the drilling process 
consists of two steps, core drilling and conical drilling subsequently. This can be reduced to one step: 
waterjet cutting. Fewer steps in the production process leads to a decrease in production costs.  
 
More slender structures 

If waterjet cutting results in higher strengths, the amount of required glass in applications can be 
reduced, yielding in more slender structures.  
 
Accuracy and shape 

Waterjet cutters can have high accuracy. If this accuracy is larger than for drilling, needs to be found 
out. When making use of traditional drilling, only circular holes can be made. Waterjet cutting gives 
more freedom in shape. Research can be done on finding the most optimal shape for a hole, both 
from a structural point of view as well as construction technological point of view.  
 

1.3 Research question 
The above described reason for research leads to the following research question: 
“What is the edge strength of waterjet cut holes in comparison with core drilled holes?” 
 
A sub-research question for the research is: 
“What is the influence of adapting the considered parameters on the strength of the drilled panels?” 
These considered parameters are specified in paragraph 3.1.3. 
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2. Literature 
In this chapter, relevant background information is given as well as relevant previous researches. 
 

2.1 Background information 
In order to apply the through-bolt connection, a hole needs to be made in the glass panel. Holes, 
which are considered as curved glass edges, are drilled with a diamond borer or a water-jet cutter. 
The surface quality after drilling is comparable to a ground edge. (Haldiman, M., Luible, A., Overend, 
M., 2007). Until now, holes are primarily obtained in the traditional way; by using a core and a 
conical drill subsequently. The different geometries created by both methods are shown in figure 2. 
 

 
a                 b 

Figure 2: plan and section of a) drilled hole, b) waterjet cutter 

 

2.1.1 Structural connections 

The earliest and generally strongest type of bolted connection is the through bolt connection where 
the connection is subjected to in-plane tension or compression which is translated as shear in the 
bolts (Haldimann M., Luible A., Overend M., 2007).  
 
Typically bolted connections consist of a steel bolt, surrounded by either injection mortar or solid 
bushing material. In figure 3, two commonly applied bolted connection details are shown. The detail 
depicted in figure 3b is applied in the façade of the building in Antwerp.  
           

 
Figure 3: bolted connections a) using injection mortar            b) using a bushing 
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2.1.2 Thermally toughened glass 

When glass panels are produced, they are called annealed glass panels. This means that there is no 
pre-stress in the panel. A property of annealed glass is that its intrinsic tensile strength is many times 
lower compared to the intrinsic compressive strength. The tensile strength of glass is governed by 
microcracks in the surface which cannot be avoided during the glass production. This indicates a 
reduction of the actual engineering strength of ordinary cooled float glass to approximately 50–100 
MPa with a large variation in the strength value (Pourmoghaddam, N., Schneider, J., 2017). 
 
Due to the low intrinsic tensile strength of glass, it is convenient to temper the glass. In the 
tempering process, the glass panels are cleaned and moved into an oven where they are heated to a 
temperature above the glass transition temperature (Tg). After heating, the panels are cooled down 
rapidly, which is called quenching. The surfaces of the panels cool down quicker compared to the 
core. The surfaces will, therefore, solidify quicker. When the core cools down further, it wants to 
shrink and “pull” on the surface zones of the panel. This results in compressive stresses near the 
edge. Tensile stresses occur in the center of the glass plate due to the equilibrium of the surface 
compressive stresses (Pourmoghaddam, N., Schneider, J., 2017). 
 
Bernard and Daudeville (2008) performed research on how the perfect bolted connection can be 
achieved. This is done by determining stress states due to both thermal tempering and in-plane 
loading. As a result of this research, the hole geometry for which the thermally toughening process is 
most effective is determined. To be able to find the consequences of in-plane loading, experimental 
tests have been performed. They concluded that thermally toughening of the glass is the most 
effective way to achieve the highest resistance against in-plane loading. Besides increasing the 
strength of the glass, thermally toughening has a second advantage. The process implies a certain 
amount of crack healing (Bernard, F., Daudeville, L., 2008). 
 

2.1.3 Residual stresses 

Residual stresses are stresses that are induced during the cooling process of the annealed glass 
panels. The idea of tempering of the glass is to create a favorable residual stress field (Haldiman, M., 
Luible, A., Overend, M., 2007).  
 
The residual stress on edges and near holes is inhomogeneous and varies widely. It depends on the 
temperature distribution in the glass element during the tempering process, which in turn is a 
function of the element’s geometry as well as of the cooling equipment and the cooling process 
(Haldiman, M., Luible, A., Overend, M., 2007). 
 
The residual stress is different in various zones of the glass panel. These zones are described in the 
Guidance for European Structural Design of Glass Components (Feldmann, M., Kasper, R., 2014). In 
this document is stated that zone 4 corresponds to holes. So far there are no standardized test 
methods to determine the strength of zone 2 to 4 for structural applications (Feldmann, M., Kasper, 
R., 2014). However, in the NEN 2608, for the calculation of the bending strength of thermally 
toughened glass, a correction factor is applied for zone 4 (NEN, 2014).  
 
In thermally toughened glass, the residual stress on edges is significantly lower (15% to 25% on 
straight edges, 25%-35% at holes) than it is away from the edges, while the residual compressive 
stress near the chamfers of cylindrical holes is slightly higher than away from holes (10-15%), but 
residual stresses in holes decrease towards the centerline of the glass pane. This is the case in 
traditionally drilled holes (Haldimann M., Luible A., Overend M., 2007). 
 

  



Edge strength of core drilled and waterjet cut holes in structural glass panels 

 

   
 

16 

2.1.4 Strength 

The strength of annealed glass is only the intrinsic strength        
(σn = σ). The strength of thermally toughened glass is the sum of 
the intrinsic panel strength and the level of pre-stress (residual 
stress) (σn = σ + frk). As shown in figure 4.  
 
 
 
 
 
Due to machining, surface damage is generally more severe on glass edges than it is away from 
edges. The inherent tensile edge strength is, therefore, generally lower than the strength away from 
edges and depends strongly on the machining process and the edge finishing quality (Haldiman, M., 
Luible, A., Overend, M., 2007). 
 

2.2 Previous researches 
 

2.2.1 Residual stresses on edges and near holes 

Two researches have been performed on the residual stresses near edges and holes, and delivered 
some contradictory results. Note that slightly different approaches were used (Haldimann M., Luible 
A., Overend M., 2007). Laufs (2000) concluded that the residual stresses in holes are about 10% 
lower compared to straight edges. Schneider (2001) concluded that the holes contain higher 
stresses. He even concluded that for lateral loading in thermally toughened glass, the residual 
stresses near holes are even higher than away from edges. However, in the current research, lateral 
load is only considered to a small extent.  
 

2.2.2 Glass strength in the borehole area (ANG vs. TTG) 

Schneider (2004) did research on the glass strength in the borehole area of annealed and thermally 
toughened glass. In his research, he also compared glass specimens from different manufacturers. 
The bending strength in the hole area of the specimens was determined using a modified coaxial 
double ring test. The conclusion was drawn that the characteristic glass strength of tempered glass 
in the borehole area is not lower than in the infinite area. From these results, the assumption is 
made that crack healing plays an important role in the bending strength of thermally toughened 
float glass (Schneider, J., 2004). 
 
Finite element calculations, which are part of this research, have shown that the tensile stresses in 
glass panels have their maximum around the chamfers of holes. Results of the numerical research 
show that the surface compression stress near the chamfers of the holes is slightly higher than in the 
infinite area; 10 to 15 percent, but in the holes in the center (at half of the panel thickness) the 
surface stress is lower. Also, on the surfaces, close to the holes, in an area of about half the thickness 
of the pane, compression stresses are slightly lower than in the infinite area of the pane. Here 
tangential membrane at the edges of the holes uses some of the surface stresses to get in 
equilibrium. Therefore, the glass strength for bending in the area of the holes should be 
approximately equal to the strength of the infinite plate. For in-plane loading with maximum 
stresses in the center of the holes glass, the strength should be lower (Schneider, J., 2004). 
 
An interesting outcome is that for waterjet cut holes after tempering, the bending strength is in the 
same range as for drilled holes. Before tempering, the waterjet cut holes showed the lowest values 
for the strength. Crack healing originating from the tempering process might be the cause of this 
(Schneider, J., 2004). 
 

Figure 4: stresses (Overend, 2007) 
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2.2.3 Bending strength of glass 

Castori and Speranzini (2016) performed numerical and experimental research of the coaxial double 
ring test on glass specimens with different thicknesses. No holes are present in the specimens. In the 
experimental research, specimens with an area of 100x100 mm² were used, and a reaction- and 
loading ring of respectively 90 and 18 mm in diameter. During the experiment, the applied load was 
measured. From this ultimate load, the bending strength was calculated for the panels with different 
thicknesses. Results show that for an increasing panel thickness, the failure load increases as well, 
but the bending strength decreases. For doubling the thickness (4 mm to 8 mm), the failure load 
increases with a factor 2.6, and the bending strength decreases with 35%. From the research was 
concluded that the coaxial double ring test is an optimal tool for the determination of the 
characteristic strength of flat glass panels used for architectural applications. Also, the absence of 
breakage from the edge of the panel improves the possibility for estimation of the Weibull 
distribution parameters (Castori, G., Speranzini, E. , 2016). 
 

2.2.4 Axial compression in panels 

Mocibob and Belis (2010) performed research on a coupled experimental and numerical 
investigation of small-scaled axially compressed monolithic and laminated glass components in 
which loads are locally introduced by means of a point-fixed connection device. Uniaxial tensile tests 
have been executed on identical test specimens to allow a comparison of both cases. (Mocibob, D., 
Belis, J., 2010). The reason that compressive tests are rather exceptional, is that panels under 
compression in practice are governed by instability issues such as global buckling. The specimens in 
this research contained a drilled hole in which a steel bolt was placed, surrounded by POM bushing. 
During the displacement controlled tests, the deformations of the glass plates, as well as the stress 
distributions around the borehole and at mid-span, were measured by linear variable differential 
transducers (LVDT) and strain gauges respectively. The applied strain gauges are rosette strain 
gauges. Five of these were positioned around the hole on the front side of the specimen, and five 
were placed on the back side. From the compressive tests can be concluded that smaller hole 
diameters lead to higher stress concentrations. However, this is not true for the tensile tests, where 
the resistance primarily increases with an increasing panel thickness (Mocibob, D., Belis, J., 2010).  
 

2.2.5 Axial compression and tension in panels 

Mocibob (2008) performed in his thesis experimental, numerical, and analytical research on glass 
panels loaded axial compression and tension. The report on the thesis describes stresses and 
displacements can be measured in experimental research using strain gauges. He also analysed the 
failure patterns of the specimens. The schematic setup of the experiment is relevant for this thesis, 
and will therefore be elaborated in the chapter on the experimental test setup. 
 

2.2.6 Geometry factor 

Vandebroek et al. (2012) performed research on the edge strength for glass panels with different 
edge finishing. In the research, the geometry factor of the critical flaws was determined 
experimentally and compared to the values mentioned in literature. Next to that, these results were 
compared to the edge strength model proposed by Haldimann using the geometry factor and stress 
corrosion parameters. The geometry factor is, in general, a function of the stress field, the crack 
depth, the crack geometry, and the element geometry. The outcome of the research was that the 
geometry factor can only be determined with bending tests at a very high test rate (> 20 MPa/s). The 
found geometry factors in this research are 0.76 for polished edges and 0.86 for cut edges 
(Vandebroek et al., 2012). 
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2.2.7 Coaxial double ring test  

The coaxial double ring test is used for determining the surface strength of flat glass e.g. as it is 
described in existing standards. The main idea of this test setup is to generate a defined area of 
surface tensile stress, which is uniform in all directions within the load ring. So, the orientation of 
surface flaws does not influence the test results (Müller Braun, S., Schneider, J., 2017). 
 
Haldimann (2006) performed research on the fracture strength of structural glass elements – 
analytical and numerical modeling, testing and design. Part of this research is an experimental 
investigation on the bending strength of glass specimens. First, a suitable coaxial double ring test 
setup was developed and its behavior was verified. Annealed glass specimens were then tested at 
various stress rates with and without a hermetic surface coating to assess whether it is possible to 
achieve near-inert conditions in this manner. Using the suitable test setup, glass specimens were 
subjected to bending until fracture. Next to that, a finite element model was created. Strains derived 
from strain gauges in the experimental research were compared to strains derived from the 
numerical model. Experimental and numerical results turned out to be close together. The used 
coaxial double ring test setup turned out to be valid (Haldimann, M., 2006). 
 

2.3 Current research 
In previous researches, no research has been performed to the peak stresses in waterjet cut holes. 
Schneider performed experimental and numerical research on out-of-plane loading (coaxial double 
ring tests). However, this does only determine the influence of the hole geometry on the global 
strength in the specimen. No research was done before on the local strength. This can be done using 
an in-plane (tensile) load.  
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Figure 5: peak stresses 

 

3. Research Strategy 
In this chapter, the core part of the research proposal is given. The complete research proposal, 
which was also provided to and approved by Metaglas, is provided in appendix A. 
 
Objective  

The objective of this graduation project is to determine the characteristic strength of panels 
containing a waterjet cut hole. Then, the strength can be compared to the characteristic strength of 
panels containing drilled holes. Since the façade panels in the case in Antwerp were hanging and 
therefore bearing the self-weight, the panels were loaded in tension. Therefore, in this experimental 
research, the panels will be loaded in tension as well.  
 
The research question can be answered by performing both experimental and numerical research. 
This results in testing specimens in the laboratory and simulating these specimens by use of a finite 
element model. Both research parts are essential in order to validate one with each other. 
 

3.1 Approach experimental research 
The proposal for the experimental part of the project is to determine the hole edge strength of the 
specimens. As already mentioned before, the edges of holes produced in glass contain surface flaws 
and scratches. This has a significant influence on the strength of the glass. Specimens will be tested 
in order to determine the strength.  
 

3.1.1 Different experiments 

Since the main goal is to find the strength for the panels loaded by the self-
weight of the large façade panels in the case, in-plane tensile tests will be 
performed. A sketch of the situation is shown in figure 6. However, since the 
wind load also has an influence on the strength, this load also has to be 
accounted for. This is done using the coaxial double ring test. The additional 
advantage of this test method is that the applied load causes a constant 
bending moment in the panel. That means that every part of the edge of the 
hole is loaded equally. This is different compared to the in-plane tensile test, 
where the load is applied to a small area, leading to peak stresses. This principle 
is shown in figure 5. This coaxial double ring test is prescribed as a standard 
experiment in the NEN 2608, and therefore is an often performed experiment. A 
sketch of this experiment is shown in figure 7.  
 
Difference between experiments 

An advantage of performing both experiments is that by means of the tensile tests the local strength 
can be determined (peak stresses) and the and using the coaxial double ring test the globally 
distributed stresses can be determined. An essential difference is that using the coaxial double ring 
tests, average stresses on the surfaces can be determined. Using the tensile test, the local peak 
stress can be determined over the depth of the panel.  

           

           
Figure 6: in-plane test             Figure 7: out-of-plane test 
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3.1.2 Expected results  

As a result of the in-plane experiments, several results will be obtained. The failure load can be used 
to compare the strength of the different series of specimens. Next to that, it is of interest to find the 
origin of the first crack. The angle of this first crack with respect to the load direction can be 
compared, as well as the full fracture pattern. Finally, it also is of interest to find stresses and strains 
locally in the glass. From the out-of-plane tests, also the failure load and strains and stresses can be 
derived. 
 

3.1.3 Parameters 

In this experiment, not only the difference between traditional drilling and waterjet cutting and in-
plane and out-of-plane loading will be tested, but it is also relevant to search for the influence of 
changing other parameters. In this research, the following parameters will be taken into 
consideration as well: 
 
Glass strength 

This parameter is divided into two different options; annealed glass (ANG) (no pre-stress) and 
thermally toughened glass (TTG). The nominal strength of annealed glass is only the intrinsic 
strength: σn = σ = 45 MPa. The strength of thermally toughened glass is the sum of the intrinsic panel 
strength and the level of pre-stress (residual stress): σn = σ + frk =120 MPa. In the series of thermally 
toughened glass, holes must be made before tempering. Otherwise the drilling disturbs the stress 
equilibrium and the panel breaks instantly. Annealed glass is tested because these results can be 
used as a reference situation. Thermally toughened glass is used because this is used often in 
structural applications.  
 
Panel thickness 

A commonly applied panel thickness is 8 mm, which is also the minimum thickness for point-
supported glass. Next to that, the minimum thickness of non-laminated toughened glass in 
structures is 12 mm (Haldiman, M., Luible, A., Overend, M., 2007). Therefore 8 mm and 12 mm will 
be compared. 
 
Hole diameter 

The holes in the case where failure occurred, contain a diameter of 12 mm, corresponding to a bolt 
diameter of M6. An often applied bolt diameter in structural applications is M16, corresponding to a 
hole diameter of 24 mm. Therefore, both 12 mm and 24 mm holes will be compared.  
 
Eccentricity 

A significant strength reduction occurs when the load acts eccentrically. Therefore both eccentric 
and centric loading need to be tested. Testing of eccentricity is an important and valuable addition 
to the project because usually in research and design, all situations and properties are determined to 
be ideal. In practice, imperfections and dimensional tolerances can never be avoided. Two different 
types of eccentricity will be tested. The first type occurs due to the insufficient bushing, i.e. the 
dimensions of the bushing material are smaller than prescribed. The principle of this problem is 
shown in figure 8. The second type occurs due to rotation of the bolt. This problem was also at stake 
in the case. The bolt moved out of the steel support causing rotation, see figure 9. Both situations 
lead to unfavorable peak stresses in the glass.  
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Figure 8: insufficient bushing  Figure 9: rotation of the bolt  

 
All options for the different parameters are given a code, which simplifies the creation of 
combinations. The codes are presented in table 1. 
 
Table 1: testing parameters 

Parameter different options code 

Glass strength Annealed glass ANG 

  Thermally toughened thermally TTG 

Method of drilling Core drilling C 

  Waterjet cutter W 

Glass panel thickness 8 mm  t8 

  12 mm t12 

Hole diameter 12 mm d12 

  24 mm d24 

Direction of loading In-plane // 

  Out-of-plane ⊥ 

Eccentricity Centric loading e0 

  Eccentric loading (bushing) e1 

  Eccentric loading (bolt rotation) e2 

 

3.1.4 Number of specimens 

The number of required specimens per test, in order to have statistically significant results, is not 
specified in codes. However, 30 tests per series is desired, and 20 tests per series is the minimum 
according to the advice of prof. dr. ir.-arch. Jan Belis. 20 is a commonly used amount in other 
researches. Therefore, the choice is made to both minimize the number of samples (limit the costs) 
and maintain statistical significance. This results in 20 tests per test combination. Research of 
Vandebroek (2014) showed that for the determination of the characteristic strength value, a sample 
of 20 specimens delivers a much lower coefficient of variation than a sample of 10 specimens. 
However, from 20 specimens on, the gain in decreasing the coefficient of variation of the 
characteristic values became rather small. This research supports the choice of 20 specimens per 
series (Vandebroek et al., 2014). 
 

3.1.5 Test combinations 

From the different options for the varying parameters, different combinations can be derived. If 
each option results in a new combination, this would result in 2 ∗ 2 ∗ 2 ∗ 2 ∗ 2 ∗ 3 = 96 
combinations. However, the combinations including out-of-plane loading and eccentric loading are 
excluded because the eccentric cases are only applicable to the in-plane tests. Excluding these 
combinations results in a total of 64 combinations. If all combinations would (hypothetically) be 
tested, this would result in a 64 ∗ 20	 = 	1280 specimens. This number of specimens is unacceptably 
high in relation to the available time in a graduation project, and some combinations might be less 
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relevant. Therefore, some boundary conditions are set that are a basis for finding the optimal 
combination matrix. 

• Waterjet cut holes are the main topic of interest in this study; the influence of adapting 
parameters in traditionally drilled holes has already been investigated. Therefore it is not 
essential to combine all parameters with drilled holes. 

• Out-of-plane testing is only required for waterjet cut holes. For traditionally drilled holes, 
research on the out-of-plane strength has already been performed. 

• It is important to have the same series for annealed glass and thermally toughened glass. The 
difference between this set of two series can be compared to other sets of two series.  

• Out-of-plane testing is only interesting in combination with a varying hole diameter.  

• All combinations should have the possibility to be compared directly to another combination. 
That means that there should be no combinations in which two parameters vary compared to 
all other combinations. 

 
The boundary conditions as described above result in a set of combinations in which two standard 
combinations are set. These standard combinations consist of all ‘standard’ options for parameters; 
one for annealed glass, and one for thermally toughened glass. From these two standard 
combinations, sets of two combinations are derived in which each time one parameter varies. The 
resulting test matrix is shown in table 2. 
 
Table 2: test matrix 

Characteristic Test code Glass  

strength 

Type of  

hole 
tpanel 
[mm] 

dhole 
[mm] 

Direction  

of loading 

Eccentricity Amount  

Reference ANGC,t8d12,//e0 ANG Core 8  12  In-plane None 20 

Reference TTGC,t8d12,//e0 TTG Core  8  12  In-plane None 20 

                  

Basis ANGW,t8d12,//e0 ANG Waterjet 8  12  In-plane None 20 

Basis TTGW,t8d12,//e0 TTG Waterjet 8  12  In-plane None 20 

                  

Thickness ANGW,t12d12,//e0 ANG Waterjet 12  12  In-plane None 20 

Thickness TTGW,t12d12,//e0 TTG Waterjet 12  12  In-plane None 20 

                  

Diameter ANGW,t8d24,//e0 ANG Waterjet 8  24  In-plane None 20 

Diameter TTGW,t8d24,//e0 TTG Waterjet 8  24  In-plane None 20 

                  

Eccentricity ANGW,t8d12,//e1 ANG Waterjet 8  12 In-plane Insufficient  
bushing 

20 

Eccentricity TTGW,t8d12,//e1 TTG Waterjet 8  12  In-plane Insufficient  
bushing 

20 

Eccentricity ANGW,t8d12,//e2 ANG Waterjet 8  12  In-plane Bolt 
rotation 

20 

Eccentricity TTGW,t8d12,//e2 TTG Waterjet 8  12  In-plane Bolt 
rotation 

20 

                 

Reference ANGC,t8d12,⊥e0 ANG Core 8  12  Out-of-
plane 

None 20* 

                 

Load 
direction 

ANGW,t8d12,⊥e0 ANG Waterjet 8  12  Out-of-
plane 

None 20* 

  ANGW,t8d24,⊥e0 ANG Waterjet 8  24  Out-of-
plane 

None 20* 

          

Total number of specimens       300 

 
* 10 extra specimens were delivered, so 30 in total 
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3.1.6 Specimens 

This proposal including a total of 300 specimens was approved by the involved company. All 
specimens were produced and delivered according to the above proposal. For the three series 
marked with a *, 30 specimens were delivered instead of 20. In order to get familiar with performing 
experiments, some extra specimens were delivered. 
 
Geometry 

The distance of holes to the glass edges must not be less than 2.5 times the glass thickness 
(Haldiman, M., Luible, A., Overend, M., 2007). 
 
For thermally toughened glass, the distance between the hole and edge should be at least 2.0 times 
the diameter of the borehole (Maniatis, 2006). 
 
According to Haldiman et al (2007), the minimum distance of the holes to the glass edge is 
2.5 ∗ 12 = 30	22. Maniatis (2006) found that the distance should be at least 2 ∗ 24 = 48	22. 
Therefore, the best is to take the maximum value of the above two values = 234{2.5t; 	2.0d} 	=
	48	mm. The specimens for the in-plane tests need to contain two holes, in order to be able to apply 
the load and hold the panel in position. Using the minimum distance of 48 millimeters between hole 
and edge and the largest hole diameter of 24 mm, the geometry for the specimens can be 
determined. The minimum length is (48 + 24 + 48 + 48 + 24 + 48) 	= 	240	mm. The minimum 
width is (48 + 24 + 48) 	= 	120	mm. See figure 10a. However, due to inaccuracies, it is desired to 
slightly over-dimension the specimens. In this way, the minimum distance will always be achieved. 
Next to that, it is more practical to use round dimensions. Based on the above argumentation, the 
geometry of the panels is proposed to be according to figure 10b.  

  
 
 
 
 
 
 
 
 
 

a          b 

Figure 10. dimensions rectangular specimens a) minimum b) real 

 
The specimens for the out-of-plane tests need to contain only 1 hole. The dimensions of these 
panels are prescribed to be 250x250 mm, with a centrally located hole (Belis, Glass structures, 2017). 
The geometry is shown in figure 11. These specimens will be subjected to a coaxial double ring test.  

 
 
 
 
 
 
 
 
 
 

Figure 11: dimensions square specimens 
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Edge finishing 

The edges of the annealed glass specimens need to be broken. The edges of the thermally 
toughened specimens need to be polished. The holes in the reference test series are manufactured 
in the traditional way (core). After using a hollow drill, a conical drill needs to be used. Holes 
manufactured using a waterjet cutter do not need to be finished afterwards, because the surface 
quality after drilling is comparable to a ground (i.e. polished) edge (Haldiman, M., Luible, A., 
Overend, M., 2007). Leaving out the step of hole edge finishing for waterjet cut holes is what makes 
the essential difference between the two methods of obtaining holes. 
 
Bushing  

Next to the glass panels, also bushing material is required. The used material is PA6 (nylon 6/6), 
which is also used in the failure case. Another often used material for bushing materials is 
Polyoxymethylene (POM), which was also used in the research of Mocibob. Other materials suitable 
for bushings are Aluminium, Ethylene propylene diene monomer (EPDM), and Polyether ether 
ketone (PEEK) (Maniatis, 2005) (Haldimann et al. 2008). The dimensions of the bushings are not 
standard, and therefore have to be custom made. The dimensions of the bushing are determined 
based on the actual dimensions of the holes in the glass, and not the nominal dimensions of the 
holes. This means that the bushing material fits in the hole with minimal spacing, without 
introducing initial stresses in the glass. 
 

3.2 Approach numerical research 
Using finite element modeling, the influence of changing various geometrical properties on the edge 
strengths can be found. Also, using finite element modeling, the influence of different types of 
eccentricity on the panel strength can be investigated.  
 

3.2.1 objected results 

Using the Finite Element Model, the results obtained from experimental research can be compared 
and validated. The following comparisons can be made: 

• The action load in the model causing the maximum allowable principal stress can be compared 
to the failure load of the experimental research. 

• Relations between stresses and action forces can be derived, these can be used to check for the 
load rate in the experimental part. 

• Local stresses in the model can be compared to stresses measured by strain gauges in the 
experiments. 

 
Figure 12 shows how the real model (left) can be simplified into half of it because of the line of 
symmetry.  

     
Figure 12: real situation vs. model 
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4. Experimental research 
 

4.1 Analysis of specimens 
Before testing, the geometrical properties of the specimens need to be determined. This includes 
measuring the panel thickness, hole diameters, and location of the holes. This information can help 
to clarify experimental results. For example, if a hole is located out of the center, the specimen 
might have a preference to break on that side. It can also be the case that specimens with unround 
holes result in a different strength. Next to that, the pre-stress in the panel needs to be measured. 
When this pre-stress value (frk) and the intrinsic strength (σ) of glass are added, the nominal strength 
(σn) of the glass panel is known; σ> = σ	 + �?�  (Haldimann M., Luible A., Overend M., 2007).  
 
Using these results, also some conclusions on the difference in tolerance between core drilled holes 
and waterjet cut holes can be drawn.  
 

4.1.1 Measurement equipment 

For all measurements, checked and calibrated measuring equipment is used.  
 
Panel thickness 

The thickness of the glass panels is measured using a micrometer, see figure 13. The measurements 
are taken to a 0.01 mm accuracy.  
 
Hole diameters 

The hole diameters are measured using an analog bore gauge, see figure 14. The measurements are 
taken to a 0.01 mm accuracy.  
 
Hole location 

The position of the holes is determined by measuring all lengths from a hole to the edge of the glass 
panel (perpendicular to the edge). This is done using a digital caliper, see figure 15. The 
measurements are taken to a 0.01 mm accuracy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Edge strength of core drilled and waterjet cut holes in structural glass panels 

 

   
 

26 

Pre-stress 

The pre-stress in the specimens is measured using a SCALP-04 (Scattered Light Polariscope), see 
figure 16. SCALP uses scattered light to determine the stress distribution through the thickness. It is 
possible for both annealed and thermally toughened glass. “During the measurement, the laser 
beams polarization is optically modulated by the stress induces birefringence inside the glass and by 
the modulator inside SCALP to increase precision. SCALP records the scattered light intensity 
variations along the laser beam. From this data it is possible to calculate absolute optical retardation 
at every point along the laser beam. The stress is calculated from the gradient of optical retardation” 
(SCALP-04 Instruction manual). 

 
 
 
 
 
 
 
 
 

 
 
 
 

  

Figure 13: micrometer Figure 14: analog bore gauge 

Figure 15: caliper Figure 16: SCALP-04 
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4.1.2 Measurement locations and quantity (geometrical) 

At first, a couple of specimens (extra specimens) are tested on a significant 
number of positions, in order to check the variations in results. This is 
done for 19 specimens in total (= no. of extra specimens). The panel 
thickness is measured at six different locations (t1-t6) per panel to check 
for deviations in thickness. The hole diameter of both holes (HD1-HD2) is 
measured to check for deviation in results. In a measurement using a bore 
gauge, the diameter is measured using three points, see figure 17. To 
check for unround holes, two measurements per hole are performed, at 
different positions in the hole. The location of the hole is measured at L1-
L7, and L1-L4 for square specimens. The locations of the measurements can be seen in figure 18. 

 
a         b 

Figure 18: Locations of measurements (extra specimens) a) rectangular panels b) square panels 

 
Results test measurements 

All measurements can be found in tabular form in appendix B. Resulting from these measurements, 
it can be concluded that the differences of the values for t1-t6 within one panel are really small. The 
average of the standard deviations is 0.0056 mm. Therefore, it is not essential to measure the 
thickness at six positions; one measurement would satisfy. However, the choice is made to take two 
measurements per panel; one to validate the other. There is a substantial difference in results 
between panels (standard deviation = 0.0368 mm). Therefore it is necessary to measure the 
thickness for all panels. From the results of the hole diameters, it can be derived that there is quite a 
large scatter in the results; both for the two measurements per hole, and when comparing different 
specimens.  
 
For the hole diameter of all specimens, the average is 12.08 mm, and the standard deviation is 0.11 
mm. Looking at individual holes, the average difference between two measurements within one 
specimen is 0.0371 mm. Therefore it can be concluded that all holes need to be measured in this 
way. From the results of the hole location, it can be derived that the positioning of the holes has 
inaccuracies. Therefore, these lengths need to be measured for all specimens. However, all lengths 

Figure 17: bore gauge 
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are still well above the minimum lengths (as described in the research proposal). Figure 19 shows 
the positions of the measurements for all specimens, in which the above conclusions are processed.  

 
a         b 

Figure 19: Locations of measurements (all remaining specimens). a) rectangular panels b) square panels 

 

4.1.3 Measurement locations and quantity (pre-stress) 

On a small selection of thermally toughened glass specimens (n=8), extensive research on pre-stress 
is performed. On eight locations on the specimen, the pre-stress is measured. The locations of the 
measurements can be seen in figure 20. The purpose is to check the difference in results within one 
panel (ideally all values would be equal). Also, it can be checked if the minimum value (maximum 
compression) occurs at the surface, and the maximum value (maximum tension) occurs in the 
middle of the height (ideally it would be). The results can be found in tabular form in appendix C1. 
The residual stress distribution on edges and near holes is inhomogeneous and varies widely 
(Haldimann M., Luible A., Overend M., 2007). This is also found by measurements on the specimens; 
no valid values were found for the pre-stress. Therefore, the pre-stress is not measured near holes 
or edges. 

 
a             b 

Figure 20: Scalp positions a) front side b) back side 
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From the results, the following conclusions can be drawn: 

• For all specimens, the stress on the upper surface equals the minimum stress.  

• The stress in the middle is almost equal to the maximum stress. The average difference 
between the two values is 0.7%.  

• The stresses within one specimen are relatively close together. The average standard deviation 
is 3.78 MPa. This deviation is determined to be acceptably small so that the pre-stress in the 
other specimens will only be measured on positions 1 and 3, as shown in figure 20.  

 
The same research was done for four square specimens of annealed glass. The pre-stress was 
measured at four locations, as shown in figure 21.  

 
a          b 

Figure 21: Scalp positions a) front side b) back side 

 
The results can be found in tabular form in appendix C2. From the results, the following conclusions 
can be drawn: 

• For most measurements (77%) the stress at the upper surface equals the minimum stress. For 
the other measurements, the difference is very small (0.7 MPa). 

• The maximum stress is not equal to the stress in the middle. That means that the position of the 
maximum tensile stress is not located exactly in the middle of the panel depth. That is possibly 
caused by the fact that in practice the solidification of the glass caused by the quenching 
process does not develop exactly equal from the top and bottom side of the panel. Based on 
the shape of the stress diagram, it can be concluded that the maximum value, which 
corresponds to the peak tensile stress, is most accurate.  

• The measurements for the annealed glass specimens are a good indicator for the residual 
stress, but are less reliable than the results of thermally toughened glass.   

 

4.1.4 Results of all measurements  

All measurements in tabular form can be found in appendices D1 and D2. Appendix D1 shows the 
results of the rectangular specimens (in-plane tests), appendix D2 shows the results of the square 
specimens (out-of-plane tests). These values can be used to explain divergent results. 
 
Panel thickness 

In this paragraph, the results of both the rectangular and square specimens are combined, since the 
production method is similar. The results of the measurements of the panel thickness are shown in 
figure 22. The green diamonds in this graph show all individual measurements. The blue diamonds 
(i.e. blue lines) show the average value (including the standard deviation). The black lines indicate 
the nominal thicknesses. The red lines indicate the dimensional tolerances of the production 
process. For both t=8 and t=12, the tolerance is ± 0.3 mm (Glass Solutions (Onorm), 2014), (NEN, 
2014). 
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a           b 

Figure 22: measurement results panel thickness, a) t8 and b) t12 

 
The results above are summarized in table 3. 
 
Table 3: results panel thickness 

 tn=8 mm tn=12 mm 

Average thickness [mm] 7.85 12.01 

Minimum [mm] 7.74 11.84 

Maximum [mm] 7.94 12.14 

Standard deviation [mm] 0.0380 0.1183 

Average difference between 2 values within one panel [mm] 0.0091 0.0091 

 
From figure 22 and table 3 can be derived that all measurements of panels with a nominal panel 
thickness of 8 mm are lower than this nominal thickness of 8 mm, with a relatively small standard 
deviation. This can possibly be explained by the fact that in the manufacturing process, the aimed 
thickness is slightly lower than 8 mm to save material costs. This is allowed because the occurring 
production tolerance is smaller than the prescribed tolerance in codes (± 0.3 mm (NEN, 2014)). From 
the red lines in the graph can be concluded that all measurements are within the allowed tolerances. 
From the graph can also be derived that the panel thickness of specimens with a nominal thickness 
of 12 mm has two ranges; 11.84-11.93 mm and 12.04-12.14 mm. This might indicate that the 
specimens are derived from two different glass panels. Because of this, the standard deviation is 
relatively large (0.1183 mm). 
 
As explained before, two measurements took place per specimen. The difference between these 
two values is calculated for all specimens. The average of these values (i.e. average difference) is 
shown in the bottom row of table 3. This difference is very small, indicating that the thickness of one 
panel is constant. 
 
Hole diameter 

In this paragraph, the results of both the rectangular and square specimens are combined, since the 
production method is similar. The results of the measurements of the hole diameter are shown in 
figure 23. This graph contains only the values for the 12 mm holes because using these values the 
core and waterjet cutting methods can be compared. Measurements for specimens with 24 mm 
holes only include waterjet cut holes and are therefore shown in the appendix. Using this graph, the 
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difference between core drilled holes and waterjet cut holes can be shown. The green diamonds 
show all individual measurements of the core drilled holes; the red diamonds represent the 
measurements of the waterjet cut holes. The nominal hole diameter is 12 mm. The averages are 
indicated in blue. 
 

 
Figure 23: hole diameters of d12 specimens 

 
Measurements of specimens containing drilled holes (core) are in a small range, except for five 
values. These five are significantly different. The measurements of waterjet cut holes are in a larger 
range overall. The standard deviation of both methods is in the same order of magnitude, although 
the average is significantly different, see figure 23 and table 4.  
 
However, seen the close range of the core drilled measurements, except five values, it is possible 
that these outliers are not representative for comparing the two production methods. Therefore, a 
second graph is made, in which these 5 outliers (5%) are excluded. For a good comparison, also the 
5% most divergent values of the waterjet cut results are excluded, see figure 24.  
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Figure 24: hole diameters of d12 specimens, outliers excluded 

 
From this new graph can be derived that the standard deviation of the core drilled specimens has 
decreased with a factor 8. The standard deviation of the waterjet cut holes only decreased slightly. 
The difference in the standard deviations of the two production methods now is a factor 8. This 
means that core drilling is more accurate in dimensioning than waterjet cutting.  
 
Table 4: influence of excluding outliers 

 Core Waterjet cut Core 

(outliers excluded) 

Waterjet cut  

(outliers excluded) 

Average [mm] 11.92 12.09 11.91 12.09 

Standard deviation [mm] 0.0515 0.0667 0.0066 0.0514 

 
A second aspect to compare both production methods (core drilling and waterjet cutting) is on 
(un)round holes. The difference between two measurements at the same hole is calculated for all 
holes. The average of this is shown in the bottom row of table 5 (per specimen type).  
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Table 5: overview results hole diameter  

 Core d12 Waterjet cut d12 Waterjet cut d24 

Average [mm] 11.92 12.09 23.96 

Minimum [mm] 11.88 11.88 23.82 

Maximum [mm] 12.25 12.24 24.15 

Standard deviation [mm] 0.0515 0.0667 0.0891 
    

Average difference between 2 
values within one hole [mm] 

0.007 0.047 0.085 

 
From table 5 can be concluded that the core drilled holes are more circular than waterjet cut holes. 
The average difference between 2 values within one panel is 7 times larger for waterjet cutting. So 
the drilling process is a more accurate process.  
 
Possible deflection waterjet 

In applications of waterjet cutting, it is possible that the waterjet will deflect during the cutting 
process. This causes the sides of the hole to be slightly conical instead of perfectly cylindrical (Selen, 
J.P.E., Schiks, P.A.J., Huitema, W., Koppejan, S., 1999). To know if this phenomenon is at stake in the 
specimens in the current research, all specimens were checked by measuring the angle of the side of 
the hole with respect to the specimen’s plane. This turned out to be exactly 90 degrees. Therefore it 
can be concluded that deflection of the waterjet did not occur during the production of the 
specimens.  
 
Bushing 

Using these results, the inner diameter of the bushings can be determined. This means that the 
diameter is based on the real diameter of the holes instead of the nominal diameter. There should 
be little spacing between bushing and glass panel, and the deviation between specimens should be 
taken into account. Therefore, the choice is made to use inner diameters of 11.7 and 23.7 for 
specimens with a nominal hole diameter of respectively 12 and 24 mm. This means that the 
bushings will fit in each specimen without causing initial stresses in the glass.  
 
Hole location 

The location of the hole is to check if all lengths are larger than or equal to 
the minimum required values. In this paragraph, only the results of the 
rectangular (in-plane) specimens are discussed, because there is no such 
minimum length for the out-of-plane tests. The results of these 
measurements are shown in table 6. The minimum required values are also 
shown in the table, which are derived from the research proposal. In figure 
25, the positions of the measurements L1-L7 are repeated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 25: positions 

measurements 
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Table 6: measurements lengths specimens  

Measurement 

 

 

Average 

[mm] 

Standard 

deviation 

[mm] 

Maximum 

[mm] 

Minimum 

[mm] 

Minimum 

required 

length 

[mm] 

Check if 

column 5 ≥ 

column 6 

Specimens d12 

L1 94.58 1.644 97.91 90.58 48 Positive  

L2 96.69 1.636 97.71 90.65 48 Positive  

L3 94.43 1.764 98.49 85.38 48 Positive  

L4 96.68 1.654 97.74 90.02 48 Positive  

L5 68.78 0.887 71.77 66.47 48 Positive  

L6 138.14 0.194 139.33 137.51 96 Positive  

L7 68.90 0.840 70.49 65.96 48 Positive  

Specimens d24 

L1 88.11 2.409 91.74 83.70 48 Positive  

L2 87.63 2.416 92.04 83.79 48 Positive  

L3 88.16 2.458 92.07 83.62 48 Positive  

L4 87.60 2.508 92.04 83.53 48 Positive  

L5 62.92 0.870 64.51 60.88 48 Positive  

L6 126.35 0.195 126.68 125.55 96 Positive  

L7 62.52 0.813 64.39 60.89 48 Positive  

 
From table 6 can be concluded that all dimensions are within the limit, which means that all 
specimens can be used for valid testing. Striking is that the length L6 is much more constant (low 
standard deviation) than the other measurements.  
 
Edge finishing  

The annealed glass specimens have cut edges, the thermally toughened glass specimens have 
polished edges. 
 
Pre-stress 

Measurements of the pre-stress in the specimens are most interesting for thermally toughened 
glass, since ideally, the residual stress in annealed glass equals zero. However, in reality, there will 
always be some residual stress. The measured levels of residual stress can be used to analyse and 
calculate the strengths of the specimens. 
 
The nominal characteristic strength of thermally toughened glass equals 120 MPa. The intrinsic 
strength of glass is 45 MPa. Therefore, the expected residual compressive stress is 120-45=75 MPa, 
since σ> = σ	 + �?�.  
 
In the thermally toughened glass, the residual stress on edges is significantly lower (15-25% on 
straight edges, 25-35% at holes) than it is away from the edges. (Haldimann M., Luible A., Overend 
M., 2007) Therefore, to know the pre-stress around the holes, the measured values have to be 
decreased with 25-35%. This is shown in the most right column of appendix D. 
 
All measurements of the compressive stress (surface) are shown in figure 26a and 26b, respectively 
for thermally toughened glass and annealed glass. Note that the y-axes have different scales.  
 
The results are shown in table 7. The table also indicates what percentage of the measurements is 
equal to or larger than the expected residual compressive stress. In the NEN 2068, the prescribed 
level of pre-stress is 75 MPa for thermally toughened glass and 0 MPa for annealed glass, and (NEN, 
2014). These values are shown in black respectively in figures 26 a and 26b .  
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Figure 26: residual compressive stresses a) TTG b) ANG 

 
 
Table 7: results panel thickness 

 TTG ANG 

Average residual compressive stress [MPa] -89.65 -3.80 

Average residual compressive stress near hole [MPa]  -62.67 -2.66 

Standard deviation [MPa] 8.0815 3.2930 

Minimum [MPa] -109.1 -16.9 

Maximum [MPa] -67.4 8.0 

Expected residual compressive stress [MPa] -75 0 

Values ≥ expected values [%] 3.3 7.0 
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4.2 Test setup (in-plane) 
The test setup for the in-plane test is according to the proposed sketch (figure 27).  

 
 
 
 
 
 

Figure 27: sketch test setup 

 

4.2.1 Mechanical test setup 

The complete mechanical setup is shown in figure 28. 
 

 
Figure 28: in-plane test setup 

 
The used mechanical testing setup is a Schenck Trebel RM100. The machine is located at the 
Structures laboratory at the Eindhoven University of Technology. The applied load is recorded 1000 
times per second. 

Frictionless aluminum fork 

Safety box  
(Timber and Perspex) 

Specimen 

Hinge 

Hinge 

Ball hinge (Side view) 
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All connections between the setup and the specimen are hinges, preventing any initial eccentricity in 
the specimen. At the top and bottom, a ball hinge is used. Also, the aluminum fork can hinge with 
respect to the aluminum block and threaded rod. The distance between the two frictionless 
aluminum forks is slightly larger than the panel thickness, this ensures that the specimen moves 
frictionless, and at the same time that no bending in the bolt occurs. All aluminum parts of the setup 
were designed in such a way that its strength would be higher than the expected failure load of the 
specimens (a margin was added). Also, the M6 steel bolt was calculated for shear. This turned out to 
be the governing factor of the test setup. Therefore, this calculation is shown in this report, 
according to equation 1. 
 

�@,AB	 = n ∗ 0.6 ∗ �	� ∗ �D
EFG                        (1)  

 
In which: 

�@,AB  = design strength (shear) [kN] 

H  = number of shear planes [-] 
�	�   = bolt strength [MPa] 
"�  = cross sectional area [mm²] 
γ��  = material factor [-] 

 
This results in  
�@,AB = (2 ∗ 0.6 ∗ 800 ∗ (π ∗ 3�))/1.25	 = 	21.7	kN  

 
The strength of the steel bolt is higher than the expected strength of the glass specimens. 
 

4.2.2 Measurement devices 

Several measurement devices were tested on some extra specimens.  
 
Linear variable differential transformers (LVDT’s) 

On two test samples, 4 LVDT’s are placed. They are positioned on the left and right side of both 
holes because it is expected that at these locations the cracks will initiate. This is because the highest 
tensile stresses occur here. The LVDT’s have a measurement range of 2.0 mm and measure the 
displacement over a length of 40 mm of the specimen. The position of the LVDT’s is shown in figure 
29. The range turned out to be too large to measure significant results. The choice to test the 
application of LVDT’s was made because in the research of Mocibob and Belis (2010), LVDT’s were 
used as well. The specimens were subjected to an axial compressive load through a load 
introduction system comparable to this situation (Mocibob, D., Belis, J., 2010).                                 

  
Figure 29: position LVDT’s 
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Electronic Speckle Pattern Interferometry (ESPI) 

An electronic speckle pattern interferometer relies on the correlation between two speckle patterns, 
each one created by the interference between a reference beam and the image of an object 
illuminated by a laser. Typically the two images are of an object before and after some deformation. 
To view the effects of movement of the object, an image is stored before the object is displaced. A 
second image is obtained after displacement and the two images are subtracted (T.R. Moore, 2004). 
However, unfortunately, the strains were too small to measure valuable results with. 
 
Strain gauges 

Mocibob (2008) performed in-plane tensile and compressive tests on glass specimens. To measure 
the strain, the specimens were instrumented with rosette strain gauges located at 0°, 45°, 90°, 135°, 
and 180° with respect to the vertical. This was done on both the front and back side of the panel. 
Additionally, on both sides, one unidirectional strain gauge was applied in the infinite area (Mocibob, 
D., 2008). The choice for rosette strain gauges was made based on the compressive tests. Rosette 
gauges are usually used where complex stress field is predicated: when the principal tensile stress is 
not easy to "guess" (because is not perpendicular to the load, neither parallel, but is inclined in some 
way). Then it is better to use rosettes because you can obtain strength in X, Y, and XY direction. 
Compression test has a complex strength field distribution, and therefore Mocibob used rosette 
strain gauges. If the research would have consisted out of tensile tests only, unidirectional strain 
gauges would have been used only because the location and direction of the maximum principal 
stress is known (Mocibob, D., 2019).  
 
Based on this reasoning, the choice was made to apply unidirectional strain gauges on both sides of 
the hole (parallel to the load direction). The locations of the strain gauges are left and right of the 
hole and on both sides of the panel. They are positioned at 20 mm from the hole center. Next to 
that, one strain gauge is placed in the middle of the panel (infinite area) on both sides of the panels. 
as shown in figures 30 and 31. The applied strain gauges have a gauge length of 6 mm.  
 
Three types of specimens are equipped with strain gauges: 

• Thermally toughened glass, core drilled (reference 
series), containing a perfectly round hole. 

• Thermally toughened glass, waterjet cut (basis 
series), containing an ‘elliptical’ hole. 

• Thermally toughened glass, waterjet cut (basis 
series), containing a perfect round hole.  

 
 

                a         b 

Figure 30: location strain gauges a) front side b) back side            Figure 31: strain gauges applied on specimen 
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High speed camera 

Using a high speed camera, the initial crack in the fracture pattern can be determined. The view of 
the camera needs to be around the holes since the crack initiation is expected to be there. The 
camera is positioned as shown in figures 32 and 33. As visible on the screen, is that the area close to 
the hole is not visible because of the aluminum fork. Therefore, adhesive foil is applied to the test 
specimens, which keeps the broken glass parts together. This can be used to show the full crack 
pattern and also to examine the cracks behind the aluminum forks (initial crack). Expected is that the 
crack pattern will develop very quickly, therefore the number of frames per second (fps) should be 
as high as possible. The highest possible value in combination with maximum resolution (512x512) is 
5000 fps. These values will be applied.  
 

     
Figure 32: camera range                Figure 33: high speed camera setup 

 

The maximum resolution (≙ 5000 fps) does not provide sufficient images to locate the exact crack 
origin. By halving the resolution, and thus doubling the number of frames per second, there are 
sufficient frames to locate the origin of the first crack in float glass (annealed glass). Figure 34 shows 
four subsequent frames of the high speed camera (the pictures are half of the original pictures 
because failure occurred at the upper hole). The results of all specimens are shown in the results 
section. For thermally toughened glass, however, even the smallest resolution and the largest 
number of frames per second possible, were insufficient to determine the initial crack. This is shown 
in figure 35.  
 

  
 Figure 34a: frame n            Figure 34b: frame n+1 

  
Figure 34c: frame n+2            Figure 34d: frame n+3 
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Figure 35a: frame n       Figure 35b: frame n+1  

 
In summary; Linear variable differential transformers and Electronic Speckle Pattern Interferometry 
have been tested in this research but turned to be unsuitable to use. Strain gauges and a high speed 
camera, however, did turn out to be useful and are used in the experiments. 
 

4.3 Methodology (in-plane) 
 

4.3.1 Load rate 

In four-point bending tests and coaxial double ring tests, the prescribed load rate is 2 ± 0.4 MPa/s 
(Haldimann et al, 2007). No codes or documents were found in which the load rate for in-plane 
tensile tests is described. Therefore, the choice is made to apply 2 ± 0.4 MPa/s.  
 
The load rate in [MPa/s] needs to be translated into a load rate in [N/s]. This can be done using the 
Finite Element Model in Abaqus. The structure and details of the FE model will be explained in 
chapter 5. However, in this paragraph, some results of the model are already used. From the FE 
model, it can be determined at which applied force, the maximum tensile stress equals 2 MPa. This 
value will be the load rate for the experimental setup. 
 
This means that for each specimen with different geometrical properties, a different load rate in 
[N/s] will be found. This ensures a constant stress increase for each specimen type. 
 
From the output of Abaqus, the maximum principal tensile stresses and the total applied force can 
be derived for each time step. From these values, a graph can be drawn, see figure 36. This is done 
for all four different geometries, as shown in table 8. 
 
Table 8: different geometries in-plane 

Code Type of hole Thickness [mm] Hole diameter [mm] 

Wt8d12 Waterjet cut 8 12 

Ct8d12 Core / conical 8 12 

Wt12d12 Waterjet cut 12 12 

Wt8d24 Waterjet cut 8 24 
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Figure 36a,b,c,d: stress,force relationships
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In figure 36 can be seen that the stress-force diagrams have a linear relationship. The slope of the 
graph represents the applied force per MPa tensile stress [N/(N/mm2)]. When this value gets 
multiplied by 2 (to achieve 2 MPa/s), it results in a load rate in [N/s]. This is shown in table 9 for all 
four geometries. 
 
If the load rate in MPa/s gets multiplied by the slope of the graph, this results in a load rate in N/s. 
In units: 
 
P/���

� ∗ 22� = P
�   

 
Table 9: slope and load rate 

Code Load rate 

[MPa/s] 

Slope (force/stress)  

[N/(N/mm
2
)] = [mm

2
] 

Load rate  

[N/s] 

Wt8d12 2 132 264 

Ct8d12 2 149 297 

Wt12d12 2 195 391 

Wt8d24 2 200 400 

 
In September 2018, already one experimental test was performed. This can be used to predict the 
time to failure, and validate the values above. Since the theoretical characteristic strength of ANG is 
45 MPa, and the load rate should be 2 MPa/s, the expected duration of the test would be 45/2 = 
22.5 seconds. 
 
19.5 seconds is in the same order of magnitude as the expected 22.5 seconds. 
 
Table 10: prediction test duration  

Test specimen Failure load 

[N]  

(from test) 

Load rate (from table 3) 

[N/s] 

Predicted load duration [s]  

(failure load / load rate) 

 

ANGC,t8d12 5800 297 19.5 
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4.4 Expected results (in-plane) 
Before experimental research can be carried out, first the expected failure load needs to be 
determined. This can be done using formulas and equations from literature. In the thesis of D. 
Mocibob (2008), research was done on glass panels under shear loading. Part of this research 
focused on finite width plates with circular holes under uniaxial tensile load (Mocibob, D., 2008). 
 

4.4.1 Load 

Based on formulas, the expected failure load of the specimens can be determined. This is done using 
the following design formula. The influences of design parameters of the joint as well as production 
and erection tolerances on the maximal stress are considered in terms of coefficients ki, which have 
been systematically determined through extensive Finite Element calculations by Baitinger and 
Feldmann (2010). The formula is based on the superposition principle (Baitinger, M., Feldmann, M., 
2010).  
  

�Q,���,� = ∏ �S ∗ T1.2 + 2.2 ∗ UF
�F

V ∗ WX
�Y∗� ≤ ��	[\]^S  (Baitinger, M., 2010)                  (2) 

 
In which: 

��   = �� = resulting design load at the decisive hole [N] 
�_  = hole diameter [mm] 
 	 = glass thickness (of one glass pane if used laminated glass) [mm] 
�]  = coefficients to consider the design of the joint as well as production and erection    

tolerances [-] 
  k1 = factor to consider unequal distribution of compression [-] 
  k2 = factor to consider little relevant width [-] 
  k3 = factor to consider little edge distances e1 = e2 [-] 
  k4 = factor to consider little hole distances p1 [-] 
  k5 = factor to consider offset in laminated glass [-] 

`�  = Decisive pane width in [do]  
��  = Multiplication parameter of basic stress state 2 [-] 
��	[   = Design resistance of the glass element [MPa] 

 
By inserting the above calculated design strengths in the formula (σϕ,max,d), the design load (Pd) can 
be calculated. However, the interest is in the characteristic load instead of the design load, since the 
characteristic load will also be the result of the experimental research. Therefore, by inserting the 
characteristic strength in the formula, also the characteristic load can be calculated. In the formula, 
the effective thickness at the hole is included. This effective thickness for core drilled holes is equal 
to the thickness minus the depth of the conical part. Since waterjet cut holes do not have a conical 
part, the effective thickness is larger. However, the quality of the hole is not considered in the 
formula. The hole diameter is also accounted for in the formula. The characteristic loads are 
presented in table 11. 
 
Table 11: characteristic loads 

Test series t eff [mm] d [mm] Pk [N] 

ANGC,t8d12 6.2 12 2433 

TTGC,t8d12 6.2 12 6488 

ANGW,t8d12 8 12 3140 

TTGW,t8d12 8 12 8372 

ANGW,t12d12 12 12 4709 

TTGW,t12d12 12 12 12558 

ANGW,t8d24 8 24 5179 

TTGW,t8d24 8 24 13810 
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Since the effective thickness of the waterjet panels is larger, the expected load is higher as well. The 
panel thickness is a linear term in the formula, so for an increased thickness, the load increases 
linear proportional. Therefore the expected load for the panels with a thickness of 12 mm is 1.5 
times larger than for the panels with a thickness of 8 mm.  
 
The hole diameter is also present in the formula. However, the diameter and load are not linearly 
proportional because the hole diameter is also part of the bm factor in the formula. However, from 
the formula results that specimens with a larger hole diameter will result in a higher load. This is also 
predicted based on literature. A relationship between the stress intensity factor and the hole 
diameter states that a larger hole diameter results in a lower stress intensity factor. This relationship 
corresponds to an in-plane tensile load, see figure 37 (Mocibob, D., 2008). Specimens that are 
eccentrically loaded are expected to have a lower ultimate load. 

 

 
Figure 37: diameter vs. stress intensity factor (Mocibob, D., 2008) 

 

4.4.2 Angle of initial crack 

In a glass plate with a hole loaded with tensile force through the bolt in the hole, the maximal 
principal tensile stresses at the glass hole occur perpendicular to the force direction. No principal 
compressive stresses occur at this place. The angle of the initial crack is predicted to be at 90 
degrees with respect to the load direction because the tensile stress is highest near the borehole at 
90 degrees. The maximum compressive stress occurs at the edge of the borehole in line with the 
load.  
 
The stress concentration is mainly influenced by the distance between the glass hole and the edge 
(glass panel under tensile force) and glass hole diameter (glass panel under compressive force). This 
is supported by the research of Mocibob (2008), see figure 38. 

                                   
Figure 38: stresses near the hole. (Mocibob, D., 2008)                         Figure 39: stress in hole area and infinite area 

 

4.4.3 Stresses 

The maximal stresses occur near the hole and decrease towards the edge of the panel. The stresses 
in the infinite area are constant over the width, see figure 39. 
  

d [mm] 

Kc [-] 



Edge strength of core drilled and waterjet cut holes in structural glass panels 

   

45 

4.5 Test setup (out-of-plane) 
The test setup for the coaxial double ring test is according to the 
proposed sketch (figure 40).  
 

4.5.1 Mechanical test setup 

In current European standards, there are two coaxial double ring 
test setups. The dimensions of the setup and corresponding 
specimens are shown in the first two rows of table 12. Both setups 
are unsuitable for the current research. The first setup is not 
suitable for specimens containing holes because of the small 
diameter of the loading ring (18 mm). The second setup is not suitable because of the large 
specimen sizes (1000x1000 mm).  
 
Haldimann (2006) came across this problem and had to use a more suitable setup. The choice of a 
loading ring diameter of 51 mm and a reaction ring diameter of 127 mm offers an ideal compromise: 
the surface area under tension is large enough to give meaningful results, while the required 
specimen size is at the same time small enough to enable the specimens to be inspected by 
microscopy (Haldimann, M., 2006). See the third row of table 12. The used specimen dimensions are 
200x200 mm in his research because these dimensions are also suitable for microscopic 
investigations.  
 
The above described dimensions of the setup are chosen based on previous experiences. Dalgliesh 
and Taylor (1990) and Overend (2002) used the same loading ring and reaction ring dimensions. 
Both tests were performed with direct steel-on-glass contact because this was found to give better 
results (less variance) by Dalgliesh and Taylor (1990). This principle was therefore also used in this 
research.  
 
The used material for the action and reaction ring is steel S235. The used specimen dimensions are 
250x250 mm, based on coaxial double ring tests for specimens with holes (Belis, Glass structures, 
2017). The corresponding production drawing is shown in figure 41. 
 
Table 12: comparison of coaxial double ring test geometries 

Test setup Standard Loading ring 

diameter [mm] 

Reaction ring 

diameter [mm] 

Specimen 

dimensions [mm²] 

EN CDR R45 EN 1288-5:2000 18 90 100x100 

EN CDR R400 EN 1288-2:2000 600 800 1000x1000 

Present research None (based on 
other researches) 

51 127 250x250 

 

Figure 40: sketch test setup 
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Figure 41: production drawing coaxial double ring test 
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The entire mechanical setup is shown in figure 42. The upper part of the setup consists of a load cell, 
to which the loading ring is connected with a hinge. This ensures that the load is applied equally 
distributed among the circle. The reaction ring is fixed to the bottom of the setup. The reaction plate 
contains a center point on which the specimen can be aligned, ensuring that the hole is exactly in 
the middle of the ring. Again, for safety reasons, a safety box is constructed out of timber and 
Perspex.  
 

 
Figure 42: test set-up coaxial double ring test 

 
The used mechanical testing setup is a Schenck Trebel RM100. The machine is located at the 
Structures laboratory at the Eindhoven University of Technology. The applied load is recorded 1000 
times per second. 
  

Loading ring  
(D=51 mm) 

Reaction ring  
(D=127 mm) 

Safety box 
Timber and Perspex 

Hinge 

Specimen 



Edge strength of core drilled and waterjet cut holes in structural glass panels 

 

   
 

48 

4.5.2 Measurement devices 

From previous research by Haldimann (2006) is known that strain gauges are suitable to measure 
strains in coaxial double ring tests. Therefore strain gauges will be applied in this experiment as well.  
 
Strain gauges 

Unidirectional strain gauges were applied on the specimens tension side (bottom side). Their 
position is at 0°, 45°, and 90° with respect to the vertical. See figures 43 and 44. Theoretically, for a 
perfectly round hole, the strains are equal for all three locations. However, since for waterjet cut 
holes, ‘elliptical’ holes exist, the difference in strain can be determined. For the specimens with 
elliptical-shaped holes, the strain gauges are positioned in such a way that one is located on the 
short side of the ellipse, one on the long side of the ellipse, and one in between. The direction of the 
maximum principal tensile stresses is radially from the hole center towards the edges of the panel. 
The applied strain gauges have a gauge length of 6 mm.  
 
Three types of specimens are equipped with strain gauges: 

• Annealed glass, core drilled (reference series), containing a perfectly round hole. 

• Annealed glass, waterjet cut (basis series), containing a perfectly round hole. 

• Annealed glass, waterjet cut (basis series), containing an elliptical hole. 
 

   
Figure 43: position strain gauges            Figure 44: strain gauges on specimen 
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4.6 Methodology (out-of-plane) 
 

4.6.1 Load rate 

In coaxial double ring tests, the prescribed load rate is 2 ± 0.4 MPa/s (Haldimann et al, 2007).  
 
The load rate in [MPa/s] needs to be translated into a load rate in [N/s]. This can be done using the 
Finite Element Model in Abaqus. The structure and details of the finite element model will be 
explained in chapter 5. However, in this paragraph, some results of the model are already used. 
From the FE model, it can be determined at which applied force, the maximum tensile stress equals 
2 MPa. This value will be the load rate for the experimental setup. 
 
This means that for each specimen with different geometrical properties, a different load rate in 
[N/s] will be found. This ensures a constant stress increase for each specimen type. 
 
From the output of Abaqus, the maximum principal tensile stresses and the total applied force can 
be derived for each time step. This process has previously been explained in paragraph 4.3 
(methodology in-plane) and is similar for these test series. The results for the out-of-plane series are 
shown in table 13.  
 
Table 13: slope and load rate 

Code Load rate 

[MPa/s] 

Slope (force/stress)  

[N/(N/mm
2
)] = [mm

2
] 

Load rate  

[N/s] 

C t8d12 2 83 165 

W t8d12 2 80 159 

W t8d24 2 74 147 

 

4.7 Expected results (out-of-plane) 
As described before, Haldimann (2006) performed experimental and numerical research on the 
bending strength of annealed glass panels. The panels in that research have a nominal thickness of 6 
mm and an area of 200x200 mm². The used test setup is similar as in the present research. The 
ultimate load on the test panels is 11.8 kN. The fact that the panels in the current research have a 
larger thickness (8 mm vs. 6 mm), is a reason that higher loads can be expected. However, due to the 
fact that in the current research the specimens contain holes, the expected failure load is lower.  
 
Within the different series of the current research, it is expected that the specimens containing core 
drilled holes, result in a higher strength compared to specimens containing waterjet cut holes. The 
reason for this hypothesis is that the elliptical shape of the waterjet cut holes negatively affects the 
maximum load. 
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5. Numerical research 
 
In the numerical research, finite element models are constructed for both the in-plane tensile test 
and the coaxial double ring test. Using the finite element models the load rates for the experimental 
research (previously explained in chapter 4 experimental research) can be determined. Next to that, 
the stresses and strains in the bushing and glass caused by the action force on the bolt can be 
determined. These can later be compared to the results from the strain gauges in the experimental 
report. Next to that, the influence of varying physical properties and hole geometries can be 
determined. 
  
In this chapter is described how the numerical models are constructed and the results that are 
derived from this research are presented.  
 
N.B. All texts between brackets in this chapter are derived from the Abaqus/CAE User’s Guide, 6.13 
Simulia [ (Abaqus CAE, 2013) ]. These sections are given to support the decisions that were made in 
constructing the models. 
 

5.1 Model construction (in-plane) 
All modules of the model are explained in the separate paragraphs.  
 
The construction of this model is for the specimens with code: Wt8d12 (basis series). The required 
adaptations for the model for the different specimen series are explained in paragraph 5.2.  
 

5.1.1 Part 

In the part module, the geometry is created. The choice is made to create a model of half of the 
geometry. This is valid because the model contains a line of symmetry. The advantage is that it saves 
fifty percent of the elements, resulting in a quicker operating model. The geometry consists of three 
parts; glass, bushing, and bolt.  
 
Part 1: Glass 

Solid, deformable. 
rectangle, height = 200mm, width = 150 mm, depth = 8 mm, draw hole (midpoint (75,100), r = 6). 
Surface: inner side of the hole (glass in). 
 
Part 2: Bushing 

Solid, deformable. 
Outer circle: r = 6mm, inner circle: r = 3mm, depth = 8 mm. 
Include 2 datum planes to create partitions. 
Surface: outer side of bushing (bushing out). 
Surface: inner side of bushing (bushing in). 
 
Part 3: Bolt 

Solid, deformable. 
Circle: r = 8 mm, depth = 8 mm. 
Surface: outer side of bolt (bolt out). 
 
[Solid features are more robust than shell features. You may find it hard to position a group of shell features 

and match up the edges precisely. In contrast, sections of a solid can overlap and tolerance becomes less 

critical. Another advantage of using a solid is that you can use round and chamfer features to define the 

geometry.] 



Edge strength of core drilled and waterjet cut holes in structural glass panels 

   

51 

[When your model contains parts that contact each other, you can specify that one or more of the parts is rigid. 

A rigid part represents a part that is so much stiffer than the rest of the model that its deformation can be 

considered negligible. 

In contrast to a part that you define as rigid, a part that you define as deformable can deform during contact 

with either a rigid part or another deformable part. For example, a model of a metal stamping process might 

use a deformable part to model the blank and rigid parts to model the mold and die.] 

 
In this model, the choice is made to use all deformable parts to allow deformation in all parts. 
 

5.1.2 Property 

In the property module, the mechanical properties of the materials are defined and assigned. 
 
Glass 

Elastic (Glass behaves linear elastic until fracture (NEN, 2014) 
Young’s modulus = 70000 MPa (NEN, 2014) 
Poisson’s ratio = 0.23 (NEN, 2014) 
 
Bushing 

Elastic 
Material = PA6 
Young’s modulus = 2400 MPa 
Poisson’s ratio = 0.35 (DesignerData, 2019) 
 
Bolt  

Elastic 
Material = steel 
Young’s modulus = 210000 MPa 
Poisson’s ratio = 0.3 
 

5.1.3 Assembly 

All three parts are assembled without space in between. Also, a reference point (RP-1) is placed on 
the axis of the bolt. Later, the load will be applied to this reference point. 
  

5.1.4 Step 

The model contains two steps. The first one is the initial step which cannot be modified. The second 
one is step-1. This step is determined as a static general step, with automatic incrementation with a 
maximum of 100 steps. Possibility for nonlinear material behavior is taken into account (NLgeom 
ON). 
 
[Abaqus/CAE creates a special initial step at the beginning of the model’s step sequence and names it Initial. 

Abaqus/CAE creates only one initial step for your model, and it cannot be renamed, edited, replaced, copied, or 

deleted. The initial step allows you to define boundary conditions, predefined fields, and interactions that are 

applicable at the very beginning of the analysis. For example, if a boundary condition or interaction is applied 

throughout the analysis, it is usually convenient to apply such conditions in the initial step. Likewise, then the 

first analysis step is a linear perturbation step, conditions applied in the initial step form part of the base state 

for the perturbation.] 

 

[The initial step is followed by one or more analysis steps. Each analysis step is associated with a specific 

procedure that defines the type of analysis to be performed during the step, such as static stress analysis or a 

transient heat transfer analysis. You can change the analysis procedure from step to step in any meaningful 

way, so you have great flexibility in performing analyses. Since the state of the model (stresses, strains, 

temperatures, etc.) is updated throughout all general analysis steps, the effects of previous history are always 

included in the response for each new analysis step.] 
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[The Step Manager distinguishes between general nonlinear steps and linear perturbation steps by indenting 

the names and procedure descriptions of linear perturbation steps. General nonlinear analysis steps define 

sequential events: the state of the model at the end of one general step provides the initial state for the start of 

the next general step. Linear perturbation analysis steps provide the linear response of the model about the 

state reached at the end of the last general nonlinear step.] 

 

[For each step in the analysis the Step Manager also indicates whether Abaqus will account for nonlinear 

effects from large displacements and deformations. If the displacements in a model due to loading are 

relatively small during a step, the effects may be small enough to be ignored. However, in cases where the 

loads on a model result in large displacements, nonlinear geometric effects can become important. The 

NLgeom setting for a step determines whether Abaqus will account for geometric nonlinearity in that step.] 

 

5.1.5 Interaction 

A reference point is placed at the axis of the bolt. The bolt and reference are coupled, in such a way 
that the load can be applied on the axis.  
 
Bolt – bushing 

Surface-to-surface interaction is applied between the steel bolt and the bushing material. The bolt is 
determined to be the master material, the bushing material is the slave material. The interaction is 
created in the initial step and propagated in the step-1. 
 
[Stiffer body should act as master surface] 

 

Bushing - glass 

Surface-to-surface interaction is applied between the bushing material and the glass panel. The glass 
panel is determined to be the master material, the bushing material is the slave material. The 
interaction is created in the initial step and propagated in the step-1. 
 
Properties 

The interaction properties of both surface-to-surface contacts are determined to have normal 
mechanical behavior with hard contact. Small sliding is applied in both interactions. 
 
[The finite-sliding contact formulation requires that Abaqus/Standard continually track which part of the 

master surface is in contact with each slave node. This is a very complex calculation, especially if both the 

contacting bodies are deformable. The structures in such simulations can be either two- or three-

dimensional. Abaqus/Standard can also model the finite-sliding self-contact of a deformable body. Such a 

situation occurs when a structure folds over onto itself. 

The finite-sliding formulation for contact between a deformable body and a rigid surface is not as complex as 

the finite-sliding formulation for two deformable bodies. Finite-sliding simulations where the master surface is 

rigid can be performed for both two- and three-dimensional models.] 

 

5.1.6 Load 

In the load module, the boundary conditions can be specified. 
 
Clamp 

Since the model represents half of the real specimen, the model should be clamped at the line of 
symmetry, see figure 45. The clamp means that among the full side plane of the model both 
displacement and rotation are prevented in all three directions. This boundary condition is initiated 
in the initial step and propagated in the step-1.  
In order to derive the total reaction force in a later stage, now a second reference point (RP-2) is 
placed in the center of the plane of the clamp boundary condition.  



Edge strength of core drilled and waterjet cut holes in structural glass panels 

   

53 

            
Figure 45: specimen vs model. 

 
Bolt position 

The bolt is modeled in such a way, that it can only move horizontally (x-direction). This means that 
the bolt is prevented from displacement in y- and z-direction, and rotation in all directions. This 
boundary condition is initiated in the initial step and propagated in the step-1. 
 
Bolt displacement 

This boundary condition is created to apply movement of the bolt. The bolt gets displaced in the 
(negative) x-direction. The condition is created in step-1.  
 

5.1.7 Mesh 

The choice is made to apply four elements over the depth of the panel. This causes that the total 
amount of elements remains limited while there still are multiple elements in all directions. 
 
The ratio between the longest side and shortest side of an element is called the aspect ratio.  
 
[The percentage of elements with an aspect ratio of ≤3 should be in the low 90’s for complex models, and 

upwards of 99 for simpler models. The percentage of elements with aspect ratio >10 should be as low as 

possible, ideally 0.] 

 
Glass panel 

The mesh of a panel with a hole should be radial under 45 degrees. This is achieved by using several 
datum planes. Single-bias seeding is used towards the center of the panels, see figure 46a. 
 
Bushing 

The mesh of the bushing should be radial as well and should be applied in such a way that the lines 
separating the elements are continuous over the several materials, see figures 46b and 47. 
 
Bolt 

The mesh of the bolt is constructed in a similar way as the mesh of the bushing, see figure 46c. 
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a             b                c 

Figure 46: a) mesh glass panel b) mesh bushing c) mesh bolt (different scales) 

 
When the three parts are combined, it is important that the element edges from one part continue 
to the next part. This avoids peaks in stresses that do not occur in reality. In figure 47 is shown that 
the mesh (lines) is continuous among the parts. 
 

 
 Figure 47: continuous meshing among materials. 
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5.2 Adaptations for other series 
The construction of the model described in paragraph 5.1 is for specimens with code ANGW,t8d12 
and TTGW,t8d12. For the different specimens, some geometrical adaptations are needed. These 
adaptations are described in the current paragraph. All other input parameters remain constant.  
 
Core drilled holes 

Specimens containing core drilled holes, required a different model. In this model, the holes will be 
conically chamfered over a depth of 0.9 mm, from both sides. This 0.9 mm is the result of 
measurements of the specimens in the experimental part. This model can be used for the series 
ANGC,t8d12 and TTGC,t8d12. 
 
Panel thickness 

Two series of specimens have a thickness of 12 mm. The model will be geometrically adapted in such 
a way that the depth of the glass panel, bushing material, and bolt have a depth of 12 mm. This 
model can be used for the series ANGW,t12d12 and TTGW,t12d12. 
 
Hole diameter 

Specimens in which the diameter of the holes is 24 mm, need to be adapted geometrically as well. 
The diameter of the hole in the glass panel, as well as the outer diameter of the bushing, is 24 mm. 
The inner diameter of the bushing, as well as the diameter of the bolt, is 16 mm. This model can be 
used for the series ANGW,t8d24 and TTGW,t8d24. 
 
Eccentricity 

For the eccentricity case with insufficient bushing, the length of the bushing material is decreased to 
5 mm. Two variants for this model are created, one in which the bushing is positioned in the middle, 
as shown in figure 48a, and one in which the bushing is positioned towards one face of the glass 
panel, as shown in figure 48b. 
 

 
Figure 48: a,b) insufficient bushing cases 
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5.3 Model construction (out-of-plane) 
All modules of the model are explained in the separate paragraphs. The construction of this model is 
for the specimens with code: Wt8d12 (basis series). The required adaptations for the model for the 
different specimen series are explained in paragraph 5.4.  
 

5.3.1 Part 

The geometry consists of three parts; from bottom to top: reaction ring, glass specimen, loading 
ring.  
 
Part 1: reaction ring 

Solid, deformable 
Top half of a ring, diameter (in-plane) = 127 mm, cross-sectional diameter = 5 mm  
Surface: bottom side of the ring (flat side) 
Surface: top side of the ring (curved side) 
 
Part 2: glass specimen 

Solid, deformable 
Square, height = 250 mm, width = 250 mm, depth = 8 mm, draw hole (midpoint (125,125), r = 6) 
Surface: bottom side glass panel 
Surface: top side glass panel 
 
Part 3: loading ring 

Solid, deformable 
Top half of a ring, diameter (in-plane) = 51 mm, cross-sectional diameter = 5 mm,  
Surface: bottom side of the ring (curved side) 
Surface: top side of the ring (flat side) 
 

5.3.2 Property 

In the property module, the mechanical properties of the materials are defined and assigned. 
 
Glass  

Elastic (Glass behaves linear elastic until fracture (NEN, 2014) 
Young’s modulus = 70000 MPa (NEN, 2014) 
Poisson’s ratio = 0.23 (NEN, 2014) 
 
Steel 

Elastic 
Material = steel 
Young’s modulus = 210000 MPa 
Poisson’s ratio = 0.3 
 

5.3.3 Assembly 

All three parts are assembled on top of each other. The parts are aligned in such a way that the 
center point of the reaction ring, the center point of loading ring, and the center of the hole in the 
glass specimen are perfectly above each other. 
 
The middle of the loading ring is given a reference point. The load will be applied to this reaction 
point. Also, the middle of the reaction ring is given a reference point. This point will indicate the total 
reaction force.  
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5.3.4 Step 

The model contains two steps. The first one is the initial step which cannot be modified. The second 
one is step-1. This step is determined as a static general step, with automatic incrementation with a 
maximum of 100 steps. In this step, the load can be added in the load section. 
 
[Abaqus/CAE creates a special initial step at the beginning of the model’s step sequence and names it Initial. 

Abaqus/CAE creates only one initial step for your model, and it cannot be renamed, edited, replaced, copied, or 

deleted. The initial step allows you to define boundary conditions, predefined fields, and interactions that are 

applicable at the very beginning of the analysis. For example, if a boundary condition or interaction is applied 

throughout the analysis, it is usually convenient to apply such conditions in the initial step. Likewise, then the 

first analysis step is a linear perturbation step, conditions applied in the initial step form part of the base state 

for the perturbation.] 

 

[The initial step is followed by one or more analysis steps. Each analysis step is associated with a specific 

procedure that defines the type of analysis to be performed during the step, such as static stress analysis or a 

transient heat transfer analysis. You can change the analysis procedure from step to step in any meaningful 

way, so you have great flexibility in performing analyses. Since the state of the model (stresses, strains, 

temperatures, etc.) is updated throughout all general analysis steps, the effects of previous history are always 

included in the response for each new analysis step.] 

 

5.3.5 Interaction 

Two interactions are determined.  
 
1. Loading ring – glass specimen  

Surface-to-surface interaction is applied between the loading ring and the glass specimen. The steel 
ring is determined to be the master material, the glass specimen is the slave material. The 
interaction is created in the initial step and propagated in the step-1. 
 
[Stiffer body should act as master surface] 

 
2. Glass specimen – reaction ring 

Surface-to-surface interaction is applied between the glass specimen and the reaction ring. The steel 
ring is determined to be the master material, the glass specimen is the slave material. The 
interaction is created in the initial step and propagated in the step-1. 
 
Properties 

The interaction properties of both surface-to-surface contacts are determined to have normal 
mechanical behavior with hard contact. Small sliding is applied in both interactions. Friction between 
loading ring and glass specimen and reaction ring and glass specimen is taken into account by 
tangential behavior: friction. Haldiman (2006) compared frictionless models to models including 
friction for coaxial double ring tests. He found that the friction model best met reality. (Haldimann, 
M., 2006)The applied friction coefficient is 0.5. This value is based on the research of Castori & 
Speranzini (2016). In this research also coaxial double ring tests on glass were performed. (Castori, 
G., Speranzini, E. , 2016).  
 

5.3.6 Load 

In the load module, the boundary conditions can be specified. 
 
Fixed reaction ring 

The reaction ring is determined to be fixed in place, no displacement nor rotation is possible. This 
boundary condition is initiated in the initial step and propagated in the step-1.  
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Fixation loading ring 

The loading ring is given boundary conditions that it can only move in the z-direction. Displacement 
in x- and y-direction and rotation in all planes are prevented. This boundary condition is initiated in 
the initial step and propagated in the step-1.  
 
Displacement loading ring 

This boundary condition is created to apply movement of the loading ring. The loading ring gets 
displaced in the (negative) z-direction. The condition is created in step-1.  
 

5.3.7 Mesh 
[The percentage of elements with an aspect ratio of ≤3 should be in the low 90’s for complex models, and 

upwards of 99 for simpler models. The percentage of elements with aspect ratio >10 should be as low as 

possible, ideally 0.] 

 
Glass specimen 

The choice is made to apply four elements over the depth of the panel. This causes that the total 
amount of elements remains limited while there still are multiple elements in all directions. The 
mesh is applied radially, see figure 49a. This avoids stress peaks which do not exist in practice and 
makes sure the mesh density increases towards the center of the panel. This is achieved by using 
several datum planes. Single-bias seeding is used towards the center of the panel. 
 
Loading ring and reaction ring 

For the loading ring and reaction ring, the mesh is of minor importance because the stresses in the 
steel are of minor importance. The meshes are shown in figure 49b,c. 
 

 
a              c 

Figure 49: meshes. a) glass panel, b) steel reaction ring, c) steel loading ring (different scales) 

 

  

b 
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5.4 Adaptations for other series (out-of-plane) 
The construction of the model described in paragraph 5.3 is for specimens with code ANGW,t8d12. 
For the different specimens, some geometrical adaptations are needed. These adaptations are 
described in the current paragraph. All other input parameters remain constant.  
 
Core drilled holes 

Specimens containing core drilled holes, required a different model. In this model, the holes will be 
conically chamfered over a depth of 0.9 mm, from both sides. This 0.9 mm is the result of 
measurements of the specimens in the experimental part. This model can be used for the series 
ANGC,t8d12. 
 
Hole diameter 

Specimens in which the diameter of the holes is 24 mm, need to be adapted geometrically as well. 
The diameter of the hole in the glass panel becomes 24 mm. This model can be used for the series 
ANGW,t8d24. 
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6. Results experimental and numerical research 
In this chapter, the results of the experimental and numerical research are shown and compared to 
each other. Furthermore, a parametric study is performed and analysed. 
 

6.1 In-plane series 
This section provides the results of the in-plane tensile tests. The results of the tests, including the 
ultimate load and angle of the initial crack, are provided in appendix E.  
 

6.1.1 Ultimate failure loads 

In this paragraph, the results are shown that were determined experimentally. Directly from the 
tests, a mean value for the ultimate load is derived. The values are represented in the second 
column of table 14. The table also includes the standard deviation and the coefficient of variation. 
The coefficient of variation represents the ratio between the standard deviation and the mean value. 
The results of all individual measurements are represented in figure 50. This graph visualises the 
distribution of the results. The figure is also present on a larger scale in appendix G. The red markers 
indicate the mean values. To account for the wide distributions, the characteristic failure load needs 
to be calculated from the mean failure load. 
 

 
Figure 50: ultimate loads 
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6.1.2 Characteristic loads 

For all samples, a fit for the normal distribution is created, which is an often used distribution. 
However, in experimental researches of glass, the Weibull distribution seems to give a better fit. The 
2p-Weibull distribution is generally accepted to be an appropriate distribution for the failure of 
structural elements, in which the weakest link (in glass the largest flaw) causes the failure. In other 
studies on structural glass also the 2p-lognormal distribution is used sometimes (Haldimann, M., 
2006). Using a histogram and probability plots, the determination coefficient (R²) can be calculated 
for all samples. The closer the value of R² is to 1.0, the better the fit. The determination coefficients 
for the normal distribution and Weibull distribution are shown in respectively the fifth and sixth 
column of table 14. From this can be learned that indeed the Weibull distribution gives the best fit 
for these results, and therefore, other distributions were not considered. 
 
With the use of the Weibull distribution, the characteristic value of the failure load can be 
determined. The characteristic value is the 5 percentile value. This value can be calculated with the 
use of the software program Easyfit. However, it is desired to check if the program performs the 
calculation in the right way. For the Weibull distribution, this cannot be done using a hand 
calculation. However, for normally distributed samples, �� can be calculated according to equation 
3. If the value resulting from equation 3 equals the value given by Easyfit (for a fictively assumed 
normal distribution), it is validated that the program determines the desired value as expected. 
 
�� =	����> − b ∗ �               (3) 
 
In which: 
 �� = characteristic value [kN] 
 ����>  = mean value [kN] 
 α  = cumulative probability of the standard normal distribution (z-value)* 

    Corresponding to a confidence level of 95%, is an α of 1.645**  
 σ  = standard deviation [kN] 
 
This formula is used to validate the determination of the characteristic strength according to a 
Weibull distribution of the series ANGC t8d12. 
 
By filling in equation 3, the characteristic load results in: 

 �� = 4.4274	– 	1.645 ∗ 0.4362	 = 	3.7098 
 
If a normal probability density function is drawn in the program EasyFit (figure 52), and a confidence 
level of 95% is inserted, the value for x(P=0.05) results in 3.7098 as well, see figure 51. Therefore, 
EasyFit can be used to calculate the value for x(P=0.05) based on the Weibull distribution, see figure 
53.  
 

 
Figure 51: X(P=95) 

* α is derived from a standard table for statistics, dependent on the confidence level.  
** see Evaluation; paragraph 2. 
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Figure 52: Normal distribution  

 

 
Figure 53: Weibull distribution  

 
Therefore, for all samples, a Weibull distribution is drawn, and the X(P) for a confidence level of 95% 
is reported in table 14. For the sample corresponding to the Weibull graph above, the characteristic 
value is 3.524 kN. The Weibull distribution graphs for all series are represented in Appendix H. 
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Table 14: statistical analysis results        

Series Fmean 

 

[kN] 

St. dev. 

 

[kN] 

Coef. of var. 

 

[-] 

R² normal 

distribution  

[-] 

R² Weibull 

distribution 

[-] 

Fk (=X(0.05)) 

 

[kN] 

ANGC t8d12 
reference 

4.43 0.436 0.099 0.975 0.977 3.524 

TTGC t8d12 
reference 

14.83 0.618 0.042 0.975 0.985 13.388 

ANGW t8d12  
basis 

3.37 0.168 0.050 0.850 0.914 2.968 

TTGW t8d12  
basis 

7.98 0.491 0.062 0.934 0.925 6.872 

ANGW t12d12 
thickness 

5.21 0.431 0.083 0.983 0.951 4.292 

TTGW t12d12 
thickness 

8.82 0.457 0.052 0.914 0.880 7.858 

ANGW t8d24 
diameter 

3.74 0.895 0.240 0.943 0.915 2.079 

TTGW t8d24 
diameter 

18.24 1.643 0.090 0.900 0.969 14.455 

ANGW t8d12 
eccentricity 1 

3.24 0.214 0.066 0.910 0.959 2.760 

TTGW t8d12 
eccentricity 1 

6.60 1.141 0.173 
 

0.707 0.670 5.075 

ANGW t8d12 
eccentricity 2 

3.10 0.289 0.093 0.884 0.948 2.461 

TTGW t8d12 
eccentricity 2 

8.12 0.608 0.075 0.937 0.920 6.761 

 
The characteristic loads can now be compared to each other, see figure 54. For completeness, also 
the mean values of the ultimate loads are presented. 
 

 
Figure 54:  comparison Fk and Fmean 
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In principle, all comparisons are based on the characteristic value of the strength (Fk) because that is 
the scientifically valid value. However in some cases, when striking observations occur, it is useful to 

look at the mean values of the ultimate load (Fmean). An example of such a case is when there is a 
large difference in the coefficient of variation of two series within one comparison. 
 
Drilled vs. waterjet jet cut ANG 

For the annealed glass, the 
waterjet cut panels can bear a 
characteristic load which is 84% of 
the characteristic load that the 
panels containing core drilled holes 
can resist. This means that in this 
main comparison, the specimens 
containing waterjet cut holes turn 
out to be weaker. 
 
 
 
 
 
 
 
 
Thermally toughening 

The effect of thermally toughening 
the glass is more advantageous for 
panels containing core drilled holes 
(increase of 280%) compared to 
panels containing waterjet cut 
holes (increase of 132%). The 
presumption is that this is due to 
the difference in cross-sectional 
geometries between the two 
specimens. Looking at the cross-
section in the hole area of the 
panel containing a waterjet cut 
hole, the initial compressive 
residual stresses occur near the 
surfaces and develop over a sharp 
corner. For the core drilled holes, 
these corners have two obtuse angles, see figure 57a. The right-angled shape (figure 57b) is more 
vulnerable compared to a chamfered shape. This chamfered shape is expected to be more favorable. 
 

 
a              b 

Figure 57: sections a) core drilled b) waterjet cut 

 
 
 
 
 

Figure 55: comparison Fk and Fmean core drilled vs. waterjet cut ANG 

 

Figure 56: Influence of thermally toughening 
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Increased thickness 

By increasing the panel thickness 
from 8 to 12 mm, the characteristic 
ultimate load increases with 45% 
for annealed glass. It is expected 
that the increase would be 50% 
since the cross-section increases 
with 50% as well. Therefore, the 
difference between the mean 
ultimate loads is considered; this is 
55%. The explanation for this 5% 
deviation from the expected 50% is 
the real panel thickness of the 
specimens. The panels used for 
these two series have a thickness 
of respectively 7.85 and 12.01 mm 
(instead of 8.00 and 12.00 mm); 
that is a difference of 53%. This gives only a very small deviation with respect to the increase in 
mean ultimate loads. The influence of an increased thickness was also analysed numerically. The 
maximum principal tensile stress in the glass for both thicknesses at an equal load was determined 
in Abaqus. At a load of 1 kN, the stresses for respectively 8 mm and 12 mm are 7.59 and 5.11 MPa. 
This is a difference of exactly 50%. Since the load and stress show a linear relationship, it can be 
stated that the failure load is 50% higher for specimens with a thickness of 12 mm. For the thermally 
toughened glass, the increase in characteristic load between both thicknesses is only 14% (the 
increase in mean value is even smaller; 11%). This increase is significantly smaller compared to the 
expected 50%.  This might be caused by the high stress concentrations resulting from the panel’s 
geometry, as stated before. A proposal is stated in the  evaluation and further research.   
 
Increased hole diameter 

By increasing the diameter of the 
hole from 12 to 24 mm, the 
characteristic ultimate load for 
annealed glass decreases with 30%. 
That is in contrast with the 
expected increase in load for a 
larger diameter. This contradictory 
observation can be explained by 
the large difference between 
coefficients of variation, 0.240 for 
the series with larger diameters 
compared to 0.050 for the basis 
series. If the mean value for the 
ultimate load is considered, an 
increase in load (11%) can be 
observed. The influence of an 
increased hole diameter was also analysed numerically. The maximum principal tensile stress in the 
glass for both thicknesses at an equal load was determined. At a load of 1 kN, the stresses for 
diameters of respectively 24 and 12 mm are 7.59 and 5.00 MPa. This is a difference of 52%. 
Therefore the results from the experimental results are significantly smaller. For thermally 
toughened glass, a large increase in ultimate load can be observed compared to holes with a 
diameter of 12 mm (120%).  

Figure 58: comparison Fk and Fmean increased thickness 

 

Figure 59: comparison Fk and Fmean increased hole diameter 
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Eccentric loading 1  

(insufficient bushing) 

Eccentric loading caused by a too 
small length of the bushing 
material leads to a decrease in the 
characteristic ultimate load of 7% 
for annealed glass. This is a 
relatively small decrease. This can 
be explained by the fact that the 
length of the bushing primary 
affects the compressive zone in the 
glass which means that the 
compressive surface decreases, 
mainly leading to higher 
compressive stresses. This can also 
be supported by the finite element 
model. The maximum principal 
tensile and compressive stresses for the two cases, the basis series and the eccentric series, are 
determined. In the last mentioned series, the bushing length is reduced from 8 to 5 mm, positioned 
near one surface of the panel, see figure 48b. The results are shown in table 15. From the table can 
be derived that the tensile stresses, which are critical for failure, increase with 20% where the 
compressive stresses increase with 57%. That means that insufficient bushing indeed mainly affects 
the compressive stresses. For thermally toughened glass, the decrease in characteristic ultimate load 
is 26% caused by the insufficient bushing.  
 
Table 15: increase of principal tensile and compressive stresses 

 σmax,principal,t   

[MPa] (at 1 kN) 
σmax,principal,  

[MPa] (at 1 kN) 

Basis series + 7.59 - 12.9 

Eccentric series + 9.1 - 20.2 
    

Stress increase [%] 20 57 

 
 
Eccentric loading 2  

(rotation of the bolt) 

Eccentric loading caused by 
rotation of the bolt results in a 
decrease in characteristic ultimate 
load of 17% for annealed glass. This 
rotation of the bolt also mainly 
affects the compressive zone of the 
glass. That means that the 
compressive stresses increase 
significantly, while the governing 
tensile stresses only increase to a 
smaller extent.   

Figure 60: comparison Fk and Fmean eccentricity – insufficient bushing 

 

Figure 61: comparison Fk and Fmean eccentricity – rotation of bolt 
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6.1.2 Angle of initial crack 

The first crack in the specimen occurs at the place where the stress is at its highest level. 
Theoretically, that is at an angle of 90 degrees with respect to the load direction. However, in 
practice, it breaks at an imperfection near the hole. If there are no imperfections at the hole edge, 
the angle would be close to 90 degrees. In this research, it is checked if there is a difference in angle 
between core drilled and waterjet cut holes. If for one series the angle often turns out to be close to 
90 degrees, the imperfections are smaller and the bushing can compensate for that. 
 
The initial crack is determined by analysing the recordings of the 
high speed camera for each specimen. Next, the angle of this 
specific crack with respect to the load directions can be 
determined on the picture of the specimen. This is possible since 
adhesive foil was applied on the specimen’s surface. The 
determination of one single specimen is shown in figure 62. The 
determination of all angles of the initial crack for the annealed 
glass specimens is shown in appendix I1. Figure 63 shows the 
angles of the initial crack. The red markers indicate the mean 
values. From the graph can be concluded that the angles for the 
waterjet basis series are closer to 90 degrees compared to the 
angles of the core drilled holes. However, this is not true for the 
series with a large diameter. Next to that, the distribution of the 
results is too wide to convincingly state a difference between both 
ways. 
 

                Figure 62: ANG specimen after testing  

 

 
Figure 63: angles of initial crack 

 
For the thermally toughened glass, no high speed recordings were 
taken. That is because even the largest number of frames per 
second (at the lowest resolution) did turn out to be insufficient to 
determine the angle of the initial crack. However, adhesive foil 
was applied on the surfaces, and pictures were made afterwards. 
Even though the angle can not be determined because the 
specimens were too fragmented to accurately measure the angle, 
see figure 64. See appendix I2 for pictures of all TTG specimens. 
Note: some pictures are missing because in some cases the 
adhesive foil did not keep the pieces sufficiently together.  
 
 
 
 
 
 
                     Figure 64: TTG specimen after testing 
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6.1.3 Stresses and strains glass  

During the experimental research, strains were measured using strain gauges. The measured strains 
can be converted into stresses using the Young’s modulus and can be compared to the stresses 
derived from the numerical model, at the exact same location. If the strains are equal for equal 
loads, the numerical model is validated by experiments. Next to that, the influence of changing the 
Young’s modulus of the glass on the strains is analysed.  
 
The results of the strain gauges are shown in figure 66. Strain gauges are placed in the hole area 
(HA), positioned 20 mm away from the hole center, and in the infinite area (IA). 
 
Specimens: 

• Core – TTG specimen containing core drilled holes. 

• Waterjet round – TTG specimen containing perfect round holes. 

• Waterjet ellipse – TTG specimen containing an elliptical shaped hole. The axes have lengths of 
12.00 and 12.10 mm. The orientation of the ellipse is positioned as shown in figure 65.  

 

 
Figure 65: orientation ellipse 

 

 
Figure 66: results strain gauges 

 
From the graph can be observed that the strains in the hole area, are larger than in the infinite area. 
This is logical because the stresses near the hole are higher as well.  
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Next, for all three specimens, the experimental and numerical strains are compared for a constant 
load. A load of 7 kN is used because all three specimens can resist this value. For this load, the 
strains at the exact same locations as the strain gauges are determined numerically. The Young’s 
modulus of glass can deviate slightly. Therefore, the strains are determined for three Young’s 
moduli: 

• E = 70000 MPa (Soda lime silica glass (NEN, 2014)). 

• E = 74000 MPa (Upper bound (Bourhis, 2014)). 

• E = 78000 Mpa (Benght, C., 2005). 
These strains are compared to the results of the strain gauges, see tables 16 and 17. 
 
Table 16: strains hole area 

Hole area (HA) 

Specimen F  ε  
exp. 

ε numerical  
E = 70 GPa 

ε numerical  
E = 74 GPa  

ε numerical  
E = 78 GPa 

σ  
 

 [N] [µm/m] [µm/m] [µm/m] [µm/m] MPa 

Core drilled (round) 7000 92.5 97.6 82.2 77.9 6.88 

Waterjet (round) 7000 103.8 107.0 101.2 96.0 7.55 

Waterjet (ellipse) 7000 106.6 107.8 102.0 96.7 7.74 

 
Table 17: strains infinite area 

Infinite area (IA) 

Specimen F  ε  
exp. 

ε numerical  
E = 70 GPa 

ε numerical  
E = 74 GPa  

ε numerical  
E = 78 GPa 

σ  
 

 [N] [µm/m] [µm/m] [µm/m] [µm/m] MPa 

Core drilled (round) 7000 87.7 79.9 75.6 71.7 6.04 

Waterjet (round) 7000 83.6 84.1 79.5 75.5 6.10 

Waterjet (ellipse) 7000 88.1 83.1 78.5 74.5 6.03 

 
From the results can be determined that the strains of the strain gauges are in good agreement with 
the strains from the numerical model with a Young’s modulus of 70 GPa. Therefore the numerical 
model is validated with the experimental research. The strains in the hole area are larger than in the 
infinite area. The strains in the hole area of the round waterjet cut holes are larger than in the core 
drilled holes (9.6% larger), which means that the stresses are higher as well (9.6% higher). The 
strains in the infinite area are larger for the waterjet cut specimens than for the core drilled 
specimens (5.2% larger). The stress is independent on the Young’s modulus since the stress is 
influenced by the load and cross-sectional area only. 
 
Table 18 shows the strains at failure of the specimens, which is also represented in the graph above. 
Since the ultimate load on the core drilled specimen is higher, the strains are larger as well (load and 
strain are linearly proportional).  
 
Table 18: strains at ultimate load 

  Hole Area (HA) Infinite area (IA) 

Specimen F ε experimental ε experimental 

 [N] [µm/m] [µm/m] 

Core drilled round) 13506 185.7 171.5 

Waterjet (round) 7727 112.4 96.7 

Waterjet (ellipse) 8012 115.3 99.6 
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Now the numerical model is validated, the stresses at the characteristic failure load for all series can 
be determined, see table 19. These are the stresses occurring near the hole at a 90-degree angle 
with respect to the load direction. By using the characteristic load, the determined stress is also a 
characteristic value.  
 
Table 19: maximum principal stresses at characteristic load 

Series Fk [kN] σmax principal [MPa] 

ANGC t8d12 reference 3.524 24.7 

TTGC t8d12 reference 13.388 93.7 

ANGW t8d12 basis 2.968 22.5 

TTGW t8d12 basis 6.872 52.2 

ANGW t12d12 thickness 4.292 21.9 

TTGW t12d12 thickness 7.858 40.2 

ANGW t8d24 diameter 2.079 10.4 

TTGW t8d24 diameter 14.455 72.3 

ANGW t8d12 eccentricity 1 edge  2.760 25.2 

TTGW t8d12 eccentricity 1 edge 5.075 46.4 

TTGW t8d12 eccentricity 1 middle 2.760 20.7 

TTGW t8d12 eccentricity 1 middle 5.075 38.1 

ANGW t8d12 eccentricity 2 2.461 31.5 

TTGW t8d12 eccentricity 2 6.761 86.5 

 
For the annealed glass series, the maximum principal tensile stress is in the order of magnitude of 
20-30 MPa. This is in agreement with the practical tensile strength of glass; 20 MPa (Wurm, J., 
Gruyter, W., 2007). For the thermally toughened glass, the maximum principal tensile stresses are in 
the order of magnitude of 40-90 MPa. The theoretical value is about 65 MPa (Glass Knowledge Bank, 
2019). On average, this is in good agreement. 
 
Stresses along the cross-section 

The stresses over the cross section are expected to be as shown in figure 67. This is checked using 
the numerical model. 

 
Figure 67: stress in hole area and infinite area 

 
The stresses are drawn over the cross-section, for both core drilled holes and waterjet cut holes in 
figures 68 and 69. The stresses correspond to a load of 7 kN. From the figures can be observed that 
the maximum stresses are indeed higher for the waterjet cut holes (13%). The red markers indicate 
the locations of the strain gauges. 
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Figure 68: stresses over panel width core drilled hole 

 

 
Figure 69: stresses over panel width waterjet cut hole 
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6.1.4 Stresses in bushing material 

Using the finite element model, the stresses in the bushing material are determined. The maximum 
compressive stress in the bushing is determined for the characteristic load. The results are expressed 
in table 20. 
 
Table 20: compressive stress bushing material 

Series Fk [kN] Corresponding σc,max [MPa] 

ANGC t8d12 reference 3.524 78.8 

TTGC t8d12 reference 13.388 299.5 

ANGW t8d12 basis 2.968 56.4 

TTGW t8d12 basis 6.872 130.5 

ANGW t12d12 thickness 4.292 54.9 

TTGW t12d12 thickness 7.858 100.4 

ANGW t8d24 diameter 2.079 17.0 

TTGW t8d24 diameter 14.455 118.4 

ANGW t8d12 eccentricity 1 
(bushing towards the side) 

2.760 83.5 

TTGW t8d12 eccentricity 1 
(bushing towards the side) 

5.075 153.6 

ANGW t8d12 eccentricity 1 
(bushing in center) 

2.760 84.1 

TTGW t8d12 eccentricity 1 
(bushing in center) 

5.075 154.6 

ANGW t8d12 eccentricity 2 2.461 148.7 

TTGW t8d12 eccentricity 2 6.761 408.6 

 
The compressive strength of PA6 is 68 MPa (DesignerData, 2019). Therefore, the maximum stress in 
the bushing (third column of table 20) should be smaller than or equal to 68 MPa, in order to remain 
in the elastic field.  
 
From the third column can be derived that the stresses for some series are higher than 68 MPa. In 
the experimental part, it was also observed that the bushing deformed plastically. However, some 
values for the maximum compressive stress in the bushing are a factor 4-6 higher compared to the 
compressive strength. Due to these high stresses from the numerical model, it is desired to check 
this output using a hand calculation. In this calculation, the stress distribution is simplified compared 
to the actual situation, see figure 72. The load of the bolt is transferred to the bushing over the red 
line. The area of the bushing that has to bear the load, is the length of the red line, multiplied by the 
depth of the bushing. In this calculation, the assumption is made that the compressive stress is 
equally distributed along the red line. However, the loads are distributed unequally, as visible in the 
vector plot in figure 71. The vector plot shows the displacements of the nodes. The larger the 
difference between displacements of the inner and outer circle (i.e. the larger the difference 

between vectors), the higher the stresses, since d = ef
f  and � = g ∗ d. 

  



 

 
 

Figure 71 vector plot bushing
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From the vector plot, also the area on the glass panel can be determined on which the compressive 
forces are acting. That is the area corresponding to the green line in figure 72, multiplied by the 
depth of the panel. This area can be used to determine the average compressive stress on the glass 
edge. 

"�hh�����	�[��� = 	12.92	 ∗ 	8	 = 	103.4	mm².  

ANG specimen: σoz{kk = 	F/A	 = 	3524/103.4	 = 	34.1	MPa.  

 

6.1.5 Varying Young’s modulus glass 

From paragraph 6.1.3 can be derived that changing the Young’s modulus of the glass influences the 
strains in the material. In this paragraph, the influence of varying the Young’s modulus of the glass 
on the stresses is determined.  
 
The influence of three values for the Young’s modulus of glass are compared: 

• E = 70000 (Soda lime silica glass (NEN, 2014)) 

• E = 74000 (Upper bound (Bourhis, 2014)) 

• E = 78000 (Benght, C., 2005) 
 
For these Young’s moduli, the relationship between applied tensile load and maximum principal 
tensile stress in the glass is drawn, see figure 74.  

 
Figure 74: max. principal stresses for various Young’s moduli of glass 

 
From the graph can be derived that the lines for all three Young’s moduli are on top of each other. 
That means that the maximum principal stress and applied force have an equal linear relationship, 
regardless of the glass’ Young’s modulus. From this can be confirmed that the maximum principal 
stress is only dependent on the geometry and force, and independent on the Young’s modulus 
(σ = F/A). Therefore only geometrical properties influence the magnitude of the ultimate load. 
 

6.1.6 Varying Young’s modulus PA6 

The Young’s Moduli of polymers, are not constant and are always within a specified range. This is 
also the case for PA6 (nylon 6/6) of which the bushing material consists. The Young’s modulus of the 
bushing material might influence the results of experiments. Therefore, the Young’s modulus is 
experimentally determined, and the influence of varying the Young’s modulus is investigated using 
the numerical model.  
 
Experimental determination 

Since in practice, the bushings are loaded in compression, the compressive modulus needs to be 
determined. This is done according to the ASTM D695-15 - Standard Test Method for Compressive 
Properties of Rigid Plastics (American Society for Testing and Materials, 2015). 
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Specimens 

From a solid bar of PA6 (nylon), remaining from the production of the bushings, specimens for the 
compressive tests were produced. The standard test specimen for modulus measurements shall be 
of such dimension that the slenderness ratio is in the range from 11:1 up to 16:1. The slenderness 
ratio is the ratio between the length of a bar with a constant cross-section and its radius of gyration 
(American Society for Testing and Materials, 2015). The radius of gyration is 0.250 ∗ 	d	 = 	0.250 ∗
20	 = 	5. This means that the length of the specimen needs to be between 11 * 5 and 16 * 5 mm = 
55 and 80 mm. Next to that, the preferred ratio between length and diameter equals 4. That results 
in a length of 4 * 20 = 80 mm. Based on the above two statements, the length of the specimens is 
determined to be 80 mm.  
 
The number of specimens should be at least 5. Also, from the material that was left from the 
production of the bushings, it was possible to produce a maximum of 5 specimens according to the 
above described dimensions. Therefore, 5 specimens were tested.  
 
Setup 

A testing machine capable of control of constant-rate-of-crosshead movement including a drive 
mechanism, load indicator, and a suitable instrument for determining the distance between two 
fixed points on the test specimen at any time during the test is required. It is desirable that this 
instrument automatically records this distance (or any change in it) as a function of the load on the 
test specimen. The used load apparatus is the Instron 5985L7050 - 250 kN machine. The deformation 
is measured using three linear variable differential transducers (LVDT’s), positioned under an angle 
of 120 degrees with respect to each other. This is done to account for possible bending of the 
specimen. The setup is shown in figure 75. 
 

     
Figure 75a,b: test setup compressive test 

 
Speed of testing 

The prescribed and applied speed of testing is 1.3 ± 0.3 mm/min. 
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Procedure 

• Measure the width and thickness (or diameter) of the specimen to the nearest 0.025 mm at 
several points along its length. Calculate and record the minimum value of the cross-sectional 
area.  

• Measure the length of the specimen and record the value. 

• Prepare strain indicators i.e. LVDT’s. Three LVDT’s at 120 degrees relative to each other, 
measuring the middle 50% of the length. 

• Set control speed. 

• Start machine. 
 
Results 

First, the initial diameter and initial length of the specimens were measured and reported. From this, 
the cross-sectional area was calculated. Also, the initial length of the LVDT range was measured for 
each LVDT. During the experiment, a force-elongation graph is generated. Since the initial length of 
each LVDT is slightly different, the strain is calculated separately for each LVDT, and those three 
strains are averaged in the end. The graphs for one specimen are shown in figure 76. From the linear 
part of each graph (dashed line), the Young’s modulus can be determined according to equation 4.  
 
E	 = 	σ/ε	 = 	 (F/A)/(ΔL/L)             (4) 

 

 
Figure 76: force-elongation relationship 

 
For all specimens, the exact dimensions, stresses, strains, and Young’s moduli, are presented in 
Appendix J. The average value of the Young’s moduli of all 5 specimens results in 2703 MPa.  
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The standard deviation has to be calculated according to equation 5 as described by ASTM D695-15. 
 

} = ~(∑�� − Hx̄�)/(H − 1)                      (5) 

 
In which: 

s	 = Estimated standard deviation [MPa] 
X  = Value of single observation [MPa] 
n	 = Number of observations [-] 
x̄	 = Arithmetic mean of the set of observations [MPa] 

 
This results in s = 158 MPa. 
 
Time dependence 

The measured Young’s modulus of the PA6 is determined for a short duration. However, when the 
material is applied in buildings, the duration is many times larger, up to 50 years (Bone, A.H.L.G, 
2003). PA6 belongs to the technical polymers. A physical property of polymers is that mechanical 
creep occurs. This creep is dependent on the temperature, loads and lifetime. Other properties are 
that they are sensitive to moisture and are slightly hygroscopic (Ashby, M., 2007). All polymers are 
affected by creep, as a result of the above-mentioned factors. A distinction can be made between 
crystalline and amorphous polymers.  
 
Crystalline polymers are less affected by creep in comparison to amorphous polymers. PA6 belongs 
to the crystalline polymers (large fraction of crystals) and is therefore to a relatively low extent 
sensitive to creep. That is because the melting temperature of crystalline polymers is relatively high 
(for PA6, Tmelt = 210°C). 
 
Next to that, the extent of creep is dependent on the glass transition temperature (Tg) of the 
material. The larger the difference between Tmax,surface and Tg, the smaller the effect of creep. Because 
of the white color of the bushing, the maximum surface temperature is relatively low. The Tg of 
nylon is 77°C (Parodi, E. et al., 2017).  
 
The load rate is of influence on the stiffness (Young’s modulus) of the material. In general, the rule 
applies, the higher the load rate, the stiffer the polymer. However, for PA6 it is known that it is  only 
of influence when the difference between load rates is in the order of magnitude of a factor 100.  
 
From the above analysis can be concluded that the Young’s modulus is constant over time and that 
PA6 is only to a small extent sensitive to creep. Therefore, PA6 is a well suitable material to be used 
for the bushing. Expansion resulting from moisture and temperature fluctuations, however, can 
cause problems. Therefore, proper detailing is required. 
 
Compressive strength 

From this experiment, also the compressive strength of the bushing can be determined. The ultimate 
load is divided by the cross-sectional area: �� 	= 	F	/	A. This results in an average compressive 
strength of 71.0 MPa. This is in good agreement with the theoretical value of 68 MPa (DesignerData, 
2019).  
 
Numerical investigation 

Next to the experimental research, the influence of the Young’s modulus of PA6 on the maximal 
principal stress in the glass was determined using the numerical model. 
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At first, several appearing Young’s moduli and compressive moduli of PA6 are listed in the first two 
columns of table 21. Each value was applied in the finite element model. From the model, the 
relationship between the maximum principal stress in the glass and the applied force were plot in a 
graph, see figure 77.  
 

 
Figure 77: max. principal stresses in glass for various Young’s moduli of PA6 

 
Table 21: Young’s moduli PA6 and corresponding slopes. 

Origin of Young’s modulus Young's modulus 

PA6 [MPa] 

Slope  

Force/max principal tensile stress glass [-] 

Lowest value found (Smithers, Physical 
Testing of Plastics) 

1200 142.99 

Designerdata 2400 143.44 

Middle value 2600 143.51 

Compressive modulus of elasticity (Polytech 
industrial, 2011) 

2895 143.61 

DIN 53457 3000 143.65 

 
The slope of these graphs indicates the allowable force in the glass; the larger the slope, the higher 
the maximum allowable force. The slopes of all graphs are shown in the third column of table 21. 
From the table can be concluded that the Young’s modulus of the bushing has no influence on the 
allowable force on the glass.  
 

6.1.7 Unroundness of holes 

For waterjet cut holes, the holes turned out to be inconstant in geometry. The holes were somewhat 
elliptically shaped. For this situation, it is determined if the unroundness of the holes influences the 
stresses in the glass and the corresponding maximum ultimate strain. If this turns out to be the case, 
this is the explanation for the lower strengths in the experimental research. In this part of the 
research, both the lengths of the axes of the ellipses as well as the orientation of the ellipse are 
taken into account. This is done for five different orientations of the ellipse; vertical, under an angle 
of 30, 45, 60 degrees with respect to the vertical axis, and horizontal, see figure 78. For each 
orientation, five different lengths of the long axis (L1) of the ellipse are taken and represented 
below.  

• 12 mm: round hole, reference case. 

• 12.062 mm: average value of measurements of specimens. 

• 12.13 mm: middle value to obtain constant increases.  

• 12.26 mm: maximum of all measurements of specimens. 

• 12.50 mm: ultimate case. 
 
The length of the short axis (L2) is taken constantly at 12 mm.  

Max. principal tensile stresses glass [MPa] 

Young’s moduli PA6 
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a                  b                                   c               d        e 

Figure 78: case ellipses a) 0° b) 30° c) 45° d) 60° e) 90° 

 
For all described cases and geometries, the maximum principal tensile stress is determined for 
various loads using the finite element model. Next to the geometry of the hole, one more adaptation 
to the finite element model needs to be made: Since for rotated ellipses the bolt should also be able 
to move slightly in the y-direction (vertical direction), the boundary condition accounting for the 
position of the bolt is adapted. These stresses and corresponding loads are plotted in graphs. Next to 
that, the location of the maximum principal tensile stress is determined and the angle of it with 
respect to the load direction is calculated. This is done accurately using the exact coordinates of the 
center of the ellipse and the location of the maximum principal tensile stress.  
 
In page 81 up to 85, the results of each of the five cases are presented in the following way. A graph 
visualises the relationship between the applied load and the maximum principal tensile stress for 
each geometry of the ellipse. Furthermore, the stress distribution around the hole (area within the 
dashed square in figure 79b) is shown, again for all geometries. The results are presented like figure 
79c, in which also the location of the maximum value is indicated by an arrow. The legend is similar 
for all figures. [N.B. Since in the finite element model the load is introduced by means of a 
prescribed displacement instead of a prescribed load, the final displacement of the bolt is equal for 
all cases. Since for the larger ellipses, the settlements caused by the initial space between bushing 
and glass are larger, the stresses occurring at the prescribed final displacement are lower (as can be 
observed in the stress plots). This goes along with smaller applied loads as well, so the ratio between 
stress and load is still larger for elliptically shaped holes. Furthermore, each page contains a table 
indicating the exact angle of the maximum principal stress with respect  to the load direction and the 
stress increase with respect to a round hole for each geometry.  
 

 
a                      b                                              c              d      

Figure 79: a) stress plot  b) stress plot excluding mesh lines c) stress plot around hole d) legend 
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Case 1: Ellipse vertical orientation (0°) 

 
Figure 80: maximum principal tensile stresses  

 

 
Figure 81: maximum principal tensile stresses for various ellipses  

           Table 22: stress increase with respect to a round hole 

The maximum principal tensile stress increases with more 
elliptically shaped holes, up to 122.6%. The location of this 
maximum principal tensile stress changes for the larger 
ellipses (i.e. larger ratio of L1:L2) resulting in a smaller angle 
with respect to the load direction. 
 

L1-L2  

[mm] 

Angle 

[°] 

Stress increase WRT 

round hole [%] 

0 78.2 100.0 

0.062 78.2 103.6 

0.13 78.3 107.8 

0.26 74.6 113.9 

0.5 63.6 122.6 
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Load [kN] Load [kN] 
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Case 2: Ellipse 30° WRT vertical axis  

 
Figure 82: maximum principal tensile stresses  

 

 
Figure 83: maximum principal tensile stresses for various ellipses         

Table 23: stress increase with respect to a round hole 

The maximum principal tensile stress increases with more 
elliptically shaped holes (i.e. larger ratio of L1:L2), up to 
120.4%. The angle of the maximum principal tensile stress 
with respect to the load direction changes slightly. 
 
  

L1-L2  

[mm] 

Angle 

[°] 

Stress increase WRT 

round hole [%] 

0 78.2 100.0 

0.062 82.0 103.6 

0.13 82.0 107.6 

0.26 82.1 114.0 

0.5 78.4 120.4 
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Load [kN] 

Ellipse 30° WRT vertical axis 
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Case 3: Ellipse 45° WRT vertical axis  

 
Figure 84: maximum principal tensile stresses  

 

 Figure 85: maximum principal tensile stresses for various ellipses  

           Table 24: stress increase with respect to a round hole 

The maximum principal tensile stress increases with more 
elliptically shaped holes (i.e. larger ratio of L1:L2), up to 
118.1%. The angle of the maximum principal tensile stress 
with respect to the load direction increases slightly. 
  

L1-L2  

[mm] 

Angle 

[°] 

Stress increase WRT 

round hole [%] 

0 78.2 100.0 

0.062 82.0 101.2 

0.13 82.0 104.2 

0.26 82.1 110.3 

0.5 82.2 118.1 
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Load [kN] 
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Case 4: Ellipse 60° WRT vertical axis  

 
Figure 86: maximum principal tensile stresses  

 

 Figure 87: maximum principal tensile stresses for various ellipses  

           Table 25: stress increase with respect to a round hole 

The maximum principal tensile stress increases with more 
elliptically shaped holes (i.e. larger ratio of L1:L2), up to 
116.2%. The angle of the maximum principal tensile stress 
with respect to the load direction increases slightly. 
  

L1-L2  

[mm] 

Angle 

[°] 

Stress increase WRT 

round hole [%] 

0 78.2 100.0 

0.062 82.0 101.4 

0.13 85.8 103.6 

0.26 85.8 108.2 

0.5 85.9 116.2 
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Load [kN] 

Ellipse 60° WRT vertical axis 
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Case 5: Ellipse horizontal orientation (90°) 

 
Figure 88: maximum principal tensile stresses  

 

 Figure 89: maximum principal tensile stresses for various ellipses  

           Table 26: stress increase with respect to a round hole 

The maximum principal tensile stress decreases slightly with 
more elliptically shaped holes (i.e. larger ratio of L1:L2). The 
angle of the maximum principal tensile stress with respect to 
the load direction increases substantially. 
  

L1-L2 

[mm] 

Angle 

[°] 

Stress increase WRT 

round hole [%] 

0 78.2 100.0 

0.062 82.0 99.2 

0.13 82.0 99.1 

0.26 85.8 98.0 

0.5 89.7 98.1 
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Load [kN] 

Ellipse horizontal orientation 90° 
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The fact that the angles between the maximum principal stress and load direction increase between 
the cases can be explained by the fact that the area of the hole with the largest curvature moves 
clockwise, resulting in larger angles.  
 
In figure 90, the first and third columns of tables 22 to 26 are plotted. This graph shows the 
relationship between the unroundness and stress increase in all five cases. It can be observed that 
for the first four cases, the maximum principal tensile stress increases with an increasing level of 
unroundness with respect to a perfectly round hole. Furthermore, it can be observed that the 
maximum principal stresses for vertically orientated ellipses result in the largest values. That can be 
explained by the fact that the area of the hole with the largest curvature is in the region where the 
maximum principal tensile stress occurs. The more the ellipse rotates clockwise (respectively 30°, 
45°, 60°), this effect decreases, and the maximum principal tensile stresses decrease as well, 
compared to the vertically orientated ellipse. The effect of a horizontally orientated (90°) ellipse is 
positive compared to a perfectly round hole. That can be explained by the fact that with an 
increasing length of the long axis of the ellipse, the curvature of the hole area where the maximum 
principal tensile stress occurs, is larger. It was observed before that for larger curvatures (i.e. larger 
hole diameters), the stresses decrease. 
 

 
figure 90: stress increase with respect to a round hole 

 
The orientation in combination with the difference in length between the axes of the ellipse is 
influencing the strength of the glass panel. 
 
Experimental support 

During the experimental research, it was registered whether the panel broke at the hole with the 
best or least round shape (or if there was no difference between hole geometries). The results are 
shown in a pie chart, see figure 91.  
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Figure 91: failure at best/least round hole 

 
The ratio between the number of failures at best and least round holes is approximately 1. So, from 
the chart can be concluded that failure does not necessarily occur at the least round hole. However, 
the waterjet cut holes do result in a lower ultimate load. That means that both the orientation and 
the geometry of the ellipse influence the ultimate load of the specimens. Another influencing factor 
is that imperfections, such as surface scratches, influence the location of failure.  In the experimental 
research, the influence of only one factor can be determined separately. The location of failure is not 
only influenced by the level of unroundness but also by the local strength of the glass holes.  
 

6.1.8 Pre-stress 

By comparing the characteristic failure loads of the annealed glass to the thermally toughened glass, 
it can be concluded that the thermally toughening of glass increases the failure load. This percentage 
of increased failure load is shown in table 27. 
 

Table 27: increase characteristic load TTG specimens WRT ANG specimens 

Series ANG Fk [kN] TTG Fk [kN] Increase [%] 

C t8d12 (reference) 3.524 13.388 280.0 

W t8d12 (basis) 2.968 6.872 131.5 

W t12d12 (thickness) 4.292 7.858 83.1 

W t8d24 (diameter) 2.079 14.455 595.3 

W t8d12 (ecc. 1 
insufficient bushing) 

2.760 5.075 83.9 

W t8d12 (ecc. 2. 
Rotation of the bolt) 

2.461 6.761 174.7 

 
From this can be concluded that the thermally toughening of the glass has a significant influence on 
the strength of the glass. This increase is for core drilled holes (280%) in general larger than for 
waterjet cut holes (average = 214%). The pre-stress of all specimens were measured and turned out 
to vary between specimens (as described in chapter 4.1). From the experimental research, there 
does not seem to be a relationship between the increase in pre-stress and the ultimate load. That is 
because the pre-stress is not the only varying property in the specimens; also the hole geometry is of 
influence.  
 
The ratio between the theoretical strength of annealed glass and thermally toughened glass is 65/20 
= 3.25. Therefore an increase of 225% was expected. The increase of core drilled holes (280%) is 
larger, while the increase for waterjet cut holes (214%) is slightly smaller.  

Best round hole

Holes are equally
round

Least round hole
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6.2 Out-of-plane series 
The results of the out-of-plane tests, including the ultimate loads, are provided in appendix F.  
 

6.2.1 Ultimate loads 

The ultimate loads of the out-of-plane tests are shown in figure 92. The red markers represent the 
mean values. 
 

 
Figure 92: ultimate loads out-of-plane 
 

Characteristic load 

The determination of the characteristic load is done in the same procedure as for the in-plane 
results. The results are shown in table 28. In figure 93, the mean and characteristic loads are 
compared.  
 
Table 28: statistical analysis results 

Series Fmean 

[kN] 

St. dev. 

[kN] 

Coef. of 

var. 

[-] 

R² normal 

distribution  

[-] 

R² Weibull 

distribution 

[-] 

Fk 

(=X(0.05)) 

[kN] 

ANGC t8d12 
Reference 

3.21 0.32 0.099 0.9464 0.915 2.568 

ANGW t8d12 
Basis 

2.87 0.43 0.149 0.9396 0.955 1.951 

ANGW t8d24 
Diameter 

2.36 0.17 0.072 0.9772 0.973 2.004 

 

 
Figure 93: Comparison Fk and Fmean  out-of-plane 

 
The characteristic ultimate load on specimens containing waterjet cut holes is lower (24%) compared 
to specimens containing core drilled holes. There is no difference between the characteristic loads 
on specimens containing waterjet cut holes with a diameter of 24 mm compared to 12 mm. 

Core d12 

Waterjet d12 

Waterjet d24 

Ultimate load [kN] 

Ultimate loads 

Comparison Fk and Fmean 
 

F k
 [

kN
] 

 

Fmean 

Fk 
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6.2.2 Stresses and strains glass 

In the experimental research, stresses were measured using strain gauges. The measured strains can 
be compared to the stresses derived from the numerical model, at the exact same location (as close 
as possible to the hole edge, but not on the edge). If the strains are equal for equal loads, the 
numerical model is validated by experiments. Next to that, the influence of changing the Young’s 
modulus of the glass on the strains is analysed.  
 
Round holes 

For round holes, the strains at three orientations around the hole are approximately equal.  
The results of the strain gauges are shown in figure 94.  
 
Specimens: 

• Core 01 – ANG specimen containing core drilled hole. 

• Core 02 – ANG specimen containing core drilled hole. 

• Waterjet round 01 – ANG specimen containing round waterjet cut hole. 
 

 
Figure 94: results strain gauges 

 
Next, for all three specimens, the experimental and numerical strains are compared for a constant 
load. A load of 2 kN is used, since all three specimens can resist this value. For this load, the strains 
at the exact same locations as the strain gauges are determined numerically. In table 29, the strains 
are compared to the results of the strain gauges. 
 
Table 29: strains hole area 

Hole Area (HA) 

Specimen F  Ε (experimental) ε numerical  
(E = 70 GPa) 

σ  
 

 [N] [µm/m] [µm/m] MPa 

Core 01 2000 147.4 137.9 12.0 

Core 02 2000 138.2 137.9 12.0 

Waterjet 01 (round) 2000 155.5 165.4 14.0 

Strains (experimental) 
 

Strain [µm/m] 

F 
[k

N
] 
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From the table can be derived that the strains from the strain gauges are in a good agreement with 
the strains from the numerical model. Therefore the numerical model is validated with the 
experimental research. The strains in the waterjet cut hole are larger, both from the strain gauges as 
well as the finite element model. This can be explained by the fact that the ultimate loads are lower 
for panels containing waterjet cut holes, and therefore, the stresses are already higher compared to 
core drilled holes at equal loads. Differences between experimental and numerical results can occur 
because the exact real location of the strain gauges can differ from the intended locations due to 
deviations. 
 
Furthermore it can be derived that the stress-strain ratio does not result in the Young’s modulus, 
even though the material is linear elastic. That is caused by the fact that due to the friction between 
the reaction ring and the glass, additional tensile stresses occur. The reaction ring partly prevents 
the glass to displace towards the middle (like it would do in a frictionless case) because of the 
deflection caused by the load. Therefore, the tensile stresses are higher than Hooke’s law would give 
based on the strain and Young’s modulus.  
 
Table 30 shows the strains at failure of the specimens, which can also be observed in the graph in 
figure 94. Since the ultimate load on the core drilled specimen is higher, the strains are larger as well 
(load and strain are linearly proportional).  
 
Table 30: strains at ultimate load 

  Hole Area (HA) 

Specimen F  ε (experimental) 

 [N] [µm/m] 

Core 01 3948 264.7 

Core 02 3394 211.7 

Waterjet 01 (round) 2904 203.9 

 
The stresses at the characteristic failure load for all series can be determined and represented in 
table 31. These are the stresses occurring near the hole. By using the characteristic load, the stress is 
also a characteristic value. Since the failure load of the reference series is higher, the stress at failure 
is higher as well. Next to that, the maximum principal tensile stresses for the mean loads are 
represented. The values of the maximum principal tensile stress are lower compared to the bending 
strength of annealed glass specified in the NEN 2608 (45 MPa). That can be explained by the fact 
that in the numerical model, no imperfections and surface scratches are considered. Therefore the 
model represents an ideal situation, which in reality does not occur.  
 
Table 31: maximum principal stresses at characteristic load 

Series Fk [kN] σmax principal [MPa] Fmean [kN] σmax principal [MPa] 

ANGC t8d12 reference 2.568 25.6 3.210 32.0 

ANGW t8d12 basis 1.951 20.6 2.870 30.3 

ANGW t8d24 diameter 2.004 22.4 2.360 28.8 

 
The maximum principal tensile stresses at equal loads (2 kN) are 6% higher for waterjet cut holes 
(21.15 MPa) compared to core drilled holes (19.95 MPa).  
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Stress distributions
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Figure 96: strain gauges near elliptical hole 

 
To be able to compare the strains near the elliptical holes to the strains around the round holes, the 
load is taken to be 2 kN again. The results are shown in table 32. For a clear comparison, also the 
results of the round hole are presented as well.  
 
Table 32: strains unround holes 

  0° (short side) 45° 90° (long side) 

Specimen F  ε exp. ε num. σ  ε exp. ε num. σ ε exp. ε num. σ  

 [N] [µm/m] [µm/m] MPa [µm/m] [µm/m] MPa [µm/m] [µm/m] MPa 

W 08 2000 97.0 170.3 14.6 148.0 177.5 14.8 122.5 181.9 15.2 

W 17 2000 55.2 170.3 14.6 137.6 177.5 14.8 105.3 181.9 15.2 
            

W 01 
(round) 

2000 155.5 165.4 14.0 155.5 165.4 14.0 155.5 165.4 14.0 

 
From table 32 can be derived that the experimentally determined strains are significantly smaller 
than the numerically determined strains. The experimental values are even significantly smaller than 
for the round holes. Next to that, the strains for identical specimens at identical loads are not in the 
same order of magnitude in the experimental research (97.0 µm/m and 55.2 µm/m at 0°). Next to 
that, it is unlikely that the strains under an angle of 45° are at its largest value. Therefore it is likely to 
assume that the values of the strain gauges for these two specimens are incorrect. This statement is 
supported by the determination of the influence of the unroundness in the next paragraph. From 
the finite element model it can be determined that there is a small difference between the strains at 
the long and short side of the ellipse (6%) and that the strain under an angle 45° is in between the 
two other values. The stresses in the specimens containing elliptically shaped holes are higher (4% to 
9%) at equal loads compared to the specimen containing a round hole.  
  

12.00 

12.15

0° 

45° 

90° 



Edge strength of core drilled and waterjet cut holes in structural glass panels 

   

93 

6.2.3 Unroundness of holes 

The waterjet cut specimens in the out-of-plane series also contain elliptical shaped holes. In this 
paragraph, the influence of this on the strength of the panel is determined. In this research, three 
types of hole geometry are compared; round, and two types of ellipses. The first ellipse (figure 97a) 
has similar dimensions as the specimen in the experimental research equipped with strain gauges. 
The second ellipse (figure 97b) has an exaggerated elliptical shape. This is to verify if the higher the 
stress of the elliptical shape is, the lower the allowable load is. 
 

                
Figure 97: elliptical holes a) 12.15 mm  b) 13 mm 

 
In figure 98, the relationships between the maximum principal tensile stress and the applied force 
are drawn. In table 33, the stress increase with respect to a perfectly round hole is shown. 
 

 
Figure 98: influence of hole geometry on maximum principal tensile stress in the glass 
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Table 33: maximum load for different hole geometries 

Hole geometry Stress increase WRT round hole [%] 

Round (d = 12) 100 

Ellipse from specimen (d = 12; 12.15) 107 

Exaggerated ellipse (d = 12; 13) 114 

 
The line of the ellipse with equal geometry as the specimen (12; 12.15 mm) is slightly steeper 
compared to the round hole, which means that the allowable load is lower compared to a perfectly 
round hole. The influence for the exaggerated ellipse is larger. This means that the unroundness of 
the holes has a negative influence on the strength of the glass. However, this influence is 
significantly smaller compared to the in-plane tensile tests. The orientation of the ellipses is not of 
influence for the coaxial double ring tests. 
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7. Discussion 
 

7.1 Discussion of results  
 
Observations specimens  

During the measurements of geometry, it was proven that the traditionally drilled holes are more 
circular and more dimensionally stable. The difference between the standard deviation of the hole 
diameters is a factor 8 larger for waterjet cut holes compared to core drilled holes. Also, the 
difference between two diameter measurements within one hole gives a large difference. This 
difference is a factor 7 larger for waterjet cut holes compared to core drilled holes.  
 
Loads 

In table 34, an overview of the characteristic ultimate loads of the main comparison is presented (i.e. 
the difference between core drilled holes (reference series) and waterjet cut holes (basis series). It 
can be observed that the ultimate loads for waterjet cut specimens are significantly lower. This is in 
relation to the higher stresses near waterjet cut holes compared to core drilled holes.  
 
Table 34: characteristic loads on waterjet cut holes WRT core drilled holes 

 In-plane Out-of-plane 

 ANG TTG ANG 

Core reference  100% 100% 100% 

Waterjet basis  -16% -49% -24% 

 
The characteristic loads of the core drilled holes are higher than expected based on Baitinger's 
formula. That is likely since design formulae are on the safe side. However, the characteristic loads 
of the waterjet cut holes are lower compared to the expected values. Therefore, the formula is not 
applicable to panels containing waterjet cut holes.  
 
The maximum principal tensile stresses at the experimental characteristic ultimate load in the finite 
element model are lower compared to the bending strength specified in the NEN 2608;  45 MPa. 
Therefore, according to the model, a higher load could be beared than the characteristic ultimate 
load. That can be explained by the fact that in the numerical model, no imperfections and surface 
scratches are considered. Therefore the model represents an ideal situation, which in reality does 
not occur.  
 
The maximum principal tensile stresses in the hole area (at the location of the strain gauges) are 10% 
higher compared to core drilled holes at equal loads. The maximum principal tensile stresses at the 
edge of the hole are 13% higher compared to core drilled holes at equal loads. It is presumed that 
the cause of this observation is the more gradual distribution of the load, and therefore the lower 
stresses around the core drilled hole. 
 
Unroundness  

The unroundness of waterjet cut holes negatively influences the ultimate load. The more deviation 
from a perfect circle the lower the ultimate load. This can be explained by the fact that the more 
deviation from a perfectly round circle (i.e. the more elliptically shaped), the larger the extreme 
curvature is. The negative relationship between the unroundness and the maximum stresses counts 
for all orientations, except for an ellipse in which the long axis is in line with the load direction. This 
means that both the shape and the orientation of the ellipse influence the stresses in the glass. 
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The maximum principal stresses for the vertically orientated ellipses are largest. That can be 
explained by the fact that the area of the hole with the largest curvature is in the region where the 
maximum principal tensile stress occurs. The more the ellipse rotates clockwise (respectively 30°, 
45°, 60°), this effect decreases, and the maximum principal tensile stresses decrease as well 
compared to the vertically orientated ellipse. The effect of a horizontally orientated (90°) ellipse is 
positive compared to a perfectly round hole. That can be explained by the fact that with an 
increasing length of the long axis of the ellipse, also the curvature of the hole area where the 
maximum principal tensile stress occurs increases. It has been observed before that for larger 
curvatures (i.e. larger hole diameters), the stresses decrease. 
 
Thermally toughening 

The influence of thermally toughening the glass has a bigger positive influence on core drilled holes 
compared to waterjet cut holes. The presumption is that this is due to the difference in geometries 
between the two specimens. Looking at the cross-section in the hole area of the panel containing a 
waterjet cut hole, the initial compressive residual stresses occur near the surfaces and develop over 
a sharp corner. For the core drilled holes, these corners have obtuse angles. This is expected to be 
more favorable.  

 
a              b 

Figure 99: sections a) core drilled b) waterjet cut 

 
The ratio between the theoretical strength of annealed glass and thermally toughened glass is 65/20 
= 3.25. Therefore an increase of 225% was expected. The increase of core drilled holes (280%) is 
larger, while the increase for waterjet cut holes (214%) is slightly smaller. 
 

7.2 Comparison to other researches 
 
Ultimate loads of coaxial double ring tests 

Schneider (2004) found that panels containing waterjet cut holes (also without chamfer) resulted in 
significantly lower values for the mean strength as well as the 5% fractile strength (characteristic 
value) as a result of bigger surface flaws caused by the cutting process. 
 
Schneider (2004) also found that for thermally toughened glass, the bending strength in the hole 
area is higher than the characteristic values specified in the standards; 120 MPa (NEN, 2014). He also 
concluded that specimens with waterjet cut holes, after thermally toughening, resulted in a bending 
strength in the same range as for specimens containing core drilled holes. Before thermally 
toughening, however, the waterjet cut samples gave the smallest results for the ultimate loads. It 
could be that crack healing originating from the tempering process plays an important role in the 
glass strength of tempered glass (Schneider, J., 2004).  
 
In the current research, no thermally toughened specimens were tested out-of-plane. However, the 
results of the annealed glass are in agreement with Schneider. Lower values were found for waterjet 
cut holes. 
 
Pre-stress 

Bernard and Daudeville (2008) concluded that thermally toughening of the glass is the most effective 
way to achieve the largest resistance against in-plane loading. In the current research, thermally 
toughening indeed turned out to be an effective way to increase the resistance  against in-plane 
loading. However, this advantage is more applicable to core drilled specimens in comparison with 
waterjet cut specimens.  
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Bernard, Daudeville, and Gy (2002) concluded that, with the use of the Narayanaswamy’s 
mechanical behavior model, the thermally toughening process is the most effective for holes with 
large chamfers (Daudeville, L., Bernard, F., Gy, R., 2002). This is in line with the results of the current 
research; thermally toughened glass specimens with chamfers (core drilled), showed higher 
strengths in comparison with cylindrical holes. 
 

7.3 Practical value 
 

7.3.1 Bending strength  

In general, the bending strength can be calculated from the coaxial double ring test. These bending 
strengths can be compared to the characteristic values specified in the codes. The characteristic 
bending strength of annealed glass is 45 MPa (NEN, 2014). The calculation of the bending strength 
from experimental research needs to be done according to the NEN-EN 1288-5 (Glass in building – 
Determination of the bending strength of glass – Part 5: Coaxial double ring test on flat specimens 
with small test surface areas).  (NEN, 1994). According to this code, the bending strength has to be 
calculated according to equation 6. 
 

�� = �� ∗ �F��
p�               (6) 

 

In which:  
 ��  = bending strength [MPa] 
 ��  = correction factor = 1.04 for square specimens [-] 
 ����  = maximum load [kN] 
 ℎ  = height of specimen [mm] 
 
This equation was also used in the research of Castori and Speranzini (2016). However, in the current 
research, the formula cannot be applied because the formula can only be applied for specimens 
without holes and if the diameters of the reaction ring and loading ring are respectively 90 and 18 
mm or 60 and 12 mm. See further research for more information. 
 
From the characteristic bending strength, as could have been determined for panels without holes 
through equation 6, the design bending strength can be determined according to the NEN 2608. The 
verification in the Ultimate Limit State (ULS) is intended to fulfill the structural safety, so it has to be 
carried out under very small occurrence probabilities of overloading and lower material strength. For 
structural glass, the safety assessment can be performed by a limitation of the stresses under 
relevant load combinations. The design strength of a material is calculated by multiplying the 
characteristic strength with various coefficients. These coefficients are applied to account for several 
parameters such as time duration of the loading, reduction factors and material safety factors 
(Feldmann, M., Kasper, R., 2014). 
 

The design strength for annealed glass is calculated according to the NEN 2608 using equation 7. 
 

���,	,� = ��∗��∗�F�X∗�D�∗h�,�
�F,�               (7) 

 

In which: 
 ���,	,�  = design value of tensile bending strength of annealed glass [MPa]  

 ��  = factor considering te area effects [-] 
 ��  = factor considering edge quality of the glass [-] 
 ����   = modification factor, dependent on load duration and reference period [-] 
 ���  = factor considering the glass surface profile [-] 

 ��,�  = characteristic falue of the tensile bending strength of glass [MPa] 

 #�,�  = material factor of glass [-] 
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��,� is in this example taken as 45 MPa (nominal value in NEN 2608). However, in further research, it 

would be interesting to apply the formula to the measured (calculated) value of the characteristic 
bending strength.  
��  = 1.0 
��  = 0.8 (ANG); 1.0 (TTG) 
����   = 1.0 (wind load as governing loading case in out-of-plane loading) 
���  = 1.0 (float glass) 

#�,�  = 1.6 (wind load as governing loading case in out-of-plane loading) 

 

���,	,� = S._∗_.�∗S._∗S._∗�\
S.�  = 22.5 MPa. 

 
In this formula, no factor accounting for the zone is taken into account (zone 4 corresponds to the 
area around holes, where zone 1 corresponds to the infinite area). However, in the equation for the 
calculation of the design strength of thermally toughened glass, a factor �� is included, see equation 
8.  
 

���,	,� = ��∗��∗�F�X∗�D�∗h�,�
�F,� + ��∗��∗(hG,���D�∗h�,�)

�F,�           (8) 

 
The value of the correction factor for the zone �� is 0.9 for zone 4 (near holes). For zone 1 (infinite 
area) the value is 1.0. In this factor for thermally toughened glass, a reduction of 10% on the 
strength is applied. This value includes the reduction in pre-stress near holes. This is in line with the 
result of Haldimann M., et al. (2007) who found that the residual compressive stresses near the 
chamfer of the hole are significantly lower.  
 

7.3.2 Recommendation 

Next to the correction factor �� to account for the zone, it is also recommended to correct for the 
type of edge. Since the results of the current research show lower values for the ultimate loads for 
waterjet cut holes, the real characteristic strength will also be lower. However, for all glass 
specimens, a characteristic bending strength of 45 MPa is generally applied. Therefore, it is 
recommended to account for a lower strength for waterjet cut holes by applying a correction factor 
in the design strength. This factor has to make a distinction between types of holes by applying a 
lower factor to waterjet cut (cylindrical) holes.  
  

7.3.3 Correction for in-plane loading 

Next to the NEN 2608, there is also a draft version of the CEN TS (European Committee for 
Standardization – Technical Specifications). In the formula for the design strength of thermally 
toughened glass (equation 9), the edge or hole pre-stress factor (���,�) is considered.  

 

�� = ��� ∗ ��� ∗ �? ∗ ���� ∗ h�,�
�F∗�F − �� ∗ ���,� ∗ h�,�

��∗��         (9) 

 
The value of ���,� for out-of-plane loading is 1.0, the value for in-plane loading is 0.6.  
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8. Conclusions

Geometry 

• The production of waterjet cut holes gives relatively large deviations in diameter.

• The production of waterjet cut holes does often not result in perfectly round holes as is the case
for core drilled holes (difference in deviation from perfect round hole is factor 8).

Loads 

• For annealed glass, the characteristic load in tension is 16% lower for waterjet cut holes 
compared to core drilled holes.

• For annealed glass, the characteristic load in bending is 25% lower for waterjet cut holes 
compared to core drilled holes.

• Thermally toughening is more advantageous for specimens containing core drilled holes than it 
is for specimens containing waterjet cut holes.

• For annealed glass, the ultimate load linearly increases with the panel thickness. For thermally 
toughened glass, this effect is smaller.

• An increased hole diameter increases the ultimate load; however the influence on thermally 
toughened glass is larger (+120%) than it is for annealed glass (+11%).

• Eccentric loading caused by insufficient bushing reduces the characteristic loads slightly (7% for 
ANG, 26% for TTG). The compressive stresses increase mostly.

• Eccentric loading caused by rotation of the bolt reduces the characteristic loads slightly (17%). 

Angle of initial crack 

• The real angle of the initial crack is not close to the theoretical angle.

Stresses / strains 

• The maximum principal stresses and strains near the hole area (location of strain gauges) at
equal loads are larger for specimens containing waterjet cut holes in case of round holes. For
the tensile test, this difference is 10%, for the coaxial double ring test this difference is 16%.

• The maximum principal stresses at the edge of the holes are also higher for waterjet cut holes;
+13% for in the tensile test, +6% for the coaxial double ring test.

• The unroundness of waterjet cut holes negatively influences the ultimate loads.

• The larger the level of unroundness (i.e. the larger the difference between the lengths of the
axes of the ellipse), the higher the stresses. This is true for all orientations of the ellipse, except
for the case when the long axis of the ellipse is in line with the load direction.

• The stress increase caused by the unroundness of the holes occurs to a larger extent in the in-
plane tests than in the out-of-plane tests.

Final conclusion 

Research question: “What is the edge strength of waterjet cut holes in comparison with core drilled 

holes?” 

Waterjet cut holes result in lower characteristic ultimate loads and higher stresses. Even if the 
waterjet cut holes are perfectly round, the ultimate load still is lower compared to core drilled holes.  
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9. Evaluation

• No recordings with the high speed camera were made during the tests on thermally toughened
glass. That is because even the largest number of frames per second (at the lowest resolution)
did turn out to be insufficient to determine the angle of the initial crack. The high amount of
fracture energy causes the cracks to develop at a very high speed.

• The question arose for which value for α needs to be taken for the comparison of the normal
distributions. In statistics, the usual value for a confidence level of 95% is 1.645. However, a
larger values exist for smaller sample sizes. From the book Statistical Distributions in
Engineering it results that for calculating the 5% percentile (as is required in the current
research), the value of zq=1.645 is used. For the determination of the 95% confidence interval
(2.5%-97.5%), the number of specimens is taken into account. However, this interval is not of
interest in the current research. In the book, this is supported with examples comparable to the
current research (Bury, K., 1999).

• The results of the strain gauges in the out-of-plane experiment for unround holes are
considered to be unreliable. The measured values for two geometrically identical specimens are
substantially different. Therefore, for these specific unround holes, only the numerical results
are used.

• During the observations, the level the unroundness of the holes in the specimens was
determined. However, not the orientation of the elliptical shaped hole was determined. Looking
back, this would have been useful in finding a relation between the orientation of the hole and
the failure load. In the current research, this was only done numerically.

• The maximum principal tensile stresses from the numerical model for the thermally toughened
glass specimens, are the average values over the depth of the panel. In fact, this is not the case
because of the distribution of the present residual stresses.

• No relationship was found between the measured pre-stress in the specimens and the ultimate
loads. This is due to the fact that in the experimental research more factors are of influence on
the ultimate loads. A way to determine solely the influence of the level of pre-stress is by
numerical research. This influence was left outside the scope of this research.

• The experimental research was executed in a later stage of the project than initially planned.
Reasons for this are the fact that the bushing material did not have standard dimensions so they
had to be custom made what took extra time. Next to that, the finite element model was
needed to determine the load rate of the experiments. Therefore, the first model had to be
completed before performing experimental research.

• No clear explanation was found for the outcome that the stresses around perfectly round
waterjet cut holes are higher (and ultimate loads lower) compared to core drilled holes. It is
presumed that this occurs because the load is distributed more gradually in the case of core
drilled holes.
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10. Further research 
 

• In this research, modeling the pre-stress in the glass was not investigated. In numerically 
determining the principal stresses in the glass as a cause by the characteristic ultimate load, the 
stresses were assumed to be equal over the depth of the panel. For core drilled holes, this was 
already researched by Schneider (2004). Further research can focus on the comparison to 
waterjet cut holes. By performing this proposed research, an explanation might be found for 
the fact that the load increase in thermally toughened panels with a thickness of 12 mm is not 
50% compared to panels with a thickness of 8 mm. It might also give results on the fact that 
thermally toughened glass with large diameters results in loads larger than expected. 
 

• Also, the influence of different levels of pre-stress on the failure load can be the topic of future 
research.  
 

• The edge distances in the specimens of the current research were chosen to be larger than the 
minimum described. In this way, the effect of the edges was excluded, and failure occurred in 
100% of the cases at the edge of the hole. However, in further researches, it can be investigated 
what the effect of different edge distances on the strength of the specimen is. It can be 
determined for which distance the failure does not occur necessarily near the hole. These 
results can be compared to the current regulations and checked if these regulations are too 
strict or too conservative. Next to that, it could be found if there is a difference between core 
drilled holes and waterjet cut holes.  
 

• In the NEN-EN 1288-5 a formula (equation 6)  is specified to calculate the bending strength from 
the maximum load in coaxial double ring tests. However, this formula is only applicable to 
panels without holes and if a specific set of rings is used. Further research can focus on the 
development of an equation to calculate the bending strength in panels containing holes. This 
analytical research will focus on the plate theory. Prior analytical research on this has been 
done by Timoshenko. If an equation is found for specimens containing holes, the exact bending 
stress of each individual specimen in the current research can be determined because the 
ultimate load, exact hole dimensions, and exact panel thickness have been determined. 
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Edge strength of drilled and water jet cut holes in structural 
glass panels 

Research Proposal 

Sanders, K.C.P.   
Structural Design, faculty of the Built Environment, University of Technology Eindhoven, Eindhoven, 
The Netherlands 
Email: k.c.p.sanders@student.tue.nl 

ABSTRACT 

One of the major challenges in structural glass design, is the composition of the connection. This is often done by 
through-bolted connections. In this type of connection, a hole is made in the glass panel, and a bolt goes through 
the hole. The glass panel is, in that case, mainly loaded in-plane (compression or tension). Until now, these holes 
in the panels are obtained by using a core (and a conical drill afterwards). However, a different way of obtaining 
holes can be by water jet cutting. These two methods will be compared in this research. Part of the project is an 
experimental part. Specimens containing holes obtained by one method are compared to the other method. 
Parameters that are compared are; glass strength (annealed and thermally toughened glass), hole diameter, 
panel thickness, load direction (in-plane and out-of-plane), and eccentricity. Using finite element modeling, the 
edge strengths can be compared to the experimentally obtained results.   

Keywords: bolted connection, thermally toughened glass, core, water jet cutting, residual stresses, hole edge 
strength 

1. INTRODUCTION

The use of glass as a building material is increasing rapidly. Glass can be used non-structurally, for
example in windows, but also structurally. Along with the increasing application, goes the rapid 
development of production methods and variety of possibilities in structures. In case of structural glass, 
the composition of the connection is of major importance. There are several ways of making 
connections with structural glass panels, such as mechanical and chemical connections. The earliest 
and generally strongest type of bolted connection is the through bolt connection where the connection 
is subjected to in-plane tension or compression which is translated as shear in the bolts. (Haldiman, M., 
Luible, A., Overend, M., 2007). This type of connection is topic for this graduation project.  

In order to apply the through-bolt connection, a hole needs to be made in the glass panel. Holes, 
which are considered as curved glass edges, are drilled with a diamond borer or a water-jet cutter. The 
surface quality after drilling is comparable to a ground edge. (Haldiman, M., Luible, A., Overend, M., 
2007). Until now, holes are primarily obtained in the traditional way; by using a core and a conical drill 
subsequently.   

Reason for the performance of this research, is a failure case. The load-bearing glass panels failed 
in that application. Therefore there is the request to find different production methods, which might lead 
to higher strengths.  

1.1. Thermally toughened glass 
When glass panels are produced, they are called annealed glass panels. This means that there is 

no pre-stress in the panel. A property of annealed glass is that its intrinsic tensile strength is many 
times lower compared to the intrinsic compressive strength. The tensile strength of glass is governed by 
microcracks in the surface which cannot be avoided during the glass production. This indicates a 
reduction of the actual engineering strength of ordinary cooled float glass to approximately 50–100MPa 
with a large variation in the strength value. (Pourmoghaddam, N., Schneider, J., 2017).  

Appendix A - Research proposal
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Due to the low intrinsic tensile strength of glass, it is convenient to temper the glass. In the 
tempering process, the glass panels are cleaned and moved into an oven where they are heated to a 
temperature above the glass transition temperature (Tg). After heating, the panels are cooled down 
rapidly, which is called quenching. The surfaces of the panels cool down (and shrink) quicker compared 
to the core. The surfaces will, therefore, solidify quicker. When the core cools down further, it wants to 
shrink and “pull” on the surface zones of the panel. This results in compressive stresses near the edge. 
Tensile stresses occur in the center of the glass plate due to the equilibrium of the surface compressive 
stresses. (Pourmoghaddam, N., Schneider, J., 2017) 

 
1.2 Residual stresses 

Residual stresses are stresses that are induced during the cooling process of the annealed glass 
panels. The idea of tempering of the glass is to create a favorable residual stress field. (Haldiman, M., 
Luible, A., Overend, M., 2007).  

 
The residual stress on edges and near holes is inhomogeneous and varies widely. It depends on 

the temperature distribution in the glass element during the tempering process, which in turn is a 
function of the element’s geometry as well as of the cooling equipment and the cooling process. 
(Haldiman, M., Luible, A., Overend, M., 2007) 

 
The residual stress is different in various zones of the glass panel. These zones are described in 

the Guidance for European Structural Design of Glass Components (Feldmann, M., Kasper, R., 2014). 
In this document is stated that zone 4 corresponds to holes. So far there are no standardized test 
methods to determine the strength of zone 2 to 4 for structural applications.  (Feldmann, M., Kasper, R., 
2014).  

2. STATE OF THE ART 

2.1 Strength 
The strength of annealed glass is only the intrinsic strength 

(σn = σ). The strength of thermally toughened glass is the sum of 
the intrinsic panel strength and the level of pre-stress (residual 
stress) (σn = σ + frk). As shown in figure 1.  

 
 
 
 
 
 
 
Due to machining, surface damage is generally more severe on glass edges than it is away from 

edges. The inherent tensile edge strength is, therefore, generally lower than the strength away from 
edges and depends strongly on the machining process and the edge finishing quality. (Haldiman, M., 
Luible, A., Overend, M., 2007) 

 
2.2 abrasive waterjet machining 

Tests were performed on abrasive waterjet machining on borosilicate glass. The process 
combines the principles of water jet machining (WJM) and abrasive jet machining (AJM). Non-through 
cutting of borosilicate glass specimens is performed on abrasive water jet machining. Abrasive 
waterjet machining performs efficiently for conventional hard & soft materials can be concluded from 
the research. (Aich, U. et al, 2014). 

 
Maniatis (2006) did experimental research on comparing different bushings. In these tests, glass 

panels were loaded in-plane by a force on the bolt. The method of in-plane testing can be used in the 
proposed research. 

 
 
 

Fig. 1: stresses (Overend) 
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2.3 Numerical researches 
Pourmoghaddam et al (2016) studied the influence of hole, edge and corner distance in drilled 

plates on residual stresses at holes after the tempering process has been numerically simulated on a 
3D FE model concerning the different heat transfer coefficients on different convection areas. 
(Pourmoghaddam, N., Schneider, J., 2017) 

 
Mocibob & Belis (2010) performed numerical and experimental research on in-plane loaded glass 

panels under compression.  
 

2.4 Analytical researches 
Also, research was done on the stresses on the edges of bore holes. With this equation now the 

decisive stresses in the edge of the hole can be calculated in dependence of the design bolt load, the 
hole diameter and the glass thickness. The influences of design parameters of the joint as well as 
production and erection tolerances on the maximal stress are considered in terms of coefficients ki, 
which have been systematically determined through extensive Finite Element calculations. (Baitinger, 
M., Feldmann, M., 2010). 

equation (1) 
 
In which: 

Pd:  Resulting design load at the decisive hole 
do:  Hole diameter 
t:  Glass thickness (of one glass pane if used laminated glass) 
ki:  Coefficients to consider the design of the joint as well as production and erection tolerances 
bm:  Decisive pane width in [do] 
Km:  Multiplication parameter of basic stress state 2 
σzul:  Design resistance of the glass element 
 

The glass strength is dependent on the edge finishing. This property is accounted for in the 
formula for the design value for glass strength (equation 2). (Belis, 2018) 

�� = ��� ∗ ��� ∗ �	 ∗ �
�� ∗
�,�

��∗��
− �� ∗ ���,� ∗

��,�

��∗��
 equation (2) 

 
In which: 

ked  edge or hole finishing factor. According to table 3, page 2-97 (Belis, 2018) 
ksp surface treatment factor. According to table 6, page 2-98 (Belis, 2018) 
kmod stress duration factor. According to table 7, page 2-99 (Belis, 2018) 
kr layered glass redundancy factor (=1.1 for laminated glass, otherwise =1.0) 
fg,k characteristic glass surface strength. According to table 8, page 2-96 (Belis, 2018) 
Rm consequence class factor. According to table 5, page 2-98 (Belis, 2018) 
γm partial safety factor material. According to table 4, page 2-98 (Belis, 2018) 
ked,p edge or hole pre-stress factor. According to table 3, page 2-97 (Belis, 2018) 
kp pre-stressing process factor. According to table 2, page 2-100 (Belis, 2018) 
γp partial safety factor for pre-stress on the surface. According to table 4, page 2-98 (Belis, 2018)  
fp,k characteristic surface pre-stress. According to table 9, page 2-96 (Belis, 2018) 
Rp consequence class factor. According to table 5, page 2-98 (Belis, 2018)  
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3. PROPOSAL 

3.1 Objective 
The objective of this graduation project is to determine the engineering strength of panels 

containing a water jet cut hole. Then, the strength can be compared to the engineering strength of 
panels containing drilled holes. Reports on point-fixed glass components subjected to axial 
compression are very limited. That is because the mechanical behavior of compressed glass 
components is usually governed by stability issues such as flexural buckling, torsional buckling, lateral 
torsional buckling, plate buckling and shear buckling. (Mocibob, D., Belis, J., 2010). Therefore, in this 
experimental research, the panels will be loaded in tension. 
 
3.2 Experimental research 

The proposal for the experimental part of the project is to determine the hole edge strength of the 
specimens. This is done by determining the influence of changing various parameters. 

 
3.3 Numerical research 

Using finite element modeling, the influence of changing various geometrical properties on the 
edge strengths can be found. The linear elastic fracture theory and the theory of stress corrosion give 
a good indication of the edge strength, since the strength is dependent on edge finishing and climate 
conditions. (Vandebroek, 2014). Also, using Finite element modeling, the influence of different types of 
eccentricity on the panel strength can be investigated. The aim of this study is to find at what load, the 
maximum allowable stresses occur. In ANG, the maximum allowable stress is 45 MPa, in TTG, the 
maximum allowable stress is 120 MPa (Belis, 2017).  

 
3.4 Analytical research 

Using analytical research, it is possible to calculate the stress distributions for different 
geometries. This can be done using, among others, equations 1 and 2.  

4. RESEARCH QUESTION 

What is the edge strength of water jet cut holes in comparison with drilled holes? 
 

4.1 Sub-research question: 
What is the influence of adapting the considered parameters on the strength of the drilled panels? 
 

5. APPROACH EXPERIMENTAL RESEARCH 

5.1 Parameters 
The parameters that have to be tested are: 

- Glass strength. This parameter is divided into two different options; annealed glass (ANG) (no pre-
stress) and thermally toughened glass (TTG). The strength of annealed glass is only the intrinsic 
strength. The strength of thermally toughened glass is the sum of the intrinsic panel strength and the 
level of pre-stress (residual stress). 
In the series of thermally toughened glass, holes must be made before tempering. Otherwise the 
drilling disturbs the stress equilibrium and the panel breaks immediately. 
As far as the glass is concerned it is recommended to use either HSG or FTG, as the strength of ANG 
in the bore hole area is very poor. (Haldiman, M., Luible, A., Overend, M., 2007). However, annealed 
glass is a suitable glass type to start the comparison with. 
- Method of obtaining holes. The methods that will be compared are traditional (core) and waterjet 
cutting.  
- Panel thickness. A common applied panel thickness is 8 mm, which is also the minimum thickness 
for point-supported glass. Next to that, the minimum thickness of non-laminated toughened glass in 
structures is 12 mm. (Haldiman, M., Luible, A., Overend, M., 2007). Therefore 8 mm and 12 mm will 
be compared. 
- Hole diameter. The bore holes in the case where failure occurred, had a diameter of 12 mm. 
Therefore there is demand to test this diameter. Also, an often applied diameter is 24 mm 
(corresponding to a bolt diameter of 16 mm.).  
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Fig. 2: sketch  
discontinuous 
stresses 

- Direction of loading. Glass panels are loaded in-plane when they are applied vertically 
and when the connection is made by a bolt through a hole.  The in-plane tension or 
compression is translated as shear into the bolts. This load will lead to local peak 
stresses in the glass panel, as sketched in figure 2. Glass panels are also often loaded 
by wind, this causes loads perpendicular to the plane (out-of-plane). The specimens 
will be loaded until failure. Due to these out-of-plane tests (coaxial double ring test), 
see paragraph 5.7 (out-of-plane tests) , a continuous stress distribution will occur.  
- Eccentricity. A significant strength reduction occurs when the load acts eccentrically. 
Therefore both eccentric and centric loading need to be tested. Two different types of 
eccentricity will be tested. The first type occurs due to rotation of the bolts, the second 
type due to insufficiently filled bushings.   

 
For these parameters, a test matrix is constructed, see table 1. All parameters and options have an 
abbreviation, which will be used to construct a code for each combination in table 2.  
 
Table 1: test matrix parameters.  

Parameter different options code 

Glass strength Annealed ANG 
  Thermally toughened TTG 

Method of drilling Core C 

  Water jet cutter W 

Glass panel thickness 8 mm  t8 

  12 mm t12 

Hole diameter 0 mm 
12 mm 

d0 

  d12 
  24 mm d24 

Direction of loading In-plane // 

  Out-of-plane ⊥ 
Eccentricity centric loading e0 

  eccentric loading 1 
eccentric loading 2 

e1 

  e2 

 
5.2 Test matrix 

However, not all combinations need to be tested. The best way to realize the best comparison is 
to take a ‘basis combination’ from which other combinations are derived by changing one parameter 
each time. This results in the matrix shown in table 2.  

 
Table 2 is based on three reference tests, in which the traditional method of drilling is used (core). In 
these three tests, a distinction is made between annealed glass (ANG) and thermally toughened glass 
(TTG), and a distinction is made between in-plane and out-of-plane loading. 
 
From these reference tests, two basis tests are derived. In these tests, all parameters are similar 
compared to the first two reference tests, except the method of drilling. In these basis tests, the used 
method is water jet cutting. 
 
In the next tests, each time one parameter changes compared to the basis tests. In this way, it is 
possible to determine the influence of changing that specific parameter. At first, the glass panel 
thickness varies to 12 mm (one test for ANG, and one test for TTG). Next, the hole diameter varies to 
24 mm. Thirdly, the load is applied eccentrically instead of centrically.  
 
In the above tests, the load is applied in-plane by means of a tensile load. In the next test 
(ANGW,t8d12,⊥e0), the load is applied out-of-plane using a coaxial double ring test. Furthermore, it is 
interesting to investigate the influence of a different hole diameter on the out-of-plane strength. In tests 
(ANGW,t8d24,⊥e0 and ANGW,t8d0,⊥e0) the hole diameter is varied to respectively 24 mm and 0 mm 
(no hole).  
 
This results in 16 different tests, see table 2. 
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Table 2: test combinations 

 
5.3 Specimens  
Number of specimens  

To improve the quality of the experimental tests, it is important to have specimens with similar 
mechanical properties (i.e. level of pre-stress). In different production series, there can be a deviation 
in the level of pre-stress. Therefore, it is best to produce all specimens in one series. This leads to the 
highest homogeneity, and therefore the most reliable results.  

 
The number of required specimens per test, in order to have statistically significant results, is not 

specified in codes. However, 30 tests per series is desired, and 20 tests per series is the minimum 
according to the advice of prof. dr. ir.-arch. Jan Belis. This is a commonly used amount in other 
researches. Therefore, the choice is made to both minimize the number of samples and maintain 
statistical significance. This results in 20 tests per series. If all combinations of table 2 are performed, 
this results in a total of 16x20 = 320 specimens.  

 
Geometry  

Point-supported glass should have a minimum thickness of 8 mm and the distance of holes to the 
glass edges must not be less than 2.5 times the glass thickness. (Haldiman, M., Luible, A., Overend, 
M., 2007) 

 
For thermally toughened glass, the distance between drill hole and edge should be at least 2.0 

times the diameter of the borehole. (Maniatis, 2006) 
 
The diameter of a cylindrical hole often is about 28 mm. (Bength, 2005). An often applied hole 

diameter is 24 mm. In that case, the bolt diameter is 16 mm and the bushing thickness is 4 mm. 
(Maniatis, 2006). In research performed by Maniatis, the corresponding panel thickness is 12 mm. 
However, a panel thickness of 6 of 8 mm is a more common thickness. The minimum thickness of 
non-laminated toughened glass is 12 mm. (Sapphire, 2018). 

 
Based on the above requirements, and previous researches, a representative hole diameter is 24 

mm. The minimum thickness of 8 mm, which is a common thickness, therefore is a representative 
value. According to Haldiman et al (2007), the minimum distance of the holes to the glass edge is 
2.5x12 = 30 mm. Maniatis (2006) found that the distance should be at least 2.0x24 = 48 mm. 
Therefore, the best is to take the maximum value of the above two values = max{2.5t; 2.0d} = 48 mm. 
The specimens for the in-plane tests need to contain two holes, in order to be able to apply the load 
and hold the panel in position. Using the minimum distance of 48 millimeters between hole and edge 

Characteristic Test code 
Glass 

strength 
Method of 

drilling 
Glass panel 
thickness 

Hole 
diameter 

Direction of 
loading Eccentricity 

no. of tests 
per 

combination 

reference ANGC,t8d12,//e0 ANG Core 8 mm 12 mm In-plane centric loading 20 
reference TTGC,t8d12,//e0 TTG Core 8 mm 12 mm In-plane centric loading 20 
reference ANGC,t8d12,⊥e0 ANG Core 8 mm 12 mm Out-of-plane centric loading 20 

                  
basis ANGW,t8d12,//e0 ANG Water jet cutter 8 mm 12 mm In-plane centric loading 20 
basis TTGW,t8d12,//e0 TTG Water jet cutter 8 mm 12 mm In-plane centric loading 20 

                  
thickness ANGW,t12d12,//e0 ANG Water jet cutter 12 mm 12 mm In-plane centric loading 20 

  TTGW,t12d12,//e0 TTG Water jet cutter 12 mm 12 mm In-plane centric loading 20 
                  

hole diameter ANGW,t8d24,//e0 ANG Water jet cutter 8 mm 24 mm In-plane centric loading 20 
  TTGW,t8d24,//e0 TTG Water jet cutter 8 mm 24 mm In-plane centric loading 20 
                  

eccentricity ANGW,t8d12,//e1 ANG Water jet cutter 8 mm 12 mm In-plane eccentric loading 1 20 
  TTGW,t8d12,//e1 TTG Water jet cutter 8 mm 12 mm In-plane eccentric loading 1 20 
  ANGW,t8d12,//e2 ANG Water jet cutter 8 mm 12 mm In-plane eccentric loading 2 20 
  TTGW,t8d12,//e2 TTG Water jet cutter 8 mm 12 mm In-plane eccentric loading 2 20 
                  

load direction ANGW,t8d12,⊥e0 ANG Water jet cutter 8 mm 12 mm Out-of-plane centric loading 20 
  ANGW,t8d24,⊥e0 ANG Water jet cutter 8 mm 24 mm Out-of-plane centric loading 20 
  ANGW,t8d0,⊥e0 ANG Water jet cutter 8 mm 0 mm Out-of-plane centric loading 20 

320 
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and the largest hole diameter of 24 mm, the geometry for the specimens can be determined. The 
minimum length is (48+24+48+48+24+48) = 240 mm. The minimum width is (48+24+48) = 120 mm. 
See figure 3a. However, due to inaccuracies, it is desired to slightly over-dimension the specimens. In 
this way, the minimum distance will always be achieved. Next to that, it is more practical to use round 
dimensions. Based on the above argumentation, the geometry of the panels is proposed to be 
according to figure 3b.  

  
 
 
 
 
 
 
 
 

 
 

 
 
The specimens for the out-of-plane tests need to contain only 1 hole. The dimensions of these panels 
are prescribed to be 250x250 mm, with a centrally located hole (Belis, Glass structures, 2017). The 
geometry is shown in figure 4. These specimens will be subjected to a coaxial double ring test. (see 
paragraph out-of-plane tests). 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Amount of glass 
From the proposed number of specimens in table 2, the total amount of required glass can be 

calculated. There are three different specimens based on panel dimensions, see table 3. 
 
Table 3: overview specimens 

type thickness dimensions number of test series 
number of specimens per 
test 

number of 
specimens 

in-plane  8 mm 300x200 mm 10 20 200 

out-of-plane 8 mm 250x250 mm 4 20 80 

in-plane  12 mm 300x200 mm 2 20 40 

total         320 

 
In appendix A1, a table with full description of the specimens is provided.  
 
  

 

 

 

 

 

 

Fig. 3: a) minimum geometry b) proposed geometry 

Fig. 4: proposed geometry 
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The dimensions of a standard sheet are 6x3.21 meters (Belis, 2017). Most specimens 
(200+80=280) have a thickness of 8 mm. These can be manufactured from 1 standard sheet, see 
figure 5. The 40 specimens with a thickness of 12 mm can be manufactured from a smaller panel, or 
from a strip of a standard sheet, see figure 6. The dimensions of the specimens are slightly larger than 
the minimum required. That is to compensate tolerances and cutting lines. 

 

 
 

   
 
 
 
Next to the specimens required for the experimental tests, several extra specimens are needed in 
order to test the experimental set-up. (colored in red in figure 5). 

 
Edge finishing 
The edges of the annealed glass specimens need to be broken. The edges of the thermally 

toughened specimens need to be polished. The holes in the reference test series are manufactured in 
the traditional way (core). After using a hollow drill, a conical drill needs to be used. Holes 
manufactured using a water jet cutter do not need to be finished afterwards, because the surface 
quality after drilling is comparable to a ground (i.e. polished) edge. (Haldiman, M., Luible, A., Overend, 
M., 2007). Leaving out the step of hole edge finishing for water jet cut holes is what makes the 
essential difference between the two methods of obtaining holes. 

 
 
An overview of the properties of the to be produced specimens is provided in appendix A. 

 
 
 

Fig. 5: panel division (t=8 mm) 

Fig. 6: panel division (t=12 mm) 
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Bushing material 
Next to the glass panels, also bushing material is needed for the experimental tests. In the failure 

case, nylon bushings were applied. The aim of the project is to perform experiments in accordance 
with the failure case. Therefore, these nylon bushings will also be used in this research. The exact 
properties can be determined in a later stage.  

 
In appendix A2, a table with the sizes of the bushing material is provided. 
 
Strength 

It might be the case that not all tests will be performed at the same time. Therefore the panels 
that will be tested later, will first be stored. This has to be done under conditioned circumstances. Due 
to humidity deviations, stress corrosion might occur. The strength of glass panels is dependent on the 
damage caused by the edge finishing and the climate conditions. (Vandebroek, 2014). 

 
5.4 Eccentricity 

In the current proposal, the parameter ‘eccentric loading’ is split up into eccentric loading 1 and 
eccentric loading 2. The two types of eccentricity that are proposed to test are: rotation of the bolt, and 
insufficient bushing. Testing of eccentricity is an important and valuable addition to the project, 
because usually in research and design, all situations and properties are determined to be ideal. In 
practice imperfections and dimensional tolerances can never be avoided. In the next paragraphs, the 
type of eccentricities and reason for research will be explained. However, the concrete plan of how 
this is translated into a test set-up, will be determined in a later stage. 

 
Rotation of the bolt is important in this research, because in the considered 

failure case, this problem was at stake. The connection was designed in a way 
that no rotation could occur (figure 7a). However, since the surrounding profile 
was only a couple of millimeters thick, the bolt tended to move out of the profile, 
resulting in rotation of the bolt (figure 7b).  

 
 
 
 
 
 
The second type of eccentricity is insufficient bushing. In the design 

phase, bushings are assumed to be ideal (i.e. have the exact dimensions), see 
figure 8a. However, in practice it occurs that bushings are insufficiently filled 
(see figure 8b). 
 
 
 
 
5.5 Pre-stress in specimens 

After production of the specimens, the level of pre-stress needs to be determined. This is not only 
important for the thermally toughened glass specimens, but also for the annealed glass panels. That is 
because in annealed glass, there always is some residual compressive stress. This can be done using 
optical techniques. Conway and Mecholsky were able to show that the residual stress determined 
using this technique is indeed in relatively good agreement with direct residual stress measurements 
by optical techniques. The accuracy is, however, rather limited. (Haldiman, M., Luible, A., Overend, 
M., 2007).  
 
Next to that, the exact thickness of the glass panel and the exact location of the hole need to be 
measured.  
 
 
 
 
 
 

Fig. 8ab: insufficient bushing 

Fig. 7ab: bolt rotation  
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5.6 In-plane tests 

The in-plane tests will be performed by placing a bolt in the hole of the specimen, including a tube 
and bushing material. In order to prevent the glass panel from moving, two holes are drilled in each 
glass specimen. In both holes, a bolt will be placed, and a tensile load will be applied by pulling the 
bolts away from each other. For statistical reasons, it is 
better to determine beforehand which one of the two 
holes ‘has to’ fail. A possibility to achieve this, is by 
varying the closeness of fit (i.e. the bolt diameter relative 
to the hole diameter). This is directly related to the major 
principle stresses around the bolt hole. A larger 
clearance leads to higher maximum stresses in the 
glass hole and causes a shift in the position of the 
maximum stress.   Compared to a tight-fit connection a 
clearance of 2 mm leads to an increase of the maximum 
principal tensile stress in the glass of about 66% for 
aluminum and 39% for POM-C bushings. (Haldiman, M., 
Luible, A., Overend, M., 2007).  
 
The test set-up for the in-plane tests is shown in figure 
9.  
 
5.7 Out-of-plane tests 

The out-of-plane tests are meant to simulate wind 
loads. These loads initiate perpendicular to the glass 
panel. Out-of-plane tests are prescribed to be performed 
by either a four-point bending test or a coaxial double 
ring test. However, when determining the strength in the 
drilled area of a flat glass panel, a coaxial double ring 
test can be used.  In this experiment, the stress rate is 
prescribed to be 2 MPa/s ± 0.4 MPa/s. (Page 2-44 
(Belis, 2017).   
The test set-up for the out-of-plane tests is shown in 
figure 10. The strenght of panels containing holes, will 
also be compared to the strength of panels without 
holes. 
 

6. CONCLUSIONS 

Until now bore holes are made by using a core. In this research, that method is compared to 
making holes by water jet cutting. The strength of the glass panels of both methods will be compared. 
This is done experimentally by applying a load on specimens containing boreholes. In this experiment, 
different parameters are considered; glass strength, panel thickness, hole diameter, direction of 
loading, and influence of eccentricity. The experimental research will be supported by numerical 
research on the stresses in the panel. As a result of this graduation project, insight is obtained in the 
differences and similarities between the two methods of making holes.  
 
To be able to perform the experimental research in the proposed way, 320(+16) samples are required. 
These can be obtained from 1 standard sheet with a thickness of 8 mm, and part of a standard sheet 
with a thickness of 12 mm. 
  

Fig. 9: In-plane test set-up 

Fig. 10: Out-of-plane test set-up 
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Appendix A1
glass panels properties

sample type panel thickness dimensions holes finishing no. of test series no. of specimens per test no. of specimens test specimen total specimens

1 8 300x200 mm core, 12 mm ANG, broken edge 1 20 20 1 21

2 8 300x200 mm core, 12 mm TTG, polished edge 1 20 20 1 21

3 8 300x200 mm waterjet, 12 mm ANG, broken edge 3 20 60 3 63

4 8 300x200 mm waterjet, 12 mm TTG, polished edge 3 20 60 3 63

5 8 300x200 mm waterjet, 24 mm ANG, broken edge 1 20 20 1 21

6 8 300x200 mm waterjet, 24 mm TTG, polished edge 1 20 20 1 21

7 8 250x250 mm core, 12 mm ANG, broken edge 1 20 20 1 21

8 8 250x250 mm waterjet, 12 mm ANG, broken edge 1 20 20 1 21

9 8 250x250 mm waterjet, 24 mm ANG, broken edge 1 20 20 1 21

10 8 250x250 mm no holes ANG, broken edge 1 20 20 1 21

11 12 300x200 mm waterjet, 12 mm ANG, broken edge 1 20 20 1 21

12 12 300x200 mm waterjet, 12 mm TTG, polished edge 1 20 20 1 21

Total 16 320 16 336

Appendix A2
bushings properties

sample type length applied for hole diameter no. of test series no. of specimens per test no. of specimens test specimen total specimens

1 8 12 6 20 120 6 126

2 8 24 2 20 40 2 42

3 4 12 2 20 40 2 42

4 12 12 2 20 40 2 42

Total 12 240 12 252
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Appendix B - Dimensions extra test specimens

code nr. 

t1 t2 t3 t4 t5 t6 t average st dev HD1 1 HD1 2 HD1 average % difference HD2 1 HD2 2 HD2 averagedifference L1 L2 L3 L4 L5 L6 L7 long dir. Surface long dir. Middle short dir. Surface short dir. Middle

ANGW,t8d12 TEST 1 7.85 7.87 7.87 7.87 7.86 7.86 7.86 0.007 12.09 12.10 12.10 0.0100 12.06 11.98 12.02 0.0800 94.02 93.98 93.96 93.88 68.20 137.90 69.02 -4.4 1.2 -6.0 0.5

ANGW,t8d12 TEST 2 7.86 7.86 7.86 7.86 7.86 7.86 7.86 0.000 12.08 12.07 12.08 0.0100 12.08 12.08 12.08 0.0000 92.97 95.01 93.74 94.24 67.42 138.27 69.94 -6.5 2.3 -5.0 2.1

ANGW,t8d12 TEST 3 7.84 7.86 7.86 7.85 7.85 7.85 7.85 0.007 12.08 12.13 12.11 0.0500 12.1 12.14 12.12 0.0400 92.86 95.27 92.86 95.15 67.40 138.07 70.04 -9.2 2.3 -12.6 3.5

ANGW,t8d12 TEST 4 7.85 7.84 7.84 7.84 7.84 7.84 7.84 0.004 12.16 12.05 12.11 0.1100 12.03 12.15 12.09 0.1200 95.34 92.71 95.40 92.74 69.95 138.22 67.33 -11.0 3.4 -2.3 1.2

ANGW,t8d12 TEST 5 7.84 7.83 7.83 7.83 7.83 7.84 7.83 0.005 12.16 12.07 12.12 0.0900 12.05 12.06 12.06 0.0100 92.79 95.24 93.01 95.43 67.24 138.20 71.09 -5.1 1.9 -3.6 2.4

ANGW,t8d12 TEST 6 7.85 7.86 7.85 7.85 7.85 7.85 7.85 0.004 12.13 12.15 12.14 0.0200 12.15 12.15 12.15 0.0000 95.45 92.62 95.53 92.64 69.95 138.01 67.56 -4.8 1.4 -6.5 1.1

ANGW,t8d12 TEST 7 7.85 7.86 7.85 7.84 7.86 7.85 7.85 0.007 12.05 12.11 12.08 0.0600 12.08 12.17 12.13 0.0900 95.59 92.50 95.43 92.65 69.76 138.84 67.52 -7.9 3.6 -5.5 1.7

ANGW,t8d12 TEST 8 7.84 7.84 7.84 7.84 7.84 7.85 7.84 0.004 12.05 12.07 12.06 0.0200 12.04 12.07 12.06 0.0300 94.31 93.75 94.44 93.78 70.35 138.19 67.47 -9.8 2.9 -2.9 1.3

ANGW,t8d12 TEST 9 7.84 7.83 7.83 7.83 7.83 7.84 7.83 0.005 12.05 12.15 12.10 0.1000 12.03 12.07 12.05 0.0400 92.24 95.84 92.34 95.89 68.28 138.22 69.48 -12.3 2.8 -6.9 1.7

ANGW,t8d12 TEST 10 7.75 7.78 7.78 7.78 7.78 7.76 7.77 0.012 12.10 12.17 12.14 0.0700 12.07 12.13 12.10 0.0600 93.57 94.46 93.69 94.48 67.62 138.24 69.37 -9.1 5.0 -4.1 2.8

ANGC, t8d12 TEST 1 7.84 7.82 7.84 7.84 7.86 7.86 7.84 0.014 11.91 11.91 11.91 0.0000 11.91 11.91 11.91 0.0000 92.95 94.84 93.36 94.48 69.85 138.00 69.16 -5.1 1.9 -3.5 1.5

ANGC, t8d12 TEST 2 7.91 7.91 7.91 7.91 7.90 7.90 7.91 0.005 11.91 11.91 11.91 0.0000 11.9 11.9 11.90 0.0000 94.30 93.60 94.57 93.85 69.68 138.41 69.31 -7.0 3.4 -6.4 2.9

ANGC, t8d12 TEST 3 7.93 7.93 7.93 7.93 7.92 7.92 7.93 0.005 11.91 11.91 11.91 0.0000 11.91 11.91 11.91 0.0000 94.11 94.58 93.89 95.54 70.30 138.24 68.60 -5.1 3.2 -1.1 0.9

ANGC, t8d12 TEST 4 7.90 7.90 7.90 7.90 7.90 7.90 7.90 0.000 11.92 11.91 11.92 0.0100 11.94 11.93 11.94 0.0100 95.01 93.95 95.09 93.70 69.41 138.04 69.31 -8.1 2.8 -2.8 0.6

ANGW,t12d12 TEST 1 11.89 11.89 11.88 11.88 11.88 11.88 11.88 0.005 12.13 12.22 12.18 0.0900 12.22 12.17 12.20 0.0500 95.67 92.63 95.20 92.93 66.65 138.15 70.53 -8.1 3.7 -6.8 3.3

ANGW,t12d12 TEST 2 11.89 11.89 11.91 11.90 11.90 11.89 11.90 0.007 12.24 12.24 12.24 0.0000 12.24 12.23 12.24 0.0100 93.77 94.59 93.83 94.70 70.22 138.25 67.17 -1.6 3.1 -9.9 0.1

ANGW,t12d12 TEST 3 11.89 11.88 11.88 11.90 11.90 11.89 11.89 0.008 12.17 12.22 12.20 0.0500 12.25 12.22 12.24 0.0300 95.18 93.33 94.86 93.46 67.88 138.18 69.58 -6.1 2.8 -7.3 3.7

ANGW,t12d12 TEST 4 11.85 11.85 11.85 11.86 11.86 11.86 11.86 0.005 12.15 12.11 12.13 0.0400 12.1 12.18 12.14 0.0800 93.57 94.89 93.46 94.74 69.81 138.19 67.60 -7.5 3.6 -8.6 3.7

ANGW,t12d12 TEST 5 11.87 11.87 11.86 11.87 11.87 11.87 11.87 0.004 12.20 12.19 12.20 0.0100 12.22 12.2 12.21 0.0200 96.21 92.17 96.86 91.86 68.59 138.04 69.02 -8.5 3.8 -8.2 4.4

Panel thickness [mm] hole diameter [mm] hole location [mm] pre-stress



Appendix C1 - Research pre-stress SCALP-04 – TTG

TTG reference specimensvalues in MPa

specimen location direction side upper surface minimum minimum - upper surface lower surface middle maximum maximum - middle difference maximum vs middle [%]

4 mid hor back -95.4 -95.4 0.0 -47.3 52.5 53.2 0.7 1.3

4 mid hor front -94.0 -94.0 0.0 -83.9 52.5 52.7 0.2 0.4

4 mid vert back -91.5 -91.5 0.0 -67.3 51.5 51.7 0.2 0.4

4 mid vert front -92.6 -92.6 0.0 -52.5 54.6 55.1 0.5 0.9

4 side 1 vert back -96.8 -96.8 0.0 -66.0 42.5 43.1 0.6 1.4

4 side 1 vert front -92.4 -92.4 0.0 -52.1 49.0 49.3 0.3 0.6

4 side 2 vert back -98.5 -98.5 0.0 -77.0 51.7 51.9 0.2 0.4

4 side 2 vert front -96.9 -96.9 0.0 -54.9 45.6 46.4 0.8 1.8

st dev 2.52 st dev 3.96

5 mid hor back -98.7 -98.7 0.0 -74.5 54.5 54.7 0.2 0.4

5 mid hor front -102.2 -102.2 0.0 -79.8 54.0 54.1 0.1 0.2

5 mid vert back -99.1 -99.1 0.0 -68.4 50.2 50.4 0.2 0.4

5 mid vert front -96.0 -96.0 0.0 -59.8 50.6 51.1 0.5 1.0

5 side 1 vert back -89.2 -89.2 0.0 -82.9 45.3 45.4 0.1 0.2

5 side 1 vert front -93.1 -93.1 0.0 -60.0 49.1 49.5 0.4 0.8

5 side 2 vert back -93.8 -93.8 0.0 -51.2 51.8 52.4 0.6 1.2

5 side 2 vert front -101.0 -101.0 0.0 -53.9 45.5 46.1 0.6 1.3

st dev 4.42 st dev 3.40

6 mid hor back -99.1 -99.1 0.0 -68.4 52.1 52.5 0.4 0.8

6 mid hor front -98.3 -98.3 0.0 -67.3 50.7 51.2 0.5 1.0

6 mid vert back -98.1 -98.1 0.0 -77.2 52.0 52.1 0.1 0.2

6 mid vert front -84.1 -84.1 0.0 -63.7 48.2 48.7 0.5 1.0

6 side 1 vert back -92.9 -92.9 0.0 -83.0 48.4 48.7 0.3 0.6

6 side 1 vert front -95.3 -95.3 0.0 -60.2 50.5 50.7 0.2 0.4

6 side 2 vert back -102.1 -102.1 0.0 -81.7 49.0 49.1 0.1 0.2

6 side 2 vert front -100.6 -100.6 0.0 -100.1 50.7 50.7 0.0 0.0

st dev 5.71 st dev 1.49

7 mid hor back -110.1 -110.1 0.0 -83.1 55.5 55.6 0.1 0.2

7 mid hor front -97.9 -97.9 0.0 -50.2 56.9 57.3 0.4 0.7

7 mid vert back -102.3 -102.3 0.0 -89.2 51.7 51.8 0.1 0.2

7 mid vert front -95.4 -95.4 0.0 -48.0 50.7 51.6 0.9 1.8

7 side 1 vert back -100.6 -100.6 0.0 -76.3 47.1 47.2 0.1 0.2

7 side 1 vert front -95.5 -95.5 0.0 -59.8 52.6 52.9 0.3 0.6

7 side 2 vert back -93.2 -93.2 0.0 -77.4 50.7 50.9 0.2 0.4

7 side 2 vert front -92.4 -92.4 0.0 -46.8 45.1 46.0 0.9 2.0

st dev 5.83 st dev 3.81

8 mid hor back -99.3 -99.3 0.0 -82.4 56.4 56.4 0.0 0.0

8 mid hor front -99.2 -99.2 0.0 -74.3 55.4 55.5 0.1 0.2

8 mid vert back -91.8 -91.8 0.0 -79.3 52.7 52.9 0.2 0.4

8 mid vert front -95.0 -95.0 0.0 -72.1 51.1 51.3 0.2 0.4

8 side 1 vert back -93.1 -93.1 0.0 -42.0 46.0 46.7 0.7 1.5

8 side 1 vert front -93.8 -93.8 0.0 -65.0 53.4 53.8 0.4 0.7

8 side 2 vert back -93.4 -93.4 0.0 -71.5 50.0 50.2 0.2 0.4

8 side 2 vert front -96.4 -96.4 0.0 -68.2 45.5 45.8 0.3 0.7

st dev 2.81 st dev 3.86

average st. dev. 3.78 average 0.7



Appendix C2 - Research pre-stress SCALP-04 – ANG

ANGW out-of-plane specimens values in MPa

specimen location side upper surface minimum minimum - upper surface lower surface middle maximum maximum - middle

1 top back -5.2 -5.2 0.0 -0.1 2.4 2.5 0.1

1 top front 1.7 -3.8 -5.5 78.4 -0.2 78.4

1 bottom back 7.6 -1.8 -9.4 60.8 0.9 60.8

1 bottom front 2.8 -4.7 -7.5 102.7 4.6 102.7

2 top back -4.1 -5.2 -1.1 -5.2 2.3 2.3 0.0

2 top front -1.5 -1.5 0.0 16.1 2.7 16.1

2 bottom back -4.2 -4.2 0.0 13.7 1.8 13.7

2 bottom front -2.5 -2.5 0.0 7.0 1.2 7.0

3 top back -4.8 -4.8 0.0 -0.1 2.1 2.3 0.2

3 top front -1.3 -1.5 -0.2 26.3 1.8 26.3

3 bottom back -4.0 -4.0 0.0 6.2 1.5 6.2

3 bottom front -1.9 -1.9 0.0 11.9 2.1 11.9

5 top back -0.9 -1.6 -0.7 43.4 2.3 43.4

5 top front -1.2 -1.2 0.0 15.5 0.8 15.5

5 bottom back -0.9 -0.9 0.0 1.0 2.1 2.1 0.0

5 bottom front -1.4 -1.4 0.0 15.5 2.7 15.5



Appendix D1 - Dimensions specimens for in-plane tensile test

code series nr. near hole 

t1 t2 t average difference HD1 1 HD1 2 HD1 avearge difference HD2 1 HD2 2 HD2 average difference L1 L2 L3 L4 L5 L6 L7 vertical horizontal average 70% surface

ANGC,t8d12 reference 1 7.93 7.93 7.93 0.00 11.93 11.92 11.93 0.01 11.92 11.92 11.92 0.00 95.23 93.33 95.16 93.64 69.07 138.22 68.93 -5.8 -3.3 -4.6 -3.185

ANGC,t8d12 reference 2 7.91 7.91 7.91 0.00 11.90 11.90 11.90 0.00 11.91 11.92 11.92 0.01 95.23 94.42 93.74 94.27 69.39 138.04 69.99 -4.8 -3.3 -4.1 -2.835

ANGC,t8d12 reference 3 7.89 7.89 7.89 0.00 11.92 11.92 11.92 0.00 11.90 11.92 11.91 0.02 95.23 93.61 93.98 93.41 69.85 138.24 69.12 -3.0 -3.9 -3.5 -2.415

ANGC,t8d12 reference 4 7.90 7.90 7.90 0.00 11.89 11.91 11.90 0.02 11.91 11.91 11.91 0.00 95.23 94.58 94.49 94.59 69.81 138.48 69.64 -0.9 -0.7 -0.8 -0.56

ANGC,t8d12 reference 5 7.92 7.91 7.92 0.01 11.91 11.91 11.91 0.00 11.92 11.91 11.92 0.01 95.23 95.65 94.42 95.16 70.40 138.12 68.87 -6.8 -4.4 -5.6 -3.92

ANGC,t8d12 reference 6 7.90 7.90 7.90 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.45 93.08 94.66 69.31 138.67 69.66 -4.5 -2.6 -3.6 -2.485

ANGC,t8d12 reference 7 7.91 7.92 7.92 0.01 11.92 11.92 11.92 0.00 11.92 11.91 11.92 0.01 95.23 93.96 93.73 94.13 69.47 137.85 69.51 -0.4 -0.7 -0.6 -0.385

ANGC,t8d12 reference 8 7.90 7.90 7.90 0.00 11.91 11.90 11.91 0.01 11.91 11.89 11.90 0.02 95.23 94.11 93.46 94.23 69.38 138.18 69.80 -2.1 -1.6 -1.9 -1.295

ANGC,t8d12 reference 9 7.89 7.89 7.89 0.00 11.91 11.91 11.91 0.00 11.92 11.91 11.92 0.01 95.23 92.83 95.36 93.30 69.80 138.20 69.17 -2.5 -2.2 -2.4 -1.645

ANGC,t8d12 reference 10 7.87 7.87 7.87 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 93.66 94.09 94.04 69.91 137.95 69.11 -1.6 -0.1 -0.9 -0.595

ANGC,t8d12 reference 11 7.86 7.86 7.86 0.00 11.92 11.92 11.92 0.00 11.91 11.91 11.91 0.00 95.23 93.89 94.35 94.24 69.71 138.26 69.61 -3.8 -4.9 -4.4 -3.045

ANGC,t8d12 reference 12 7.91 7.91 7.91 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.43 94.29 94.43 69.10 137.92 69.75 -5.0 -4.9 -5.0 -3.465

ANGC,t8d12 reference 13 7.91 7.91 7.91 0.00 11.92 11.92 11.92 0.00 11.92 11.92 11.92 0.00 95.23 94.51 94.11 93.90 69.41 137.92 69.63 -22.8 -10.9 -16.9 -11.795

ANGC,t8d12 reference 14 7.92 7.92 7.92 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.57 93.79 94.19 69.02 138.23 69.88 -5.8 -7.5 -6.7 -4.655

ANGC,t8d12 reference 15 7.91 7.91 7.91 0.00 11.89 11.91 11.90 0.02 11.92 11.92 11.92 0.00 95.23 93.84 94.32 93.79 68.71 138.08 69.71 -6.0 -5.7 -5.9 -4.095

ANGC,t8d12 reference 16 7.92 7.92 7.92 0.00 11.89 11.91 11.90 0.02 11.91 11.92 11.92 0.01 95.23 94.28 94.31 94.47 68.96 138.25 69.69 -3.7 -4.3 -4.0 -2.8

ANGC,t8d12 reference 17 7.91 7.91 7.91 0.00 11.92 11.92 11.92 0.00 11.92 11.92 11.92 0.00 95.23 93.08 94.56 93.31 69.94 138.59 69.17 -4.4 -1.4 -2.9 -2.03

ANGC,t8d12 reference 18 7.91 7.91 7.91 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.42 93.42 94.57 69.79 138.16 69.44 -2.5 -1.7 -2.1 -1.47

ANGC,t8d12 reference 19 7.90 7.90 7.90 0.00 11.92 11.92 11.92 0.00 12.19 12.14 12.17 0.05 95.23 94.87 94.23 94.30 68.89 137.87 69.80 -3.1 -4.5 -3.8 -2.66

ANGC,t8d12 reference 20 7.90 7.90 7.90 0.00 11.91 11.91 11.91 0.00 11.89 11.90 11.90 0.01 95.23 95.10 93.00 94.47 69.08 138.36 69.78 -1.3 -0.9 -1.1 -0.77

ANGC,t8d12 reference 21 7.85 7.85 7.85 0.00 11.91 11.91 11.91 0.00 11.91 11.92 11.92 0.01 95.23 93.57 85.38 93.01 68.74 138.23 70.01 -6.6 -3.6 -5.1 -3.57

ANGC,t8d12 reference 22 7.90 7.90 7.90 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.80 94.06 94.49 69.93 138.36 69.46 -1.2 -2.5 -1.9 -1.295

ANGC,t8d12 reference 23 7.90 7.90 7.90 0.00 11.89 11.91 11.90 0.02 12.22 12.22 12.22 0.00 95.23 94.46 93.87 94.12 69.12 137.51 69.53 -6.0 -2.5 -4.3 -2.975

ANGC,t8d12 reference 24 7.91 7.91 7.91 0.00 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 95.23 94.69 93.70 94.69 69.83 138.12 69.36 -6.8 -9.0 -7.9 -5.53

TTGC,t8d12 reference 1 7.93 7.93 7.93 0.00 11.91 11.90 11.91 0.01 11.97 11.96 11.97 0.01 93.00 94.42 92.60 95.01 69.33 138.23 68.76 -110.0 -108.1 -109.1 -76.335

TTGC,t8d12 reference 2 7.86 7.87 7.87 0.01 11.90 11.91 11.91 0.01 11.91 11.90 11.91 0.01 93.60 94.47 93.23 95.17 68.99 137.87 69.71 -106.1 -106.6 -106.4 -74.445

TTGC,t8d12 reference 3 7.90 7.91 7.91 0.01 11.91 11.90 11.91 0.01 12.24 12.25 12.25 0.01 94.20 94.04 93.58 94.47 69.22 138.30 69.09 -98.2 -106.9 -102.6 -71.785

TTGC,t8d12 reference 4 7.94 7.94 7.94 0.00 11.91 11.91 11.91 0.00 11.92 11.92 11.92 0.00 95.80 92.87 95.35 93.39 69.21 138.18 68.77 -94.9 -104.6 -99.8 -69.825

TTGC,t8d12 reference 5 7.92 7.93 7.93 0.01 11.91 11.91 11.91 0.00 11.90 11.90 11.90 0.00 94.27 93.47 94.22 93.27 69.66 138.21 69.38 -103.3 -101.5 -102.4 -71.68

TTGC,t8d12 reference 6 7.92 7.93 7.93 0.01 11.90 11.90 11.90 0.00 11.91 11.91 11.91 0.00 93.89 94.49 93.71 94.60 69.18 138.27 69.73 -91.2 -110.0 -100.6 -70.42

TTGC,t8d12 reference 7 7.92 7.92 7.92 0.00 11.91 11.91 11.91 0.00 11.90 11.91 11.91 0.01 93.48 95.30 93.55 95.18 69.26 138.15 69.59 -101.6 -96.1 -98.9 -69.195

TTGC,t8d12 reference 8 7.92 7.93 7.93 0.01 11.91 11.91 11.91 0.00 11.91 11.90 11.91 0.01 93.45 95.51 92.74 95.94 68.95 138.23 69.22 -101.7 -106.8 -104.3 -72.975

TTGC,t8d12 reference 9 7.91 7.92 7.92 0.01 11.91 11.91 11.91 0.00 11.92 11.90 11.91 0.02 94.76 94.14 94.70 94.04 69.65 138.03 69.45 -98.3 -99.8 -99.1 -69.335

TTGC,t8d12 reference 10 7.91 7.92 7.92 0.01 11.90 11.90 11.90 0.00 11.90 11.91 11.91 0.01 94.32 93.36 94.46 93.41 69.13 137.95 69.61 -103.4 99.4 -2.0 -1.4

TTGC,t8d12 reference 11 7.86 7.87 7.87 0.01 11.91 11.91 11.91 0.00 11.89 11.90 11.90 0.01 93.30 95.50 92.85 95.90 69.01 138.18 69.88 -109.2 -107.6 -108.4 -75.88

TTGC,t8d12 reference 12 7.92 7.92 7.92 0.00 11.92 11.91 11.92 0.01 11.93 11.92 11.93 0.01 94.66 94.24 94.87 93.75 69.50 138.02 69.20 -96.8 -104.3 -100.6 -70.385

TTGC,t8d12 reference 13 7.93 7.95 7.94 0.02 11.90 11.90 11.90 0.00 11.89 11.90 11.90 0.01 92.84 94.71 92.37 95.07 69.24 138.21 69.04 -102.3 -101.0 -101.7 -71.155

TTGC,t8d12 reference 14 7.92 7.91 7.92 0.01 11.91 11.90 11.91 0.01 11.91 11.91 11.91 0.00 95.14 93.90 94.55 94.46 69.25 138.29 69.27 -105.6 -95.4 -100.5 -70.35

TTGC,t8d12 reference 15 7.89 7.88 7.89 0.01 11.90 11.91 11.91 0.01 11.91 11.84 11.88 0.07 95.00 92.71 94.57 92.94 70.00 138.28 69.31 -101.0 -104.1 -102.6 -71.785

TTGC,t8d12 reference 16 7.90 7.91 7.91 0.01 11.91 11.91 11.91 0.00 11.91 11.91 11.91 0.00 94.68 93.39 94.22 93.83 70.06 138.24 69.07 -102.3 -101.1 -101.7 -71.19

TTGC,t8d12 reference 17 7.91 7.91 7.91 0.00 12.04 12.03 12.04 0.01 11.91 11.91 11.91 0.00 94.78 93.80 94.48 94.42 69.15 138.46 69.83 -102.5 -103.2 -102.9 -71.995

TTGC,t8d12 reference 18 7.90 7.91 7.91 0.01 11.92 11.92 11.92 0.00 11.92 11.93 11.93 0.01 93.96 93.96 94.15 93.91 69.59 138.07 69.52 -97.2 -103.7 -100.5 -70.315

TTGC,t8d12 reference 19 7.92 7.93 7.93 0.01 11.91 11.91 11.91 0.00 11.92 11.91 11.92 0.01 94.54 93.10 94.46 93.12 69.31 138.07 69.67 -90.7 -99.8 -95.3 -66.675

ANGW,t8d12 basis 1 7.79 7.79 7.79 0.00 12.03 12.02 12.03 0.01 11.99 12.13 12.06 0.14 94.11 93.80 93.89 93.87 68.43 138.16 69.66 -3.1 -2.8 -3.0 -2.065

ANGW,t8d12 basis 2 7.83 7.83 7.83 0.00 12.06 12.04 12.05 0.02 12.16 12.04 12.10 0.12 97.04 91.13 96.88 91.26 68.53 138.07 68.70 0.0 -1.4 -0.7 -0.49

ANGW,t8d12 basis 3 7.84 7.84 7.84 0.00 12.06 12.18 12.12 0.12 12.15 12.07 12.11 0.08 96.77 91.12 96.78 91.28 68.92 138.11 68.84 -2.7 -0.4 -1.6 -1.085

ANGW,t8d12 basis 4 7.84 7.84 7.84 0.00 12.12 12.10 12.11 0.02 12.12 12.12 12.12 0.00 91.46 96.52 91.37 96.79 67.53 138.27 69.93 -3.9 0.8 -1.6 -1.085

ANGW,t8d12 basis 5 7.84 7.84 7.84 0.00 12.03 11.99 12.01 0.04 12.05 12.15 12.10 0.10 94.22 93.83 93.78 93.91 69.06 138.07 69.40 -3.8 -5.4 -4.6 -3.22

ANGW,t8d12 basis 6 7.84 7.84 7.84 0.00 12.15 12.08 12.12 0.07 12.01 12.11 12.06 0.10 93.90 94.05 93.84 94.19 69.04 138.12 68.40 -2.5 -3.6 -3.1 -2.135

ANGW,t8d12 basis 7 7.85 7.85 7.85 0.00 12.16 11.99 12.08 0.17 12.12 12.12 12.12 0.00 93.90 94.12 94.01 94.01 68.25 138.18 69.00 -1.4 -1.6 -1.5 -1.05

ANGW,t8d12 basis 8 7.86 7.87 7.87 0.01 12.00 12.06 12.03 0.06 12.14 11.95 12.05 0.19 93.35 94.81 93.21 94.77 68.93 138.32 68.22 -3.4 -6.2 -4.8 -3.36

ANGW,t8d12 basis 9 7.84 7.84 7.84 0.00 12.06 11.99 12.03 0.07 12.05 12.03 12.04 0.02 95.36 92.71 95.20 92.61 69.12 138.06 68.81 -6.8 -2.8 -4.8 -3.36

ANGW,t8d12 basis 10 7.84 7.84 7.84 0.00 12.00 12.01 12.01 0.01 11.97 12.11 12.04 0.14 92.75 95.35 92.65 95.37 69.13 137.89 68.55 -3.3 -2.2 -2.8 -1.925

ANGW,t8d12 basis 11 7.85 7.85 7.85 0.00 12.12 12.13 12.13 0.01 12.02 12.02 12.02 0.00 92.44 95.43 92.00 95.80 68.57 138.12 68.80 -6.6 -4.9 -5.8 -4.025

ANGW,t8d12 basis 12 7.79 7.84 7.82 0.05 12.11 12.12 12.12 0.01 12.06 12.09 12.08 0.03 95.36 92.28 95.32 92.46 68.54 138.27 68.78 3.6 -7.0 -1.7 -1.19

ANGW,t8d12 basis 13 7.85 7.85 7.85 0.00 11.97 12.14 12.06 0.17 12.04 12.08 12.06 0.04 93.30 94.40 93.43 94.38 69.25 138.30 67.66 -4.2 -0.7 -2.5 -1.715

ANGW,t8d12 basis 14 7.85 7.85 7.85 0.00 12.03 12.16 12.10 0.13 12.14 12.04 12.09 0.10 93.68 94.02 93.66 94.14 68.73 138.18 68.46 -6.0 -3.0 -4.5 -3.15

ANGW,t8d12 basis 15 7.84 7.84 7.84 0.00 12.05 12.07 12.06 0.02 12.03 12.11 12.07 0.08 92.64 95.08 92.79 95.03 68.51 138.03 68.57 1.6 -2.4 -0.4 -0.28

ANGW,t8d12 basis 16 7.83 7.83 7.83 0.00 12.07 12.13 12.10 0.06 11.94 12.02 11.98 0.08 92.75 95.52 92.81 95.31 68.69 138.06 68.62 -0.4 -0.6 -0.5 -0.35

ANGW,t8d12 basis 17 7.80 7.80 7.80 0.00 12.02 12.02 12.02 0.00 12.10 12.07 12.09 0.03 92.48 95.45 92.59 95.41 69.38 138.16 68.33 -0.3 -1.6 -1.0 -0.665

ANGW,t8d12 basis 18 7.74 7.79 7.77 0.05 12.11 12.08 12.10 0.03 12.16 12.01 12.09 0.15 93.87 94.01 93.86 93.95 68.83 138.08 68.31 -4.1 -1.7 -2.9 -2.03

ANGW,t8d12 basis 19 7.84 7.84 7.84 0.00 12.13 11.93 12.03 0.20 12.01 12.06 12.04 0.05 92.93 94.93 93.09 94.96 69.50 138.15 67.79 9.3 6.7 8.0 5.6

ANGW,t8d12 basis 20 7.84 7.84 7.84 0.00 12.16 12.13 12.15 0.03 12.09 12.01 12.05 0.08 93.80 94.01 94.13 93.81 67.87 137.86 69.70 -2.3 -2.8 -2.6 -1.785

ANGW,t8d12 basis 21 7.85 7.86 7.86 0.01 12.01 12.13 12.07 0.12 12.13 12.10 12.12 0.03 94.67 93.32 94.31 93.42 67.69 138.22 69.80 -5.6 -4.1 -4.9 -3.395

ANGW,t8d12 basis 22 7.75 7.79 7.77 0.04 12.09 12.01 12.05 0.08 12.17 12.01 12.09 0.16 93.65 94.14 93.46 94.22 69.60 137.98 68.02 -1.5 -0.5 -1.0 -0.7

ANGW,t8d12 basis 23 7.81 7.81 7.81 0.00 12.11 12.04 12.08 0.07 12.15 12.12 12.14 0.03 95.66 92.23 95.56 92.31 67.68 138.01 69.60 -3.1 -2.8 -3.0 -2.065

ANGW,t8d12 basis 24 7.83 7.83 7.83 0.00 12.02 12.10 12.06 0.08 12.12 11.98 12.05 0.14 92.47 95.57 92.37 95.50 70.42 138.01 67.75 -1.9 -1.9 -1.9 -1.33

Panel thickness [mm] hole diameter [mm] hole location [mm] pre-stress



code series nr. near hole 

t1 t2 t average difference HD1 1 HD1 2 HD1 avearge difference HD2 1 HD2 2 HD2 average difference L1 L2 L3 L4 L5 L6 L7 vertical horizontal average 70% surface

TTGW,t8d12 basis 1 7.87 7.87 7.87 0.00 12.06 12.04 12.05 0.02 12.06 12.06 12.06 0.00 96.40 91.81 96.06 91.91 69.50 138.06 68.33 -84.8 -86.7 -85.8 -60.025

TTGW,t8d12 basis 2 7.87 7.87 7.87 0.00 12.13 12.13 12.13 0.00 12.12 11.99 12.06 0.13 93.60 94.68 93.68 94.46 68.76 138.12 68.89 -87.1 -74.3 -80.7 -56.49

TTGW,t8d12 basis 3 7.85 7.87 7.86 0.02 12.07 12.02 12.05 0.05 12.03 12.01 12.02 0.02 92.31 95.70 92.40 95.75 68.02 138.19 69.23 -95.5 -86.8 -91.2 -63.805

TTGW,t8d12 basis 4 7.85 7.86 7.86 0.01 12.15 12.13 12.14 0.02 12.04 12.11 12.08 0.07 96.09 91.99 95.99 92.17 68.94 138.08 68.44 -87.6 -84.8 -86.2 -60.34

TTGW,t8d12 basis 5 7.78 7.85 7.82 0.07 12.07 12.05 12.06 0.02 12.02 12.06 12.04 0.04 95.98 92.02 96.17 92.00 68.60 138.00 68.80 -91.4 -81.9 -86.7 -60.655

TTGW,t8d12 basis 6 7.87 7.87 7.87 0.00 12.13 12.15 12.14 0.02 12.08 12.10 12.09 0.02 96.43 91.63 96.26 91.78 68.89 138.25 68.44 -116.9 -83.3 -100.1 -70.07

TTGW,t8d12 basis 7 7.87 7.88 7.88 0.01 12.01 12.03 12.02 0.02 12.06 12.14 12.10 0.08 96.61 91.52 96.62 91.44 68.83 138.10 68.36 -92.2 -109.4 -100.8 -70.56

TTGW,t8d12 basis 8 7.87 7.88 7.88 0.01 12.04 12.03 12.04 0.01 12.07 12.05 12.06 0.02 96.20 91.93 95.97 91.99 68.77 138.25 68.41 -92.9 -80.5 -86.7 -60.69

TTGW,t8d12 basis 9 7.79 7.85 7.82 0.06 12.07 12.08 12.08 0.01 12.08 12.15 12.12 0.07 94.27 93.88 94.29 93.74 70.01 138.02 67.41 -92.8 -81.8 -87.3 -61.11

TTGW,t8d12 basis 10 7.87 7.87 7.87 0.00 12.07 12.06 12.07 0.01 12.07 12.02 12.05 0.05 92.93 95.31 92.95 95.36 68.02 138.04 69.95 -86.5 -86.6 -86.6 -60.585

TTGW,t8d12 basis 11 7.85 7.86 7.86 0.01 12.09 12.10 12.10 0.01 12.08 12.14 12.11 0.06 94.88 93.08 95.29 93.22 70.71 138.11 67.48 -86.6 -86.5 -86.6 -60.585

TTGW,t8d12 basis 12 7.87 7.88 7.88 0.01 12.08 12.13 12.11 0.05 12.04 12.18 12.11 0.14 92.99 95.28 92.78 95.29 68.13 137.97 69.92 -85.3 -83.0 -84.2 -58.905

TTGW,t8d12 basis 13 7.89 7.89 7.89 0.00 11.99 12.12 12.06 0.13 12.18 12.13 12.16 0.05 94.09 93.98 93.98 94.04 67.11 137.99 70.34 -90.9 -87.6 -89.3 -62.475

TTGW,t8d12 basis 14 7.78 7.88 7.83 0.10 12.12 12.17 12.15 0.05 12.13 12.11 12.12 0.02 96.44 91.77 96.19 91.93 68.84 138.29 68.81 -85.8 -87.5 -86.7 -60.655

TTGW,t8d12 basis 15 7.87 7.87 7.87 0.00 12.01 12.11 12.06 0.10 12.11 12.05 12.08 0.06 95.96 92.22 96.05 92.17 70.08 138.22 68.06 -90.0 -84.5 -87.3 -61.075

TTGW,t8d12 basis 16 7.84 7.85 7.85 0.01 12.08 12.06 12.07 0.02 12.15 12.07 12.11 0.08 93.14 95.25 93.22 95.27 68.42 138.10 68.83 -90.1 -84.8 -87.5 -61.215

TTGW,t8d12 basis 17 7.87 7.88 7.88 0.01 12.06 12.11 12.09 0.05 12.06 12.02 12.04 0.04 93.74 94.58 93.69 94.50 68.14 138.19 69.21 -84.7 -84.1 -84.4 -59.08

TTGW,t8d12 basis 18 7.86 7.86 7.86 0.00 12.14 12.10 12.12 0.04 12.07 12.13 12.10 0.06 93.60 94.53 93.78 94.39 67.58 138.12 69.58 -91.5 -82.2 -86.9 -60.795

TTGW,t8d12 basis 19 7.87 7.88 7.88 0.01 12.06 12.12 12.09 0.06 12.13 12.09 12.11 0.04 96.06 92.14 95.87 92.29 69.24 138.05 68.24 -92.8 -82.7 -87.8 -61.425

TTGW,t8d12 basis 20 7.87 7.86 7.87 0.01 12.11 12.14 12.13 0.03 12.10 12.07 12.09 0.03 96.80 91.42 96.85 91.20 68.67 138.09 68.52 -89.5 -83.0 -86.3 -60.375

ANGW,t12d12 thickness 1 11.90 11.90 11.90 0.00 11.96 11.89 11.93 0.07 12.03 11.96 12.00 0.07 95.50 92.40 95.95 91.90 69.73 138.08 67.72 -10.0 -8.4 -9.2 -6.44

ANGW,t12d12 thickness 2 11.89 11.89 11.89 0.00 12.13 12.13 12.13 0.00 11.99 11.94 11.97 0.05 95.81 91.98 96.26 91.53 69.63 138.12 68.17 -10.8 -7.6 -9.2 -6.44

ANGW,t12d12 thickness 3 12.07 12.09 12.08 0.02 12.18 12.21 12.20 0.03 12.18 12.17 12.18 0.01 94.82 93.45 94.83 93.48 69.12 137.98 68.63 -1.1 -2.0 -1.6 -1.085

ANGW,t12d12 thickness 4 12.11 12.12 12.12 0.01 12.15 12.22 12.19 0.07 12.16 12.20 12.18 0.04 95.94 92.42 95.85 92.66 67.20 138.09 70.49 -5.8 -9.1 -7.5 -5.215

ANGW,t12d12 thickness 5 12.13 12.13 12.13 0.00 12.16 12.19 12.18 0.03 12.12 12.12 12.12 0.00 90.87 97.14 90.84 97.60 71.77 138.07 65.96 -2.6 -9.3 -6.0 -4.165

ANGW,t12d12 thickness 6 12.10 12.11 12.11 0.01 12.13 12.14 12.14 0.01 12.20 12.18 12.19 0.02 90.58 97.71 91.30 97.74 71.77 138.09 66.19 -10.8 -8.6 -9.7 -6.79

ANGW,t12d12 thickness 7 12.04 12.10 12.07 0.06 12.11 12.10 12.11 0.01 12.18 12.13 12.16 0.05 91.85 96.47 92.03 96.30 70.94 138.25 66.41 -3.2 -5.9 -4.6 -3.185

ANGW,t12d12 thickness 8 11.91 11.91 11.91 0.00 11.99 11.96 11.98 0.03 11.93 11.90 11.92 0.03 91.43 96.38 91.78 95.93 67.96 137.96 69.58 -10.6 -5.3 -8.0 -5.565

ANGW,t12d12 thickness 9 11.92 11.92 11.92 0.00 11.98 12.04 12.01 0.06 12.04 12.07 12.06 0.03 93.57 94.65 93.42 94.36 67.79 138.11 69.61 -5.3 -6.5 -5.9 -4.13

ANGW,t12d12 thickness 10 11.84 11.84 11.84 0.00 11.89 11.90 11.90 0.01 12.00 12.12 12.06 0.12 92.24 95.77 92.53 95.70 67.84 138.15 69.71 -5.3 -7.3 -6.3 -4.41

ANGW,t12d12 thickness 11 11.84 11.84 11.84 0.00 11.90 11.98 11.94 0.08 11.88 12.01 11.95 0.13 92.06 95.80 92.09 95.56 68.01 138.13 69.56 -7.4 -6.9 -7.2 -5.005

ANGW,t12d12 thickness 12 11.90 11.90 11.90 0.00 12.13 12.18 12.16 0.05 12.14 12.15 12.15 0.01 97.47 90.86 97.63 91.05 68.37 138.02 69.70 -1.3 -4.0 -2.7 -1.855

ANGW,t12d12 thickness 13 11.89 11.90 11.90 0.01 12.17 12.16 12.17 0.01 12.18 12.20 12.19 0.02 92.22 96.00 92.32 96.21 70.13 137.85 67.38 -1.2 -8.2 -4.7 -3.29

ANGW,t12d12 thickness 14 11.89 11.89 11.89 0.00 12.17 12.16 12.17 0.01 12.21 12.19 12.20 0.02 92.58 95.93 91.88 96.34 69.83 137.96 67.61 -4.4 -3.7 -4.1 -2.835

ANGW,t12d12 thickness 15 11.88 11.88 11.88 0.00 12.19 12.19 12.19 0.00 12.15 12.17 12.16 0.02 90.91 97.49 90.95 97.63 69.77 138.10 67.93 -5.9 -2.7 -4.3 -3.01

ANGW,t12d12 thickness 16 11.87 11.87 11.87 0.00 12.12 12.17 12.15 0.05 12.16 12.20 12.18 0.04 92.83 95.55 92.18 95.86 69.78 138.13 67.42 -1.7 -11.0 -6.4 -4.445

ANGW,t12d12 thickness 17 11.89 11.89 11.89 0.00 12.11 12.17 12.14 0.06 12.23 12.24 12.24 0.01 93.33 95.04 93.57 94.75 70.01 137.88 67.67 -13.9 -10.8 -12.4 -8.645

ANGW,t12d12 thickness 18 11.90 11.90 11.90 0.00 12.22 12.21 12.22 0.01 12.16 12.17 12.17 0.01 92.53 95.69 92.24 96.13 69.90 138.25 67.06 -6.3 -3.1 -4.7 -3.29

ANGW,t12d12 thickness 19 11.85 11.85 11.85 0.00 12.13 12.15 12.14 0.02 12.13 12.09 12.11 0.04 97.56 90.77 97.22 91.21 68.53 138.20 68.76 -7.0 -6.2 -6.6 -4.62

ANGW,t12d12 thickness 20 11.85 11.85 11.85 0.00 12.19 12.22 12.21 0.03 12.12 12.12 12.12 0.00 97.51 91.07 97.38 91.01 68.12 138.07 69.22 -2.6 -5.3 -4.0 -2.765

ANGW,t12d12 thickness 21 11.83 11.84 11.84 0.01 12.11 12.15 12.13 0.04 12.11 12.16 12.14 0.05 95.99 92.24 95.78 92.52 68.21 138.06 69.39 -8.5 -3.1 -5.8 -4.06

ANGW,t12d12 thickness 22 11.83 11.84 11.84 0.01 12.12 12.16 12.14 0.04 12.07 12.11 12.09 0.04 94.65 93.94 94.57 93.73 68.23 138.08 69.15 -6.5 -7.1 -6.8 -4.76

ANGW,t12d12 thickness 23 11.90 11.90 11.90 0.00 12.14 12.15 12.15 0.01 12.15 12.15 12.15 0.00 94.92 93.25 94.65 93.45 67.03 138.18 70.09 -10.1 -5.9 -8.0 -5.6

ANGW,t12d12 thickness 24 11.91 11.91 11.91 0.00 12.19 12.20 12.20 0.01 12.13 12.20 12.17 0.07 96.15 91.96 95.47 92.62 66.80 138.11 70.42 -0.1 -3.1 -1.6 -1.12

TTGW,t12d12 thickness 1 12.11 12.13 12.12 0.02 12.11 12.09 12.10 0.02 12.19 12.17 12.18 0.02 92.11 96.02 92.78 95.59 66.47 139.13 70.23 -89.2 -80.7 -85.0 -59.465

TTGW,t12d12 thickness 2 12.11 12.12 12.12 0.01 12.14 12.13 12.14 0.01 12.14 12.12 12.13 0.02 95.89 92.58 96.47 91.92 70.02 138.39 67.59 -59.8 -76.1 -68.0 -47.565

TTGW,t12d12 thickness 3 12.11 12.10 12.11 0.01 12.22 12.12 12.17 0.10 12.21 12.22 12.22 0.01 92.43 96.35 92.74 95.70 68.21 138.25 69.49 -66.4 -73.6 -70.0 -49

TTGW,t12d12 thickness 4 12.10 12.05 12.08 0.05 12.14 12.16 12.15 0.02 12.09 12.05 12.07 0.04 96.96 91.63 96.44 92.61 69.58 139.33 67.34 -87.8 -80.1 -84.0 -58.765

TTGW,t12d12 thickness 5 12.14 12.14 12.14 0.00 12.18 12.16 12.17 0.02 12.15 12.20 12.18 0.05 91.22 97.26 92.65 95.65 67.82 138.32 69.68 -87.5 -85.8 -86.7 -60.655

TTGW,t12d12 thickness 6 12.13 12.14 12.14 0.01 12.16 12.15 12.16 0.01 12.16 12.19 12.18 0.03 97.55 90.90 97.58 90.69 68.66 138.43 68.61 -86.4 -87.3 -86.9 -60.795

TTGW,t12d12 thickness 7 12.08 12.10 12.09 0.02 12.22 12.25 12.24 0.03 12.21 12.19 12.20 0.02 96.52 92.03 96.38 92.16 68.89 138.51 68.65 -80.6 -71.2 -75.9 -53.13

TTGW,t12d12 thickness 8 12.14 12.13 12.14 0.01 12.07 12.13 12.10 0.06 12.12 12.13 12.13 0.01 97.14 91.18 98.49 90.02 68.58 138.30 68.66 -81.8 -100.3 -91.1 -63.735

TTGW,t12d12 thickness 9 12.14 12.14 12.14 0.00 12.15 12.12 12.14 0.03 12.12 12.15 12.14 0.03 97.91 90.88 97.96 90.61 68.84 138.25 68.71 -80.5 -79.8 -80.2 -56.105

TTGW,t12d12 thickness 10 12.12 12.13 12.13 0.01 12.20 12.20 12.20 0.00 12.25 12.15 12.20 0.10 92.40 96.00 92.89 95.69 66.91 138.80 70.15 -92.1 -88.3 -90.2 -63.14

TTGW,t12d12 thickness 11 12.11 12.11 12.11 0.00 12.18 12.17 12.18 0.01 12.20 12.20 12.20 0.00 92.40 95.85 93.24 95.16 67.46 138.28 70.05 -101.3 -72.2 -86.8 -60.725

TTGW,t12d12 thickness 12 12.11 12.07 12.09 0.04 12.13 12.12 12.13 0.01 12.10 12.13 12.12 0.03 95.45 93.13 97.25 91.30 68.69 138.51 69.08 -80.2 -95.6 -87.9 -61.53

TTGW,t12d12 thickness 13 12.14 12.14 12.14 0.00 12.18 12.21 12.20 0.03 12.19 12.16 12.18 0.03 93.32 94.94 92.66 95.98 66.93 138.69 70.34 -82.8 -86.2 -84.5 -59.15

TTGW,t12d12 thickness 14 12.11 12.12 12.12 0.01 11.94 11.95 11.95 0.01 12.03 12.12 12.08 0.09 96.12 91.82 96.19 91.75 67.97 138.18 69.31 -81.9 -77.1 -79.5 -55.65

TTGW,t12d12 thickness 15 12.12 12.06 12.09 0.06 12.12 12.08 12.10 0.04 12.13 12.09 12.11 0.04 97.00 91.61 97.21 91.56 69.65 138.33 68.32 -78.2 -85.1 -81.7 -57.155

TTGW,t12d12 thickness 16 12.12 12.14 12.13 0.02 12.13 12.16 12.15 0.03 12.17 12.14 12.16 0.03 90.65 97.59 91.17 97.38 68.18 138.13 69.53 -65.7 -81.3 -73.5 -51.45

TTGW,t12d12 thickness 17 12.11 12.10 12.11 0.01 12.07 12.10 12.09 0.03 12.06 12.03 12.05 0.03 94.61 93.69 94.24 93.59 69.34 138.21 68.00 -83.6 -82.7 -83.2 -58.205

TTGW,t12d12 thickness 18 12.13 12.13 12.13 0.00 11.95 12.05 12.00 0.10 12.03 12.12 12.08 0.09 95.89 92.20 96.13 91.90 67.54 138.89 69.93 -78.7 -85.1 -81.9 -57.33

TTGW,t12d12 thickness 19 12.13 12.13 12.13 0.00 11.92 11.84 11.88 0.08 11.95 11.92 11.94 0.03 93.55 95.06 93.47 95.00 69.99 138.33 67.58 -73.7 -86.1 -79.9 -55.93

TTGW,t12d12 thickness 20 12.11 12.06 12.09 0.05 12.07 12.14 12.11 0.07 12.03 11.92 11.98 0.11 94.86 93.20 95.37 92.93 67.32 138.30 70.29 -80.9 -78.7 -79.8 -55.86

Panel thickness [mm] hole diameter [mm] hole location [mm] pre-stress



code series nr. near hole 

t1 t2 t average difference HD1 1 HD1 2 HD1 avearge difference HD2 1 HD2 2 HD2 average difference L1 L2 L3 L4 L5 L6 L7 vertical horizontal average 70% surface

ANGW,t8d24 hole diameter 1 7.85 7.85 7.85 0.00 23.95 24.02 23.99 0.07 23.95 23.99 23.97 0.04 88.01 87.65 88.23 87.66 63.71 126.40 61.81 -4.1 -0.5 -2.3 -1.61

ANGW,t8d24 hole diameter 2 7.79 7.75 7.77 0.04 23.93 23.95 23.94 0.02 23.95 24.22 24.09 0.27 88.06 87.50 87.92 87.80 61.71 126.48 63.40 -2.4 -2.5 -2.5 -1.715

ANGW,t8d24 hole diameter 3 7.84 7.84 7.84 0.00 23.85 23.90 23.88 0.05 24.05 24.02 24.04 0.03 85.27 90.85 85.20 90.58 62.92 126.22 62.32 -4.6 -3.0 -3.8 -2.66

ANGW,t8d24 hole diameter 4 7.84 7.84 7.84 0.00 23.85 23.90 23.88 0.05 24.00 24.10 24.05 0.10 89.18 86.31 89.18 86.36 61.76 126.28 63.61 -9.8 -1.4 -5.6 -3.92

ANGW,t8d24 hole diameter 5 7.81 7.81 7.81 0.00 23.85 23.89 23.87 0.04 23.92 23.97 23.95 0.05 91.03 84.87 91.17 84.49 63.10 126.32 62.56 -0.9 -3.2 -2.1 -1.435

ANGW,t8d24 hole diameter 6 7.85 7.86 7.86 0.01 23.80 23.98 23.89 0.18 23.95 23.93 23.94 0.02 91.74 83.79 92.07 83.53 61.45 126.43 63.80 -5.6 -2.0 -3.8 -2.66

ANGW,t8d24 hole diameter 7 7.85 7.86 7.86 0.01 23.98 23.98 23.98 0.00 23.84 24.06 23.95 0.22 90.86 84.84 90.97 84.82 61.62 126.52 63.77 -11.0 -2.5 -6.8 -4.725

ANGW,t8d24 hole diameter 8 7.86 7.86 7.86 0.00 23.90 23.95 23.93 0.05 23.84 24.04 23.94 0.20 83.70 91.96 83.62 92.04 63.76 126.42 61.62 -0.4 -0.5 -0.5 -0.315

ANGW,t8d24 hole diameter 9 7.74 7.74 7.74 0.00 24.01 23.97 23.99 0.04 23.95 23.96 23.96 0.01 85.59 90.09 85.34 91.06 64.07 126.35 61.68 -0.7 -1.8 -1.3 -0.875

ANGW,t8d24 hole diameter 10 7.76 7.74 7.75 0.02 23.98 23.87 23.93 0.11 24.07 23.84 23.96 0.23 84.04 92.04 84.34 91.51 63.95 126.45 61.57 -1.6 -1.1 -1.4 -0.945

ANGW,t8d24 hole diameter 11 7.81 7.79 7.80 0.02 23.89 24.03 23.96 0.14 24.00 24.03 24.02 0.03 85.14 90.76 85.07 90.60 64.00 126.68 61.55 -3.0 -2.1 -2.6 -1.785

ANGW,t8d24 hole diameter 12 7.85 7.85 7.85 0.00 24.02 23.98 24.00 0.04 24.00 23.91 23.96 0.09 88.38 87.59 88.24 87.64 63.77 126.44 61.57 -3.7 -1.4 -2.6 -1.785

ANGW,t8d24 hole diameter 13 7.80 7.81 7.81 0.01 24.06 23.84 23.95 0.22 23.96 23.95 23.96 0.01 86.76 89.10 86.62 89.20 63.43 126.37 61.77 -12.3 -14.8 -13.6 -9.485

ANGW,t8d24 hole diameter 14 7.81 7.82 7.82 0.01 23.94 23.95 23.95 0.01 24.05 23.82 23.94 0.23 86.49 89.12 86.54 89.07 63.46 126.40 62.03 -0.4 -1.4 -0.9 -0.63

ANGW,t8d24 hole diameter 15 7.75 7.79 7.77 0.04 24.12 24.17 24.15 0.05 24.05 23.86 23.96 0.19 87.24 87.91 87.69 88.01 64.08 125.95 61.61 -3.8 -4.6 -4.2 -2.94

ANGW,t8d24 hole diameter 16 7.80 7.80 7.80 0.00 24.05 24.18 24.12 0.13 23.89 23.88 23.89 0.01 86.49 89.13 86.29 89.50 63.78 125.55 61.49 -0.7 -1.3 -1.0 -0.7

ANGW,t8d24 hole diameter 17 7.84 7.83 7.84 0.01 23.98 24.01 24.00 0.03 24.05 23.97 24.01 0.08 89.36 86.40 89.39 86.45 63.78 126.41 61.79 0.0 0.0 0.0 0

ANGW,t8d24 hole diameter 18 7.85 7.85 7.85 0.00 24.00 23.82 23.91 0.18 24.04 23.94 23.99 0.10 89.16 86.48 89.36 86.36 63.87 126.33 61.63 -1.3 -1.7 -1.5 -1.05

ANGW,t8d24 hole diameter 19 7.87 7.87 7.87 0.00 23.82 23.84 23.83 0.02 23.96 23.97 23.97 0.01 90.02 86.10 89.77 86.02 62.08 126.37 63.44 -1.5 -7.0 -4.3 -2.975

ANGW,t8d24 hole diameter 20 7.86 7.86 7.86 0.00 24.08 24.00 24.04 0.08 24.10 24.10 24.10 0.00 87.56 88.12 87.71 88.03 63.43 126.08 62.01 -9.2 -4.3 -6.8 -4.725

ANGW,t8d24 hole diameter 21 7.85 7.85 7.85 0.00 23.98 23.76 23.87 0.22 24.01 23.99 24.00 0.02 87.42 88.26 87.22 88.37 62.89 126.34 62.43 -1.0 -2.3 -1.7 -1.155

ANGW,t8d24 hole diameter 22 7.85 7.85 7.85 0.00 23.98 24.04 24.01 0.06 23.92 24.10 24.01 0.18 89.09 86.58 89.13 86.45 62.32 126.44 62.95 -0.5 -4.5 -2.5 -1.75

ANGW,t8d24 hole diameter 23 7.86 7.86 7.86 0.00 24.04 23.88 23.96 0.16 24.09 24.00 24.05 0.09 84.32 91.16 84.19 91.65 62.42 126.35 63.16 -2.5 -1.5 -2.0 -1.4

ANGW,t8d24 hole diameter 24 7.84 7.84 7.84 0.00 24.09 24.05 24.07 0.04 23.87 23.98 23.93 0.11 91.45 84.20 91.48 84.24 61.35 126.36 63.97 -1.6 -2.1 -1.9 -1.295

TTGW,t8d24 hole diameter 1 7.80 7.82 7.81 0.02 23.83 23.87 23.85 0.04 23.97 24.06 24.02 0.09 86.32 89.73 86.28 89.63 63.00 126.36 62.48 -71.3 -63.5 -67.4 -47.18

TTGW,t8d24 hole diameter 2 7.85 7.85 7.85 0.00 24.01 23.99 24.00 0.02 24.06 23.92 23.99 0.14 85.86 89.78 85.81 90.00 63.47 126.54 62.03 -86.3 -91.9 -89.1 -62.37

TTGW,t8d24 hole diameter 3 7.87 7.87 7.87 0.00 24.07 24.10 24.09 0.03 23.85 23.84 23.85 0.01 90.60 85.56 90.71 85.22 60.88 126.50 64.39 -83.6 -96.3 -90.0 -62.965

TTGW,t8d24 hole diameter 4 7.85 7.85 7.85 0.00 23.99 24.01 24.00 0.02 23.84 23.94 23.89 0.10 89.68 86.25 89.67 86.22 62.27 126.39 62.98 -85.5 -81.8 -83.7 -58.555

TTGW,t8d24 hole diameter 5 7.87 7.88 7.88 0.01 23.92 24.07 24.00 0.15 24.08 23.99 24.04 0.09 90.55 85.12 90.58 85.01 62.96 126.06 62.43 -105.9 -90.5 -98.2 -68.74

TTGW,t8d24 hole diameter 6 7.87 7.87 7.87 0.00 23.98 23.98 23.98 0.00 23.84 23.84 23.84 0.00 91.49 84.37 91.34 84.29 61.01 126.49 64.33 -85.2 -99.0 -92.1 -64.47

TTGW,t8d24 hole diameter 7 7.86 7.86 7.86 0.00 24.06 23.93 24.00 0.13 24.06 23.90 23.98 0.16 85.94 89.63 86.00 89.55 63.56 126.43 62.15 -97.1 -84.0 -90.6 -63.385

TTGW,t8d24 hole diameter 8 7.86 7.85 7.86 0.01 23.94 24.06 24.00 0.12 23.95 24.04 24.00 0.09 90.80 84.87 91.00 84.83 62.50 126.40 63.11 -86.1 -91.9 -89.0 -62.3

TTGW,t8d24 hole diameter 9 7.85 7.80 7.83 0.05 24.02 24.00 24.01 0.02 23.94 24.04 23.99 0.10 87.15 88.58 87.44 88.40 63.07 126.60 62.30 -93.0 -95.8 -94.4 -66.08

TTGW,t8d24 hole diameter 10 7.85 7.86 7.86 0.01 23.81 23.86 23.84 0.05 24.02 23.99 24.01 0.03 91.25 84.31 91.32 84.29 63.06 126.33 62.26 -85.5 -84.9 -85.2 -59.64

TTGW,t8d24 hole diameter 11 7.87 7.87 7.87 0.00 24.00 24.01 24.01 0.01 23.81 24.06 23.94 0.25 84.19 91.58 84.15 91.70 64.51 126.29 60.89 -80.7 -87.6 -84.2 -58.905

TTGW,t8d24 hole diameter 12 7.85 7.83 7.84 0.02 23.96 23.92 23.94 0.04 23.79 23.99 23.89 0.20 86.53 89.23 86.92 88.78 63.29 126.35 62.36 -79.8 -99.6 -89.7 -62.79

TTGW,t8d24 hole diameter 13 7.87 7.87 7.87 0.00 23.80 23.94 23.87 0.14 23.99 24.06 24.03 0.07 91.50 84.17 91.54 84.09 63.06 126.39 62.57 -91.5 -88.5 -90.0 -63

TTGW,t8d24 hole diameter 14 7.87 7.86 7.87 0.01 23.95 23.95 23.95 0.00 24.03 23.97 24.00 0.06 90.52 85.29 90.81 84.93 62.68 126.05 62.72 -91.1 -88.5 -89.8 -62.86

TTGW,t8d24 hole diameter 15 7.78 7.78 7.78 0.00 24.05 23.92 23.99 0.13 23.90 23.85 23.88 0.05 87.88 87.99 87.86 88.03 62.10 126.45 63.54 -103.0 -99.4 -101.2 -70.84

TTGW,t8d24 hole diameter 16 7.87 7.87 7.87 0.00 23.92 24.03 23.98 0.11 24.07 24.00 24.04 0.07 85.57 90.10 85.53 90.30 63.16 126.29 62.51 -99.3 -95.0 -97.2 -68.005

TTGW,t8d24 hole diameter 17 7.86 7.87 7.87 0.01 24.06 23.87 23.97 0.19 23.95 24.02 23.99 0.07 91.44 84.09 91.54 84.09 63.19 126.33 62.27 -108.8 -87.8 -98.3 -68.81

TTGW,t8d24 hole diameter 18 7.85 7.85 7.85 0.00 24.02 23.95 23.99 0.07 23.82 23.99 23.91 0.17 84.83 90.79 84.92 91.00 62.85 126.65 62.60 -96.3 -81.9 -89.1 -62.37

TTGW,t8d24 hole diameter 19 7.85 7.86 7.86 0.01 23.87 23.91 23.89 0.04 23.81 24.01 23.91 0.20 89.79 86.18 90.33 85.40 63.13 126.36 62.50 -94.1 -104.9 -99.5 -69.65

TTGW,t8d24 hole diameter 20 7.80 7.78 7.79 0.02 24.01 23.88 23.95 0.13 24.06 24.06 24.06 0.00 90.12 85.62 90.20 85.56 62.12 126.04 63.04 -100.6 -91.7 -96.2 -67.305

TTGW,t8d24 hole diameter 21 7.84 7.84 7.84 0.00 23.89 23.96 23.93 0.07 23.95 24.02 23.99 0.07 86.50 89.17 86.42 89.26 63.00 126.65 62.42 -89.8 -95.4 -92.6 -64.82

ANGW,t8d12 eccentricity 1 1 7.86 7.87 7.87 0.01 12.11 12.13 12.12 0.02 12.08 12.09 12.09 0.01 94.30 93.96 95.27 92.72 69.21 137.98 68.31 -2.4 -2.4 -1.68

ANGW,t8d12 eccentricity 1 2 7.84 7.84 7.84 0.00 12.10 12.17 12.14 0.07 12.15 12.01 12.08 0.14 95.06 92.73 95.10 92.67 67.37 138.10 70.03 -1.5 -1.5 -1.05

ANGW,t8d12 eccentricity 1 3 7.82 7.83 7.83 0.01 12.16 12.16 12.16 0.00 12.08 12.13 12.11 0.05 95.36 92.73 95.27 92.73 67.33 138.07 69.98 -5.4 -5.4 -3.78

ANGW,t8d12 eccentricity 1 4 7.82 7.80 7.81 0.02 12.09 12.00 12.05 0.09 12.16 12.17 12.17 0.01 95.28 93.06 95.10 92.66 67.15 138.05 70.24 N.A. N.A. N.A. N.A.

ANGW,t8d12 eccentricity 1 5 7.79 7.77 7.78 0.02 12.11 12.00 12.06 0.11 12.15 12.10 12.13 0.05 94.06 93.81 94.00 93.90 66.99 138.13 70.19 N.A. N.A. N.A. N.A.

ANGW,t8d12 eccentricity 1 6 7.84 7.84 7.84 0.00 12.09 12.12 12.11 0.03 12.06 12.11 12.09 0.05 92.26 95.51 92.29 95.72 68.81 137.91 68.50 -13.2 -13.2 -9.24

ANGW,t8d12 eccentricity 1 7 7.80 7.82 7.81 0.02 12.09 12.10 12.10 0.01 12.09 12.10 12.10 0.01 92.57 95.46 92.68 95.40 69.51 138.07 67.45 -0.9 -0.9 -0.63

ANGW,t8d12 eccentricity 1 8 7.85 7.86 7.86 0.01 11.99 12.01 12.00 0.02 11.98 12.03 12.01 0.05 94.39 93.75 94.36 94.29 69.06 138.11 68.12 -14.4 -14.4 -10.08

ANGW,t8d12 eccentricity 1 9 7.77 7.84 7.81 0.07 12.02 11.94 11.98 0.08 12.07 12.04 12.06 0.03 93.54 94.39 93.52 94.34 67.77 137.92 69.67 -8.4 -8.4 -5.88

ANGW,t8d12 eccentricity 1 10 7.82 7.83 7.83 0.01 12.02 12.06 12.04 0.04 12.02 11.98 12.00 0.04 92.44 95.50 92.47 95.70 69.47 138.05 67.79 -0.6 -0.6 -0.42

ANGW,t8d12 eccentricity 1 11 7.84 7.84 7.84 0.00 12.05 12.00 12.03 0.05 12.19 12.17 12.18 0.02 95.66 92.34 95.61 92.32 67.86 138.10 69.36 -9.0 -9.0 -6.3

ANGW,t8d12 eccentricity 1 12 7.84 7.84 7.84 0.00 12.10 12.10 12.10 0.00 12.07 12.00 12.04 0.07 94.29 93.64 94.35 94.16 67.55 138.07 69.55 -1.9 -1.9 -1.33

ANGW,t8d12 eccentricity 1 13 7.79 7.75 7.77 0.04 12.14 12.12 12.13 0.02 12.19 12.17 12.18 0.02 94.28 93.64 94.17 93.80 68.04 137.94 69.21 -9.3 -9.3 -6.51

ANGW,t8d12 eccentricity 1 14 7.81 7.80 7.81 0.01 12.13 12.15 12.14 0.02 12.13 12.08 12.11 0.05 95.59 92.41 95.35 92.46 68.01 137.89 69.36 -10.3 -10.3 -7.21

ANGW,t8d12 eccentricity 1 15 7.85 7.83 7.84 0.02 12.13 12.10 12.12 0.03 12.12 12.14 12.13 0.02 95.54 92.38 95.55 92.47 67.90 138.03 69.44 0.0 0.0 0

ANGW,t8d12 eccentricity 1 16 7.83 7.84 7.84 0.01 12.06 12.03 12.05 0.03 12.01 11.99 12.00 0.02 92.39 95.72 92.49 95.27 69.31 138.00 68.03 -10.5 -10.5 -7.35

ANGW,t8d12 eccentricity 1 17 7.84 7.85 7.85 0.01 12.14 12.05 12.10 0.09 12.12 12.04 12.08 0.08 95.86 92.08 96.45 91.62 68.99 137.98 68.32 -8.9 -8.9 -6.23

ANGW,t8d12 eccentricity 1 18 7.85 7.85 7.85 0.00 12.00 12.03 12.02 0.03 12.01 12.02 12.02 0.01 93.63 94.21 93.63 94.38 69.58 138.05 67.62 0.2 0.2 0.14

ANGW,t8d12 eccentricity 1 19 7.79 7.75 7.77 0.04 12.01 12.14 12.08 0.13 12.14 12.10 12.12 0.04 93.98 93.80 94.12 93.77 67.60 137.91 69.72 -2.7 -2.7 -1.89

ANGW,t8d12 eccentricity 1 20 7.81 7.80 7.81 0.01 11.99 12.00 12.00 0.01 12.15 12.15 12.15 0.00 95.41 92.47 95.63 92.38 67.76 137.95 69.67 -2.8 -2.8 -1.96

ANGW,t8d12 eccentricity 1 21 7.85 7.85 7.85 0.00 12.12 12.10 12.11 0.02 12.11 12.13 12.12 0.02 95.43 92.34 95.50 92.21 67.54 138.06 69.62 -0.7 -0.7 -0.49

ANGW,t8d12 eccentricity 1 22 7.84 7.86 7.85 0.02 12.15 12.14 12.15 0.01 12.17 12.12 12.15 0.05 94.56 93.35 94.32 93.46 67.29 138.00 69.86 -7.2 -7.2 -5.04

ANGW,t8d12 eccentricity 1 23 7.87 7.85 7.86 0.02 12.02 12.07 12.05 0.05 12.04 12.15 12.10 0.11 95.44 92.46 95.50 92.41 67.57 137.96 69.65 -4.5 -4.5 -3.15

ANGW,t8d12 eccentricity 1 24 7.84 7.86 7.85 0.02 12.05 12.14 12.10 0.09 12.15 12.03 12.09 0.12 94.77 92.96 94.70 93.12 67.64 137.87 69.75 -4.4 -4.4 -3.08

Panel thickness [mm] hole diameter [mm] hole location [mm] pre-stress



code series nr. near hole 

t1 t2 t average difference HD1 1 HD1 2 HD1 avearge difference HD2 1 HD2 2 HD2 average difference L1 L2 L3 L4 L5 L6 L7 vertical horizontal average 70% surface

TTGW,t8d12 eccentricity 1 1 7.79 7.84 7.82 0.05 12.07 12.12 12.10 0.05 12.09 12.11 12.10 0.02 95.64 92.32 96.09 92.28 68.95 138.02 68.41 -94.2 -101.9 -98.1 -68.635

TTGW,t8d12 eccentricity 1 2 7.84 7.86 7.85 0.02 12.08 12.12 12.10 0.04 12.07 12.13 12.10 0.06 96.13 91.96 95.92 92.04 69.08 138.03 68.32 -91.2 -84.9 -88.1 -61.635

TTGW,t8d12 eccentricity 1 3 7.86 7.87 7.87 0.01 12.08 12.06 12.07 0.02 11.96 12.08 12.02 0.12 96.49 92.17 96.61 92.08 69.11 138.21 68.27 -105.0 -80.9 -93.0 -65.065

TTGW,t8d12 eccentricity 1 4 7.87 7.87 7.87 0.00 12.02 12.11 12.07 0.09 12.02 12.04 12.03 0.02 96.28 91.85 96.30 91.69 69.30 138.08 68.34 -87.9 -92.2 -90.1 -63.035

TTGW,t8d12 eccentricity 1 5 7.85 7.86 7.86 0.01 12.08 12.11 12.10 0.03 12.08 12.06 12.07 0.02 95.89 92.02 95.94 92.09 69.02 138.14 68.16 -96.4 -85.8 -91.1 -63.77

TTGW,t8d12 eccentricity 1 6 7.86 7.87 7.87 0.01 12.06 12.05 12.06 0.01 12.07 12.07 12.07 0.00 96.10 92.02 96.04 92.12 69.32 138.11 68.08 -86.8 -80.5 -83.7 -58.555

TTGW,t8d12 eccentricity 1 7 7.87 7.87 7.87 0.00 12.03 12.06 12.05 0.03 12.09 12.11 12.10 0.02 96.24 91.96 96.29 91.86 69.22 138.02 68.09 -91.7 -96.0 -93.9 -65.695

TTGW,t8d12 eccentricity 1 8 7.87 7.87 7.87 0.00 12.11 12.08 12.10 0.03 12.10 12.07 12.09 0.03 96.56 91.67 96.42 91.72 68.53 137.97 68.94 -87.9 -94.3 -91.1 -63.77

TTGW,t8d12 eccentricity 1 9 7.86 7.86 7.86 0.00 12.08 12.10 12.09 0.02 12.02 12.09 12.06 0.07 97.08 90.99 96.83 91.24 68.24 138.10 69.25 -82.2 -78.2 -80.2 -56.14

TTGW,t8d12 eccentricity 1 10 7.85 7.84 7.85 0.01 12.05 12.06 12.06 0.01 12.00 12.09 12.05 0.09 92.76 95.34 92.83 95.28 68.98 137.99 68.44 -98.5 -92.9 -95.7 -66.99

TTGW,t8d12 eccentricity 1 11 7.86 7.87 7.87 0.01 12.12 12.03 12.08 0.09 12.12 12.12 12.12 0.00 91.90 96.08 92.10 96.20 68.13 138.10 69.16 -83.4 -96.8 -90.1 -63.07

TTGW,t8d12 eccentricity 1 12 7.86 7.86 7.86 0.00 12.12 12.10 12.11 0.02 12.06 12.11 12.09 0.05 96.67 91.39 97.06 91.26 69.27 138.08 68.25 -85.8 -83.6 -84.7 -59.29

TTGW,t8d12 eccentricity 1 13 7.85 7.85 7.85 0.00 12.06 12.04 12.05 0.02 12.04 12.01 12.03 0.03 93.94 94.13 94.10 94.04 69.04 138.11 68.27 -101.6 -89.6 -95.6 -66.92

TTGW,t8d12 eccentricity 1 14 7.84 7.85 7.85 0.01 12.13 12.11 12.12 0.02 12.16 12.13 12.15 0.03 92.86 95.40 92.69 95.28 67.67 138.11 69.50 -90.4 -88.3 -89.4 -62.545

TTGW,t8d12 eccentricity 1 15 7.84 7.85 7.85 0.01 12.05 12.08 12.07 0.03 12.05 12.09 12.07 0.04 96.22 91.94 96.30 91.82 68.93 138.11 68.28 -80.7 -84.7 -82.7 -57.89

TTGW,t8d12 eccentricity 1 16 7.85 7.85 7.85 0.00 12.14 12.12 12.13 0.02 11.97 12.09 12.03 0.12 96.92 91.72 96.99 91.37 68.59 138.15 68.53 -94.6 -88.9 -91.8 -64.225

TTGW,t8d12 eccentricity 1 17 7.84 7.83 7.84 0.01 12.09 12.08 12.09 0.01 11.99 12.02 12.01 0.03 95.51 92.54 95.69 92.50 69.73 138.04 67.58 -106.5 -89.4 -98.0 -68.565

TTGW,t8d12 eccentricity 1 18 7.84 7.84 7.84 0.00 12.07 12.08 12.08 0.01 12.08 12.13 12.11 0.05 95.68 92.71 95.82 92.65 69.62 138.09 67.67 -83.7 -85.6 -84.7 -59.255

TTGW,t8d12 eccentricity 1 19 7.86 7.86 7.86 0.00 12.10 12.09 12.10 0.01 12.06 12.00 12.03 0.06 95.27 92.70 95.28 92.89 69.77 138.01 67.58 -102.4 -79.5 -91.0 -63.665

TTGW,t8d12 eccentricity 1 20 7.80 7.78 7.79 0.02 12.09 12.04 12.07 0.05 12.05 12.05 12.05 0.00 94.20 93.96 94.23 93.97 69.68 138.15 67.55 -96.6 -80.0 -88.3 -61.81

TTGW,t8d12 eccentricity 1 21 7.87 7.87 7.87 0.00 12.06 12.05 12.06 0.01 12.13 12.11 12.12 0.02 95.62 92.12 95.22 92.57 67.53 137.92 69.74 -97.6 -83.1 -90.4 -63.245

ANGW,t8d12 eccentricity 2 1 7.84 7.83 7.84 0.01 12.14 12.03 12.09 0.11 12.17 12.00 12.09 0.17 95.68 92.39 95.52 93.04 67.69 138.05 69.63 0.1 0.1 0.07

ANGW,t8d12 eccentricity 2 2 7.84 7.85 7.85 0.01 12.02 12.00 12.01 0.02 12.02 12.03 12.03 0.01 92.41 95.52 92.50 95.38 69.55 138.09 67.77 -3.6 -3.6 -2.52

ANGW,t8d12 eccentricity 2 3 7.85 7.85 7.85 0.00 12.01 12.06 12.04 0.05 12.07 12.03 12.05 0.04 93.53 94.47 93.47 94.64 69.70 138.00 67.66 3.2 3.2 2.24

ANGW,t8d12 eccentricity 2 4 7.86 7.86 7.86 0.00 12.14 12.08 12.11 0.06 12.15 12.08 12.12 0.07 93.34 94.82 93.36 94.94 68.48 138.11 68.89 -8.0 -8.0 -5.6

ANGW,t8d12 eccentricity 2 5 7.84 7.85 7.85 0.01 12.05 12.07 12.06 0.02 12.16 12.18 12.17 0.02 94.58 93.38 94.86 93.19 69.00 138.19 68.39 -6.0 -6.0 -4.2

ANGW,t8d12 eccentricity 2 6 7.77 7.83 7.80 0.06 12.02 12.07 12.05 0.05 12.06 12.02 12.04 0.04 93.98 93.95 93.83 93.98 68.37 138.04 68.77 -1.4 -1.4 -0.98

ANGW,t8d12 eccentricity 2 7 7.86 7.86 7.86 0.00 12.01 12.05 12.03 0.04 11.95 11.97 11.96 0.02 92.21 95.67 92.30 95.84 68.73 138.02 68.48 -3.9 -3.9 -2.73

ANGW,t8d12 eccentricity 2 8 7.86 7.86 7.86 0.00 12.00 12.07 12.04 0.07 12.08 12.05 12.07 0.03 96.09 91.93 96.30 91.76 68.63 138.09 68.55 0.7 0.7 0.49

ANGW,t8d12 eccentricity 2 9 7.86 7.86 7.86 0.00 12.03 12.03 12.03 0.00 11.90 11.99 11.95 0.09 91.85 96.14 91.78 96.68 68.98 138.15 68.40 -2.0 -2.0 -1.4

ANGW,t8d12 eccentricity 2 10 7.85 7.86 7.86 0.01 12.06 12.10 12.08 0.04 12.07 12.08 12.08 0.01 96.35 92.32 96.27 91.86 68.61 138.13 68.64 0.6 0.6 0.42

ANGW,t8d12 eccentricity 2 11 7.86 7.86 7.86 0.00 12.16 12.14 12.15 0.02 12.11 12.18 12.15 0.07 91.75 96.40 91.98 96.19 68.88 138.07 68.61 -6.5 -6.5 -4.55

ANGW,t8d12 eccentricity 2 12 7.87 7.86 7.87 0.01 12.05 12.13 12.09 0.08 12.02 12.08 12.05 0.06 95.88 92.22 95.74 92.24 68.40 138.24 68.77 -3.0 -3.0 -2.1

ANGW,t8d12 eccentricity 2 13 7.75 7.84 7.80 0.09 12.12 12.12 12.12 0.00 12.06 12.00 12.03 0.06 95.55 92.45 96.24 91.99 69.26 138.02 68.22 -1.0 -1.0 -0.7

ANGW,t8d12 eccentricity 2 14 7.84 7.85 7.85 0.01 12.11 12.15 12.13 0.04 12.15 12.20 12.18 0.05 95.83 92.01 96.07 92.11 68.91 138.19 68.41 -4.4 -4.4 -3.08

ANGW,t8d12 eccentricity 2 15 7.74 7.79 7.77 0.05 12.03 12.00 12.02 0.03 12.03 11.98 12.01 0.05 91.41 96.47 91.44 96.46 69.00 138.18 68.29 -2.8 -2.8 -1.96

ANGW,t8d12 eccentricity 2 16 7.79 7.81 7.80 0.02 11.95 12.02 11.99 0.07 11.98 12.07 12.03 0.09 90.58 97.43 90.44 97.44 68.90 138.21 68.21 0.5 0.5 0.35

ANGW,t8d12 eccentricity 2 17 7.83 7.83 7.83 0.00 12.10 11.97 12.04 0.13 12.04 12.00 12.02 0.04 95.85 92.15 95.87 92.20 68.35 138.12 68.92 -8.6 -8.6 -6.02

ANGW,t8d12 eccentricity 2 18 7.85 7.85 7.85 0.00 12.02 12.09 12.06 0.07 12.04 12.04 12.04 0.00 92.01 95.96 92.10 95.95 68.69 138.05 68.58 -1.5 -1.5 -1.05

ANGW,t8d12 eccentricity 2 19 7.85 7.85 7.85 0.00 12.12 12.12 12.12 0.00 12.23 12.18 12.21 0.05 95.59 92.35 95.48 92.33 68.24 138.10 69.00 -6.3 -6.3 -4.41

ANGW,t8d12 eccentricity 2 20 7.85 7.84 7.85 0.01 12.05 12.08 12.07 0.03 12.06 12.10 12.08 0.04 94.36 93.57 94.29 93.54 68.26 138.11 68.89 -0.3 -0.3 -0.21

ANGW,t8d12 eccentricity 2 21 7.84 7.84 7.84 0.00 12.11 12.06 12.09 0.05 12.16 12.11 12.14 0.05 92.60 95.54 92.55 95.57 67.44 137.98 69.83 -1.0 -1.0 -0.7

ANGW,t8d12 eccentricity 2 22 7.79 7.76 7.78 0.03 12.07 12.00 12.04 0.07 12.03 12.01 12.02 0.02 94.22 93.68 94.33 93.69 67.46 138.06 69.83 1.7 1.7 1.19

ANGW,t8d12 eccentricity 2 23 7.81 7.81 7.81 0.00 12.08 11.97 12.03 0.11 12.07 12.00 12.04 0.07 95.75 92.13 95.65 92.26 67.43 138.09 69.91 0.9 0.9 0.63

ANGW,t8d12 eccentricity 2 24 7.84 7.84 7.84 0.00 12.16 11.97 12.07 0.19 12.12 11.92 12.02 0.20 95.78 92.24 95.76 92.30 67.40 138.11 69.79 -5.4 -5.4 -3.78

TTGW,t8d12 eccentricity 2 1 7.84 7.85 7.85 0.01 12.00 12.03 12.02 0.03 11.97 11.91 11.94 0.06 92.76 95.30 92.81 95.21 69.24 138.11 67.99 -80.9 -74.3 -77.6 -54.32

TTGW,t8d12 eccentricity 2 2 7.84 7.85 7.85 0.01 12.09 12.08 12.09 0.01 12.05 12.07 12.06 0.02 96.33 91.99 96.41 91.80 69.03 138.22 68.13 -99.9 -93.1 -96.5 -67.55

TTGW,t8d12 eccentricity 2 3 7.84 7.85 7.85 0.01 12.05 12.10 12.08 0.05 12.05 12.11 12.08 0.06 97.20 91.08 97.50 90.90 69.05 138.09 68.46 -85.9 -92.5 -89.2 -62.44

TTGW,t8d12 eccentricity 2 4 7.85 7.85 7.85 0.00 12.18 12.18 12.18 0.00 12.02 12.05 12.04 0.03 93.85 94.25 93.95 94.06 67.19 138.06 70.09 -86.4 -83.8 -85.1 -59.57

TTGW,t8d12 eccentricity 2 5 7.84 7.84 7.84 0.00 12.10 12.12 12.11 0.02 12.07 12.04 12.06 0.03 92.87 95.15 92.75 95.28 67.76 137.98 69.78 -89.7 -84.9 -87.3 -61.11

TTGW,t8d12 eccentricity 2 6 7.85 7.85 7.85 0.00 12.08 12.09 12.09 0.01 12.05 12.16 12.11 0.11 96.02 91.99 96.51 91.54 69.21 138.14 68.14 -74.8 -87.5 -81.2 -56.805

TTGW,t8d12 eccentricity 2 7 7.85 7.86 7.86 0.01 12.07 12.13 12.10 0.06 12.18 12.19 12.19 0.01 93.01 95.10 92.97 95.04 69.15 138.11 68.12 -79.3 -73.1 -76.2 -53.34

TTGW,t8d12 eccentricity 2 8 7.86 7.86 7.86 0.00 12.08 12.09 12.09 0.01 12.14 12.08 12.11 0.06 97.31 90.81 97.11 91.03 68.23 138.15 69.22 -84.3 -103.6 -94.0 -65.765

TTGW,t8d12 eccentricity 2 9 7.86 7.87 7.87 0.01 12.08 12.11 12.10 0.03 12.13 12.09 12.11 0.04 91.79 96.26 91.89 96.27 69.01 138.31 68.30 -78.0 -89.7 -83.9 -58.695

TTGW,t8d12 eccentricity 2 10 7.85 7.86 7.86 0.01 12.17 12.12 12.15 0.05 12.17 12.15 12.16 0.02 92.95 95.44 92.78 95.41 68.57 138.19 68.85 -85.3 -80.4 -82.9 -57.995

TTGW,t8d12 eccentricity 2 11 7.79 7.84 7.82 0.05 12.07 12.06 12.07 0.01 12.11 12.10 12.11 0.01 95.37 92.75 95.91 92.29 68.94 138.04 68.28 -75.9 -88.9 -82.4 -57.68

TTGW,t8d12 eccentricity 2 12 7.87 7.87 7.87 0.00 12.09 12.07 12.08 0.02 12.08 12.03 12.06 0.05 96.10 92.12 96.29 91.87 68.61 138.16 68.40 -78.2 -88.1 -83.2 -58.205

TTGW,t8d12 eccentricity 2 13 7.84 7.85 7.85 0.01 12.08 12.10 12.09 0.02 11.99 11.98 11.99 0.01 96.40 92.01 96.44 91.78 68.54 137.99 69.05 -74.6 -88.7 -81.7 -57.155

TTGW,t8d12 eccentricity 2 14 7.84 7.84 7.84 0.00 12.09 12.11 12.10 0.02 12.09 12.10 12.10 0.01 97.43 90.65 97.32 90.77 68.41 138.07 69.15 -89.0 -91.0 -90.0 -63

TTGW,t8d12 eccentricity 2 15 7.85 7.85 7.85 0.00 12.11 12.11 12.11 0.00 12.07 12.10 12.09 0.03 97.26 90.96 97.16 91.17 68.47 138.02 69.06 -83.3 -86.3 -84.8 -59.36

TTGW,t8d12 eccentricity 2 16 7.86 7.86 7.86 0.00 12.10 12.07 12.09 0.03 12.11 12.06 12.09 0.05 96.42 91.56 96.56 91.40 67.61 138.05 69.75 -94.0 -83.3 -88.7 -62.055

TTGW,t8d12 eccentricity 2 17 7.85 7.85 7.85 0.00 12.09 11.98 12.04 0.11 12.08 12.05 12.07 0.03 96.55 91.41 96.70 91.30 67.57 138.00 69.68 -77.6 -91.1 -84.4 -59.045

TTGW,t8d12 eccentricity 2 18 7.84 7.84 7.84 0.00 11.99 12.06 12.03 0.07 12.06 12.05 12.06 0.01 96.91 91.19 96.88 91.27 69.27 138.23 68.00 -84.2 -90.6 -87.4 -61.18

TTGW,t8d12 eccentricity 2 19 7.84 7.84 7.84 0.00 12.09 12.04 12.07 0.05 12.03 12.06 12.05 0.03 96.40 91.83 96.20 92.07 69.52 138.25 67.75 -105.8 -80.3 -93.1 -65.135

TTGW,t8d12 eccentricity 2 20 7.87 7.87 7.87 0.00 12.15 12.16 12.16 0.01 12.11 12.10 12.11 0.01 93.62 94.55 93.63 94.61 68.06 138.63 69.06 -91.9 -92.4 -92.2 -64.505

TTGW,t8d12 eccentricity 2 21 7.87 7.88 7.88 0.01 12.05 12.02 12.04 0.03 11.96 12.06 12.01 0.10 94.45 93.71 94.42 93.99 69.25 138.00 68.24 -76.1 -91.4 -83.8 -58.625

Panel thickness [mm] hole diameter [mm] hole location [mm] pre-stress



Appendix D2 - Dimensions specimens for out-of-plane coaxial double ring test

code nr. pre-stress near hole 

t1 t2 t average HD1 1 HD1 2 HD1 averageL1 L2 L3 L4 surface 70% surface

ANGC,t8d12 reference ⊥ 1 7.90 7.91 7.91 11.92 11.92 11.92 118.65 118.68 118.84 119.70 -2.9 -2.03

ANGC,t8d12 reference ⊥ 2 7.91 7.92 7.92 11.91 11.92 11.92 119.32 118.60 119.39 119.44 -7.1 -4.97

ANGC,t8d12 reference ⊥ 3 7.90 7.91 7.91 11.90 11.91 11.91 118.98 118.60 119.64 119.30 -3.1 -2.17

ANGC,t8d12 reference ⊥ 4 7.90 7.90 7.90 11.92 11.92 11.92 119.50 119.20 119.45 118.91 -4.1 -2.87

ANGC,t8d12 reference ⊥ 5 7.90 7.91 7.91 11.91 11.93 11.92 118.84 118.59 119.14 119.79 -1.2 -0.84

ANGC,t8d12 reference ⊥ 6 7.90 7.90 7.90 11.90 11.95 11.93 119.25 118.41 119.21 118.60 -1.8 -1.26

ANGC,t8d12 reference ⊥ 7 7.90 7.91 7.91 11.92 11.91 11.92 119.73 119.18 119.85 118.84 -3.5 -2.45

ANGC,t8d12 reference ⊥ 8 7.91 7.91 7.91 11.93 11.94 11.94 118.32 119.86 119.04 119.21 -5.6 -3.92

ANGC,t8d12 reference ⊥ 9 7.91 7.91 7.91 11.90 11.92 11.91 119.94 118.88 119.34 118.87 -7.9 -5.53

ANGC,t8d12 reference ⊥ 10 7.91 7.91 7.91 11.91 11.92 11.92 118.99 119.21 118.29 119.34 -2.5 -1.75

ANGC,t8d12 reference ⊥ 11 7.90 7.91 7.91 11.91 11.91 11.91 118.92 119.43 119.69 119.44 -3.9 -2.73

ANGC,t8d12 reference ⊥ 12 7.90 7.90 7.90 11.92 11.92 11.92 118.86 119.80 119.54 119.26 -2.1 -1.47

ANGC,t8d12 reference ⊥ 13 7.90 7.90 7.90 11.93 11.91 11.92 119.58 118.29 119.48 119.61 -2.8 -1.96

ANGC,t8d12 reference ⊥ 14 7.90 7.92 7.91 11.92 11.89 11.91 119.06 119.80 119.51 119.46 -6.9 -4.83

ANGC,t8d12 reference ⊥ 15 7.90 7.91 7.91 11.92 11.91 11.92 118.89 119.95 118.37 118.97 -7.2 -5.04

ANGC,t8d12 reference ⊥ 16 7.89 7.90 7.90 11.92 11.91 11.92 119.30 119.55 118.58 120.59 -7.1 -4.97

ANGC,t8d12 reference ⊥ 17 7.90 7.91 7.91 11.92 11.92 11.92 118.69 118.84 119.20 118.51 -3.6 -2.52

ANGC,t8d12 reference ⊥ 18 7.90 7.90 7.90 11.93 11.91 11.92 118.12 119.96 119.55 119.71 -8.3 -5.81

ANGC,t8d12 reference ⊥ 19 7.91 7.92 7.92 11.91 11.92 11.92 119.03 119.29 119.16 119.70 -8.2 -5.74

ANGC,t8d12 reference ⊥ 20 7.91 7.91 7.91 11.91 11.92 11.92 118.86 119.30 118.98 119.93 -7.3 -5.11

ANGC,t8d12 reference ⊥ 21 7.91 7.92 7.92 11.91 11.92 11.92 119.38 118.80 119.73 119.51 -3.4 -2.38

ANGC,t8d12 reference ⊥ 22 7.91 7.92 7.92 11.91 11.91 11.91 119.77 117.61 119.40 119.45 -2.5 -1.75

ANGC,t8d12 reference ⊥ 23 7.90 7.91 7.91 11.92 11.92 11.92 119.47 118.83 118.39 120.56 -6.2 -4.34

ANGC,t8d12 reference ⊥ 24 7.91 7.92 7.92 11.88 11.92 11.90 119.52 118.65 118.89 120.03 -4.7 -3.29

ANGW,t8d12 load direction ⊥ 1 7.86 7.87 7.87 12.14 12.13 12.14 117.56 120.33 120.84 117.51 -8.8 -6.16

ANGW,t8d12 load direction ⊥ 2 7.85 7.86 7.86 11.99 12.02 12.01 120.52 117.12 119.44 118.94 -7.0 -4.9

ANGW,t8d12 load direction ⊥ 3 7.85 7.86 7.86 12.03 12.14 12.09 120.91 117.44 120.28 117.18 -9.3 -6.51

ANGW,t8d12 load direction ⊥ 4 7.85 7.86 7.86 12.06 12.01 12.04 120.73 117.76 120.29 117.34 -3.9 -2.73

ANGW,t8d12 load direction ⊥ 5 7.85 7.86 7.86 12.05 12.14 12.10 117.95 120.25 117.50 120.19 -3.6 -2.52

ANGW,t8d12 load direction ⊥ 6 7.86 7.87 7.87 12.04 12.15 12.10 119.13 118.89 117.89 119.71 -4.0 -2.8

ANGW,t8d12 load direction ⊥ 7 7.85 7.86 7.86 12.05 12.08 12.07 119.01 119.19 117.87 119.52 -1.0 -0.7

ANGW,t8d12 load direction ⊥ 8 7.86 7.86 7.86 12.01 12.16 12.09 119.09 119.23 118.47 118.72 -2.5 -1.75

ANGW,t8d12 load direction ⊥ 9 7.84 7.84 7.84 12.13 12.04 12.09 116.77 121.61 118.52 118.97 -3.9 -2.73

ANGW,t8d12 load direction ⊥ 10 7.84 7.80 7.82 12.05 12.10 12.08 118.72 119.54 116.98 120.63 -0.5 -0.35

ANGW,t8d12 load direction ⊥ 11 7.85 7.80 7.83 12.05 12.14 12.10 118.60 119.67 117.00 120.58 -5.2 -3.64

ANGW,t8d12 load direction ⊥ 12 7.84 7.80 7.82 12.01 12.15 12.08 118.71 120.44 117.36 120.13 -2.5 -1.75

ANGW,t8d12 load direction ⊥ 13 7.83 7.84 7.84 12.15 12.05 12.10 118.18 119.22 119.69 118.57 -7.3 -5.11

ANGW,t8d12 load direction ⊥ 14 7.86 7.87 7.87 12.19 12.15 12.17 116.77 121.88 118.73 118.71 -2.5 -1.75

ANGW,t8d12 load direction ⊥ 15 7.86 7.86 7.86 12.14 12.12 12.13 121.09 117.38 120.30 117.44 0.5 0.35

ANGW,t8d12 load direction ⊥ 16 7.85 7.85 7.85 12.02 12.10 12.06 120.58 117.60 119.65 117.72 -2.8 -1.96

ANGW,t8d12 load direction ⊥ 17 7.85 7.85 7.85 12.02 12.16 12.09 120.58 117.83 119.78 117.88 -5.9 -4.13

ANGW,t8d12 load direction ⊥ 18 7.84 7.85 7.85 12.04 12.12 12.08 119.01 119.33 118.28 119.38 -8.9 -6.23

ANGW,t8d12 load direction ⊥ 19 7.85 7.86 7.86 12.03 12.05 12.04 119.23 119.06 119.56 118.07 -6.2 -4.34

ANGW,t8d12 load direction ⊥ 20 7.86 7.87 7.87 12.02 12.04 12.03 120.93 117.48 119.57 117.78 -3.0 -2.1

ANGW,t8d12 load direction ⊥ 21 7.85 7.85 7.85 12.10 12.05 12.08 120.73 117.66 119.56 117.69 -2.5 -1.75

ANGW,t8d12 load direction ⊥ 22 7.85 7.86 7.86 12.04 11.95 12.00 120.50 117.92 119.63 117.71 -3.1 -2.17

ANGW,t8d12 load direction ⊥ 23 7.85 7.86 7.86 12.20 12.20 12.20 117.03 120.41 119.28 118.86 -5.7 -3.99

ANGW,t8d12 load direction ⊥ 24 7.85 7.86 7.86 12.06 12.00 12.03 121.00 117.42 119.98 117.88 -5.9 -4.13

ANGW,t8d12 load direction ⊥ 25 7.85 7.86 7.86 12.17 12.10 12.14 117.54 119.79 120.79 118.17 -1.1 -0.77

ANGW,t8d12 load direction ⊥ 26 7.85 7.86 7.86 12.06 12.12 12.09 120.17 117.32 118.99 119.45 -5.8 -4.06

ANGW,t8d12 load direction ⊥ 27 7.86 7.86 7.86 12.07 12.04 12.06 117.41 120.13 119.44 118.83 -3.5 -2.45

ANGW,t8d12 load direction ⊥ 28 7.86 7.86 7.86 11.98 12.04 12.01 118.95 119.76 117.20 120.50 -10.2 -7.14

ANGW,t8d12 load direction ⊥ 29 7.84 7.84 7.84 12.05 12.05 12.05 119.56 118.89 119.90 117.60 -5.8 -4.06

ANGW,t8d12 load direction ⊥ 30 7.85 7.85 7.85 12.15 12.07 12.11 117.33 120.99 117.62 119.78 1.1 0.77

Panel thickness [mm] hole diameter [mm] hole location [mm]



code nr. pre-stress near hole 

t1 t2 t average HD1 1 HD1 2 HD1 averageL1 L2 L3 L4 surface 70% surface

ANGW,t8d24 load direction ⊥ 1 7.84 7.84 7.84 23.91 23.84 23.88 113.72 112.89 114.02 111.45 -5.1 -3.57

ANGW,t8d24 load direction ⊥ 2 7.84 7.84 7.84 23.81 23.83 23.82 113.60 112.96 113.82 111.74 1.0 0.7

ANGW,t8d24 load direction ⊥ 3 7.84 7.84 7.84 23.90 23.88 23.89 113.76 112.21 113.45 112.86 -7.9 -5.53

ANGW,t8d24 load direction ⊥ 4 7.83 7.84 7.84 23.87 23.99 23.93 112.69 114.08 112.58 112.69 -4.7 -3.29

ANGW,t8d24 load direction ⊥ 5 7.84 7.84 7.84 24.02 23.86 23.94 113.83 111.40 113.39 113.30 7.5 5.25

ANGW,t8d24 load direction ⊥ 6 7.84 7.84 7.84 23.93 24.04 23.99 115.49 110.55 113.45 112.51 0.3 0.21

ANGW,t8d24 load direction ⊥ 7 7.85 7.85 7.85 23.95 23.89 23.92 116.00 110.04 113.03 113.00 -1.2 -0.84

ANGW,t8d24 load direction ⊥ 8 7.85 7.85 7.85 23.86 24.02 23.94 113.09 113.10 112.14 113.84 -0.1 -0.07

ANGW,t8d24 load direction ⊥ 9 7.85 7.85 7.85 24.02 24.02 24.02 115.42 110.54 113.29 112.26 -2.4 -1.68

ANGW,t8d24 load direction ⊥ 10 7.84 7.85 7.85 24.07 23.88 23.98 113.44 112.94 113.74 111.61 -2.8 -1.96

ANGW,t8d24 load direction ⊥ 11 7.84 7.85 7.85 23.80 23.93 23.87 114.00 111.85 112.62 113.81 -1.0 -0.7

ANGW,t8d24 load direction ⊥ 12 7.84 7.84 7.84 23.86 23.82 23.84 115.57 110.70 113.27 112.57 1.0 0.7

ANGW,t8d24 load direction ⊥ 13 7.85 7.85 7.85 23.89 24.07 23.98 115.42 110.51 112.98 112.96 -6.6 -4.62

ANGW,t8d24 load direction ⊥ 14 7.83 7.84 7.84 23.77 23.95 23.86 113.03 112.65 111.09 115.38 -1.2 -0.84

ANGW,t8d24 load direction ⊥ 15 7.84 7.84 7.84 23.87 23.88 23.88 113.63 112.86 114.10 111.62 -2.1 -1.47

ANGW,t8d24 load direction ⊥ 16 7.81 7.82 7.82 23.93 23.99 23.96 115.27 110.98 112.78 112.99 -1.3 -0.91

ANGW,t8d24 load direction ⊥ 17 7.80 7.78 7.79 24.04 24.06 24.05 112.87 112.64 111.11 115.17 1.4 0.98

ANGW,t8d24 load direction ⊥ 18 7.80 7.75 7.78 24.07 24.14 24.11 113.45 112.32 110.79 115.54 -4.8 -3.36

ANGW,t8d24 load direction ⊥ 19 7.79 7.79 7.79 24.07 24.06 24.07 110.41 115.40 112.53 113.54 -5.0 -3.5

ANGW,t8d24 load direction ⊥ 20 7.80 7.78 7.79 24.18 24.12 24.15 113.54 112.08 110.74 115.83 -4.0 -2.8

ANGW,t8d24 load direction ⊥ 21 7.84 7.85 7.85 24.02 23.95 23.99 112.63 112.73 113.96 113.18 -1.5 -1.05

ANGW,t8d24 load direction ⊥ 22 7.85 7.85 7.85 23.94 23.84 23.89 113.67 111.51 113.18 113.77 -3.3 -2.31

ANGW,t8d24 load direction ⊥ 23 7.84 7.84 7.84 23.87 23.90 23.89 110.48 115.58 113.06 113.03 -3.8 -2.66

ANGW,t8d24 load direction ⊥ 24 7.84 7.85 7.85 23.81 24.05 23.93 112.96 113.27 113.80 112.02 -2.1 -1.47

ANGW,t8d24 load direction ⊥ 25 7.80 7.81 7.81 23.91 23.94 23.93 110.66 115.38 113.38 112.61 -1.7 -1.19

ANGW,t8d24 load direction ⊥ 26 7.81 7.81 7.81 23.89 23.93 23.91 113.21 112.57 115.49 110.74 -5.0 -3.5

ANGW,t8d24 load direction ⊥ 27 7.80 7.82 7.81 23.84 23.95 23.90 112.90 113.59 111.45 114.05 -2.2 -1.54

ANGW,t8d24 load direction ⊥ 28 7.83 7.84 7.84 24.02 24.04 24.03 112.89 112.78 110.50 115.44 -7.2 -5.04

ANGW,t8d24 load direction ⊥ 29 7.80 7.84 7.82 23.86 23.83 23.85 113.04 113.49 112.42 112.93 -1.6 -1.12

ANGW,t8d24 load direction ⊥ 30 7.76 7.80 7.78 24.12 24.10 24.11 112.41 114.12 113.99 111.42 -2.7 -1.89

Panel thickness [mm] hole diameter [mm] hole location [mm]



Appendix E: Results tables in-plane tests

Fmax [kN] prestress [MPa]angle difference unroundnessindex Fmax [kN] prestress [MPa]angle difference unroundnessindex Fmax [kN] prestress [MPa]angle difference unroundnessindex Fmax [kN] prestress [MPa]angle difference unroundnessindex Fmax [kN] prestress [MPa]angle difference unroundnessindex Fmax [kN] prestress [MPa]angle difference unroundnessindex

3.5621 -3.8 69 0 1 2.8944 -2.95 68 0.03 2 4.3141 -5.8 91 0.05 3 2.3077 -0.9 18 0.23 4 2.6124 0 21 0.03 5 2.4536 -1.5 52 0.07 6

3.6107 -16.85 67 0 1 2.9268 -0.7 54 0.12 2 4.6739 -7.95 20 0.03 3 2.5443 -2.55 67 0.14 4 2.7972 -0.6 59 0.04 5 2.5249 -1 11 0.05 6

3.7598 -5.85 70 0 1 3.2379 -8 27 0.05 2 4.7257 -7.15 97 0.08 3 2.6642 -3.8 14 0.02 4 2.9657 -2.4 69 0.02 5 2.6091 -1.4 26 0.05 6

3.9154 -3.45 59 0 1 3.2509 -0.5 48 0.06 2 4.7613 -6.35 54 0.05 3 2.7161 -2.5 51 0.06 4 3.0921 0 86 0.09 5 2.6967 -3.9 11 0.04 6

4.071 -4.35 79 0 1 3.2509 -1 17 0.16 2 4.7679 -4.7 57 0.01 3 2.9268 -0.45 82 0.05 4 3.1375 -10.3 67 0.05 5 2.8231 -8.6 44 0.13 6

4.123 -5.1 46 0 1 3.2995 -2.9 66 0.15 2 4.8812 -1.55 68 0.01 3 3.0565 -2.05 28 0.05 4 3.1439 -4.5 61 0.11 5 2.9008 -5.4 57 0.2 6

4.1747 -4.95 57 0 1 3.306 -2.75 94 0.01 2 4.947 -3.95 63 0 3 3.0694 0 35 0.08 4 3.199 -5.4 99 0 5 2.9236 1.7 93 0.07 6

4.2525 -4.25 86 0 1 3.3417 -1.9 86 0.08 2 4.9526 -9.2 81 0.07 3 3.199 -1 62 0.01 4 3.1991 -8.4 79 0.08 5 2.9236 1.7 57 0.07 6

4.259 -0.85 60 0 1 3.3546 -2.95 42 0.14 2 5.0693 -6.3 102 0.01 3 3.2185 -1.65 51 0.02 4 3.2056 -13.2 103 0.03 5 2.9917 0.9 60 0.07 6

4.2914 -6.65 43 0 1 3.3903 -2.45 27 0.04 2 5.1081 -6.8 73 0.04 3 3.2996 -3.8 49 0.03 4 3.2282 -7.2 81 0.01 5 3.0727 -6.3 22 0 6

4.434 -1.85 0 1 3.4065 -1.5 91 0 2 5.1211 -8 25 0 3 3.3643 -1.35 78 0.11 4 3.2314 -2.8 16 0 5 3.1148 -2 40 0.09 6

4.4599 -2.9 59 0 1 3.4065 -1.7 22 0.03 2 5.2119 -2.65 50 0.01 3 3.3676 -2 70 0.09 4 3.2476 -4.4 43 0.09 5 3.1861 -6 23 0.02 6

4.5247 -2.1 88 0 1 3.413 -5.75 90 0.01 2 5.2248 -4.7 78 0.01 3 3.4779 -13.55 52 0.01 4 3.2477 0 91 0.11 5 3.2088 0.1 21 0.11 6

4.5993 -1.1 56 0 1 3.4167 -0.95 80 0.03 2 5.2896 -7.45 66 0.05 3 3.5847 -5.6 21 0.05 4 3.2639 -9.3 76 0.02 5 3.2088 0.6 20 0.04 6

4.6219 -7.9 87 0 1 3.4227 -4.8 87 0.07 2 5.4549 -4.55 98 0.01 3 3.7954 -4.2 58 0.19 4 3.2639 -2.7 100 0.13 5 3.2218 -2.8 17 0.03 6

4.6511 -4.05 46 0 1 3.4357 -0.4 92 0.02 2 5.5083 -4.05 74 0.01 3 4.395 -1.85 58 0.11 4 3.319 -0.9 42 0.01 5 3.2542 -8 18 0.06 6

4.6997 -2.35 73 0 1 3.439 -4.5 73 0.13 2 5.5555 -1.6 73 0.07 3 4.4145 -1.5 54 0.1 4 3.3579 -1.9 87 0 5 3.2672 0.5 17 0.07 6

4.7095 -0.8 46 0 1 3.4486 -3.05 77 0.07 2 5.5683 -12.35 82 0.06 3 4.4988 -2.45 51 0.02 4 3.3676 -0.7 96 0.02 5 3.3385 -3.6 30 0.01 6

4.7743 -0.55 40 0 1 3.4552 -1.55 68 0 2 5.7175 -4.3 86 0.02 3 4.6706 -2.55 46 0.09 4 3.4032 0.2 38 0.01 5 3.3417 -6.5 14 0.02 6

4.784 -3.55 31 0 1 3.4843 -4.85 68 0.12 2 5.8017 -5.9 74 0.03 3 4.6803 -4.25 46 0.01 4 3.4032 0.2 142 0.01 5 3.345 -0.3 24 0.04 6

4.8197 -1.85 52 0 1 3.4875 -4.6 86 0.04 2 5.8731 -9.2 101 0.05 3 4.7159 -2.3 53 0.04 4 3.4033 -14.4 89 0.05 5 3.3676 -4.4 87 0.05 6

4.9234 -4 39 0 1 3.5005 -2.55 100 0.08 2 6.0027 -6.6 25 0.04 3 5.0855 -6.75 62 0.22 4 3.4292 -8.9 86 0.08 5 3.374 0.7 23 0.07 6

5.0466 -4.55 45 0 1 3.588 -1.55 84 0.12 2 5.267 -1.25 88 0.04 4 3.4519 -1.5 88 0.07 5 3.3936 -3 68 0.08 6

5.1891 -5.6 22 0 1 3.6464 -4.8 102 0.06 2 5.3286 -6.75 88 0.08 4 3.5427 -9 94 0.02 5 3.4 -1 83 0.06 6

3.5912 -10.5 111 0.02 5 3.4162 3.2 6 0.05 6

average 4.4274 57.39 3.366817 68.70833 5.205932 69.90909 3.7353417 53.41667 3.23755 76.96 3.101438 36.96

st dev 0.4362533 17.58 0.168142 25.2512 0.43073 23.3723 0.8950541 19.84926 0.213899 28.2609 0.289264 25.16264

Coef. of Var. 0.0985356 0.306 0.049941 0.367513 0.082738 0.334324 0.2396177 0.371593 0.066068 0.367215 0.093268 0.680807

best round hole 8 7 12 6 5

least round hole 10 3 9 7 6

holes are equally round 6 12 3 11 13

Fmax [kN] prestress [MPa] difference unroundnessindex Fmax [kN] prestress [MPa] difference unroundnessindex Fmax [kN] prestress [MPa] difference unroundnessindex Fmax [kN] prestress [MPa] difference unroundnessindex Fmax [kN] prestress [MPa] difference unroundnessindex Fmax [kN] prestress [MPa] difference unroundnessindex

13.5093 -109.05 0 7 6.7280 -84.15 0.14 8 8.0479 -83.95 0.02 9 13.9825 -89.8 0 10 5.3837 -97.95 0.03 11 6.5148 -81.65 0.02 12

13.9923 -99.05 0 7 7.5455 -86.85 0.06 8 8.0544 -84.5 0.03 9 14.9549 -83.65 0.1 10 5.617 -91.1 0.03 11 7.5261 -82.4 0.01 12

14.0733 -99.75 0 7 7.5747 -87.3 0.01 8 8.0933 -91.05 0.06 9 16.2093 -89.95 0.03 10 5.7208 -91.1 0.02 11 7.5585 -85.1 0 12

14.3488 -95.25 0 7 7.7270 -100.1 8 8.1775 -80.15 0.03 9 16.8737 -98.2 0.15 10 5.7467 -92.95 0.12 11 7.7141 -76.2 0.06 12

14.4915 -108.4 0 7 7.7757 -86.55 0.06 8 8.6832 -70 0.01 9 17.0844 -67.4 0.09 10 5.925 -84.65 0.05 11 7.7336 -90 0.01 12

14.6924 -102.85 0 7 7.7983 -100.8 0.08 8 8.6994 -90.2 0.1 9 17.5803 -89.1 0.14 10 5.9346 -91.75 0.12 11 7.834 -83.75 0.03 12

14.7216 -98.85 0 7 7.8275 -85.75 0.02 8 8.7221 -83.15 0.03 9 17.7197 -101.2 0.05 10 6.0319 -95.7 0.01 11 7.8858 -83.85 0.04 12

14.7799 -100.6 0 7 7.9280 -84.4 0.04 8 8.7772 -81.9 0.1 9 17.8915 -94.4 0.1 10 6.0611 -84.7 0.05 11 7.928 -87.3 0.03 12

14.9161 -100.5 0 7 8.0025 -86.7 0.02 8 8.8064 -75.9 0.02 9 18.0178 -96.15 0 10 6.0707 -90.1 0 11 7.9312 -87.4 0.07 12

15.0716 -102.55 0 7 8.0123 -87.25 8 8.8128 -86.75 0 9 18.6304 -98.3 0.19 10 6.2167 -93.85 0.02 11 7.9442 -89.2 0.06 12

15.0814 -104.25 0 7 8.0317 -86.55 0.05 8 8.8485 -67.95 0.01 9 18.6791 -99.5 0.04 10 6.3398 -82.7 0.04 11 7.9766 -93.95 0.01 12

15.2498 -100.55 0 7 8.0577 -86.25 8 8.9036 -79.5 0.09 9 18.7342 -90.55 0.13 10 6.4435 -88.3 0 11 7.9864 -88.65 0.03 12

15.4541 -102.4 0 7 8.2715 -86.65 0.05 8 8.936 -84.95 0.02 9 18.7579 -97.15 0.07 10 6.4921 -90.95 0.06 11 8.1646 -92.15 0.01 12

15.5481 -100.45 0 7 8.2748 -87.75 0.06 8 8.936 -79.9 0.08 9 19.0421 -89.7 0.2 10 6.5926 -90.05 0.02 11 8.291 -96.5 0.02 12

15.6486 -101.4 0 7 8.4434 -87.45 8 9.111 -73.5 0.03 9 19.282 -84.15 0.25 10 6.8001 -88.05 0.04 11 8.2975 -84.8 0 12

15.7458 -101.7 0 7 8.7318 -86.2 0.02 8 9.1402 -81.65 0.04 9 19.7616 -85.2 0.03 10 6.9265 -80.2 0.07 11 8.4369 -81.15 0.01 12

9.0073 -91.15 0.02 8 9.1694 -79.8 0.11 9 19.8362 -92.1 0 10 7.0593 -89.35 0.03 11 8.6054 -82.85 0.02 12

9.1759 -86.65 0.05 9 19.8784 -92.6 0.07 10 7.1825 -95.6 0.03 11 8.8809 -93.05 0.05 12

9.2764 -87.9 0.03 9 19.9464 -90 10 7.445 -98.05 0.02 11 8.9749 -84.35 0.03 12

9.9764 -86.85 0.01 9 19.9983 -89 0.09 10 7.552 -83.65 0 11 9.0526 -77.6 0.03 12

20.0891 -89.1 0.17 10 10.965 -90.35 0.01 11 9.2796 -83.15 0.02 12

average 14.832788 7.984571 8.81738 18.235705 6.595552 8.119843

st dev 0.6183128 0.491238 0.457394 1.6428393 1.141414 0.607893

Coef. of Var. 0.0416855 0.061523 0.051874 0.0900892 0.173058 0.074865

best round hole 4 1 7 5 9

least round hole 5 6 9 6 2

holes are equally round 4 13 4 10 10

ANGC t8d12 reference

TTGC t8d12 reference TTGW t8d12 basis TTGW t12d12 thickness TTGW t8d24 diameter TTGW t8d12 eccentricity 1

ANGW t8d12 eccentricity 2ANGW t8d12 eccentricity 1ANGW t8d24 diameterANGW t12d12 thicknessANGW t8d12 basis

TTGW t8d12 eccentricity 2



Appendix F Results tables out-of-plane tests

Fmax [kN] prestress [MPa]index Fmax [kN] prestress [MPa]index Fmax [kN] prestress [MPa]index

2.519 -8.3 1 1.627 -5.9 2 1.912 -7.2 3

2.813 -2.5 1 2.023 -3.5 2 2.091 -1.5 3

2.911 -2.5 1 2.340 -10.2 2 2.130 -1.0 3

2.920 -7.2 1 2.473 -5.8 2 2.172 -2.8 3

2.959 -6.9 1 2.515 -7.3 2 2.194 -1.2 3

2.969 -3.9 1 2.525 -5.7 2 2.198 -2.2 3

2.992 -3.6 1 2.625 -3.0 2 2.246 -6.6 3

3.047 -7.1 1 2.706 0.5 2 2.266 0.3 3

3.076 -8.2 1 2.739 1.1 2 2.279 -1.6 3

3.147 -2.8 1 2.742 -5.8 2 2.292 -5.0 3

3.154 -4.7 1 2.758 -2.5 2 2.321 -7.9 3

3.225 -3.4 1 2.768 -2.5 2 2.321 -2.4 3

3.228 -5.6 1 2.787 -2.8 2 2.325 7.5 3

3.228 -6.2 1 2.823 -1.0 2 2.337 1.0 3

3.251 -7.3 1 2.865 -2.5 2 2.350 -2.1 3

3.303 -3.5 1 2.881 -0.5 2 2.360 -1.7 3

3.313 -7.9 1 2.901 -3.6 2 2.366 -2.7 3

3.342 -3.1 1 2.904 -8.8 2 2.386 -1.3 3

3.390 -2.1 1 2.911 -2.5 2 2.386 -4.0 3

3.394 -7.1 1 2.940 -1.1 2 2.415 -3.3 3

3.439 -4.1 1 2.988 -3.1 2 2.460 -2.1 3

3.617 -1.2 1 3.005 -3.9 2 2.493 1.0 3

3.948 -2.9 1 3.238 -5.9 2 2.499 -3.8 3

3.951 -1.8 1 3.306 -8.9 2 2.502 -4.7 3

3.364 -3.9 2 2.502 1.4 3

3.371 -4.0 2 2.509 -4.8 3

3.432 -6.2 2 2.512 -5.0 3

3.484 -5.2 2 2.632 -1.2 3

3.488 -7.0 2 2.674 -5.1 3

3.562 -9.3 2 2.693 -0.1 3

average 3.2139 2.8698 2.3606

st dev 0.31924 0.428721 0.17069

Coef. of Var. 0.09933 0.149393 0.072307

Out of plane ANGC t8d12 Out of plane ANGW t8d12 Out of plane ANW t8d24



2 4 6 8 10 12 14 16 18 20 22

ultimate load [kN]

Measured ultimate loads

ANGC t8d12 reference

ANGW t8d12 basis

ANGW t12d12 thickness

ANGW t8d24 diameter

ANGW eccentricity 1

ANGW eccentricity 2

TTGC t8d12 reference

TTGW t8d12 basis

TTGW t12d12 thickness

TTGW t8d24 diameter

TTGW eccentricity 1

TTGW eccentricity 2

Appendix G - Overview failure loads in plane graph



Appendix H: Weibull distributions 

 

ANGC t8d12 reference             TTGC t8d12 reference 

 

 

 

ANGW t8d12 basis              TTGW t8d12 basis 
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ANGW t8d24 diameter            TTGW t8d24 diameter 



  

ANGW t8d12 eccentricity 1 (insufficient bushing)         TTGW t8d12 eccentricity 1 (insufficient bushing)   

 

 

 

  

ANGW t8d12 eccentricity 2 (bolt rotation)          TTGW t8d12 eccentricity 2 (bolt rotation)  



  

 

ANGC t8d12 out-of-plane reference           ANGW t8d12 out-of-plane basis 

          

 

 

ANGW t8d24 out-of-plane diameter 
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Upper hole

Angle of initial crack = 46 degrees

Upper hole

Angle of initial crack = 46 degrees

Lower hole 

Angle of initial crack = 59 degrees

Lower hole

Angle of initial crack = 45 degrees

ANGC t8d12
Annealed glass, core 
Reference series 

01 02 0403
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Upper hole

Angle of initial crack = 52 degrees

Upper hole

Angle of initial crack = 40 degrees

Lower hole

Angle of initial crack = 31 degrees

Lower hole

Angle of initial crack = 22 degrees

08070605

ANGC t8d12
Annealed glass, core 
Reference series 
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Lower hole

Angle of initial crack = 57 degrees

Lower hole

Angle of initial crack = 79 degrees

Lower hole

Angle of initial crack = 60 degrees

Lower hole

12111009

ANGC t8d12
Annealed glass, core 
Reference series 

Angle of initial crack = 73 degrees
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Lower hole

Angle of initial crack = 39 degrees

Lower hole

Angle of initial crack = 70 degrees

Lower hole

Angle of initial crack = 43 degrees

Lower hole

Angle of initial crack = 67 degrees

16151413

ANGC t8d12
Annealed glass, core 
Reference series 
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Upper hole

Angle of initial crack = 56 degrees

Lower hole

Angle of initial crack = 69 degrees

Lower hole

Angle of initial crack = 88 degrees

Lower hole

Angle of initial crack = 59 degrees

20191817

ANGC t8d12
Annealed glass, core 
Reference series 
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Upper hole

Angle of initial crack = 87 degrees

Lower hole

Angle of initial crack = 86 degrees

Lower hole

Angle of initial crack = 46 degrees

24232221

ANGC t8d12
Annealed glass, core 
Reference series 

Upper hole

Angle of initial crack = unknown

No high speed camera recordings
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Lower hole

Angle of initial crack = 68 degrees

Upper hole

Angle of initial crack = 84 degrees

Lower hole

Angle of initial crack = 54 degrees

Lower hole

Angle of initial crack = 42 degrees

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Upper hole

Angle of initial crack = 102 degrees

Lower hole 

Angle of initial crack = 91 degrees

Upper hole

Angle of initial crack = 77 degrees

Upper hole

Angle of initial crack = 86 degrees

08070605

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Lower hole

Angle of initial crack = 22 degrees

Upper hole

Angle of initial crack = 90 degrees

Upper hole

Angle of initial crack = 94 degrees

Upper hole

Angle of initial crack = 87 degrees

12111009

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Upper hole

Angle of initial crack = 48 degrees

Upper hole

Angle of initial crack = 92 degrees

Upper hole

Angle of initial crack = 73 degrees

Lower hole

Angle of initial crack = 27 degrees

16151413

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Lower hole

Angle of initial crack = 100 degrees

Lower hole

Angle of initial crack = 27 degrees

Lower hole

Angle of initial crack = 66 degrees

Lower hole

Angle of initial crack = 80 degrees

20191817

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Upper hole

Angle of initial crack = 86 degrees

Lower hole

Angle of initial crack = 68 degrees

Lower hole

Angle of initial crack = 17 degrees

Upper hole

Angle of initial crack = 68 degrees

24232221

ANGW t8d12
Annealed glass, waterjet cut 
Basis series 
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Lower hole

Angle of initial crack = 66 degrees

Lower hole

Angle of initial crack = 68 degrees

Lower hole

Angle of initial crack = 101 degrees

Upper hole

Angle of initial crack = 81 degrees

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 
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Lower hole

Angle of initial crack = 20 degrees

Upper hole

Angle of initial crack = 98 degreesAngle of initial crack = unknownAngle of initial crack = unknown 

08070605

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 

Specimen was not tested, geometry is outside margins. Specimen was not tested, geometry is outside margins.
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Lower hole

Angle of initial crack = 50 degrees

Upper hole

Angle of initial crack = 97 degrees

Upper hole

Angle of initial crack = 102 degrees

Lower hole

Angle of initial crack = 74 degrees

12111009

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 
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Angle of initial crack = 54 degrees

Lower hole

Angle of initial crack = 86 degrees

Upper holeUpper hole

Angle of initial crack = 74 degrees

Upper hole

Angle of initial crack = 57 degrees

16151413

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 
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Lower hole

Angle of initial crack = 63 degrees

Lower hole

Angle of initial crack = 25 degrees

Upper hole

Angle of initial crack = 78 degrees

Upper hole

Angle of initial crack = 82 degrees

20191817

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 
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Lower hole

Angle of initial crack = 73 degrees

Lower hole

Angle of initial crack = 25 degrees

Lower hole

Angle of initial crack = 73 degrees

Lower hole

Angle of initial crack = 91 degrees

24232221

ANGW t12d12
Annealed glass, waterjet cut 
Thickness series 



01 02 0403
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Upper hole

Angle of initial crack = 21 degrees

Lower hole

Angle of initial crack = 49 degrees

Upper hole

Angle of initial crack = 51 degrees

Lower hole

Angle of initial crack = 53 degrees

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series 
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Upper hole

Angle of initial crack = 82 degrees

Lower hole

Angle of initial crack = 62 degrees

Lower hole

Angle of initial crack = 14 degrees

Lower hole

Angle of initial crack = 28 degrees

08070605

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Lower hole

Angle of initial crack = 46 degrees

Upper hole

Angle of initial crack = 67 degrees

Upper hole

Angle of initial crack = 78 degrees

Upper hole

Angle of initial crack = 88 degrees

12111009

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Lower hole

Angle of initial crack = 62 degrees

Lower hole

Angle of initial crack = 58 degrees

Lower hole

Angle of initial crack = 18 degrees

Lower hole

Angle of initial crack = 52 degrees

16151413

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Upper hole

Angle of initial crack = 88 degrees

Lower hole

Angle of initial crack = 46 degrees

Lower hole

Angle of initial crack = 54 degrees

Lower hole

Angle of initial crack = 35 degrees

20191817

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Lower hole

Angle of initial crack = 58 degrees

Lower hole

Angle of initial crack = 70 degrees

Upper hole

Angle of initial crack = 51 degrees

Lower hole

Angle of initial crack = 51 degrees

24232221

ANGW t8d24
Annealed glass, waterjet cut 
Diameter series



02 0403
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Upper hole

Angle of initial crack = 86 degrees

Upper hole

Angle of initial crack = 99 degrees

Upper hole

Angle of initial crack = 88 degrees

Upper hole

Angle of initial crack = 69 degrees

01

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Lower hole

Angle of initial crack = 89 degrees

Lower hole

Angle of initial crack = 42 degrees

Upper hole

Angle of initial crack = 103 degrees

Upper hole

Angle of initial crack = 91 degrees

08070605

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Upper hole

Angle of initial crack = 87 degrees

Lower hole

Angle of initial crack = 94 degrees

Upper hole

Angle of initial crack = 59 degrees

Upper hole

Angle of initial crack = 79 degrees

12111009

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Lower hole

Angle of initial crack = 111 degrees

Upper hole

Angle of initial crack = 21 degrees

Lower hole

Angle of initial crack = 67 degrees

Upper hole

Angle of initial crack = 76 degrees

16151413

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Lower hole

Angle of initial crack = 16 degrees

Upper hole

Angle of initial crack = 100 degrees

Lower hole

Angle of initial crack = 38 and 142 degrees

Lower hole

Angle of initial crack = 86 degrees

20191817

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Upper hole

Angle of initial crack = 43 degrees

Lower hole

Angle of initial crack = 61 degrees

Upper hole

Angle of initial crack = 81 degrees

Upper hole

Angle of initial crack = 96 degrees

24232221

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Upper hole

Angle of initial crack = 18 degrees

Upper hole

Angle of initial crack = 6 degrees

Lower hole

Angle of initial crack = 30 degrees

Upper hole

Angle of initial crack = 21 degrees

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Upper hole

Angle of initial crack = 23 degrees

Upper hole

Angle of initial crack = 11 degrees

Upper hole

Angle of initial crack = 26 degrees

Upper hole

Angle of initial crack = 23 degrees

08070605

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Upper hole

Angle of initial crack = 68 degrees

Upper hole

Angle of initial crack = 14 degrees

Upper hole

Angle of initial crack = 20 degrees

Lower hole

Angle of initial crack = 40 degrees

12111009

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Upper hole

Angle of initial crack = 17 degrees

Lower hole

Angle of initial crack = 87 degrees

Upper hole

Angle of initial crack = 17 degrees

Lower hole

Angle of initial crack = 83 degrees

16151413

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Lower hole

Angle of initial crack = 24 degrees

Upper hole

Angle of initial crack = 22 degrees

Upper hole

Angle of initial crack = 52 degrees

Upper hole

Angle of initial crack = 44 degrees

20191817

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Lower hole

Angle of initial crack = 57 degrees

Lower hole

Angle of initial crack = 60 degrees

Upper hole

Angle of initial crack = 93 and 57 degrees

Upper hole

Angle of initial crack = 11 degrees

24232221

ANGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Lower hole
Lower hole
Upper hole 
Upper hole

Upper hole
Lower hole
Upper hole
Upper hole

14131211

10080706

TTGC t8d12
Annealed glass, core 
Reference series
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TTGC t8d12
Annealed glass, core 
Reference series

Upper hole
Lower hole
Lower hole
Lower hole

Upper hole
19

18171615



01
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Upper hole
Lower hole
Upper hole
Lower hole

Upper hole
Upper hole
Lower hole
Lower hole

11100908

070403

TTGW t8d12
Annealed glass, waterjet cut 
Basis series
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Lower hole
Upper hole
Lower hole
Lower hole

Upper hole
19

18171412

TTGW t8d12
Annealed glass, waterjet cut 
Basis series



01
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Lower hole
Upper hole
Lower hole
Upper hole

Lower hole
Upper hole
Upper hole
Upper hole

09080605

040302

TTGW t12d12
Annealed glass, waterjet cut 
Thickness series
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Lower hole
Upper hole / Lower hole
Upper hole / Lower hole
Lower hole

Lower hole
Upper hole
Lower hole
Upper hole

17161514

13121110

TTGW t12d12
Annealed glass, waterjet cut 
Thickness series
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Upper hole
Upper hole
Lower hole

201918

TTGW t12d12
Annealed glass, waterjet cut 
Thickness series



01
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Lower hole
Lower hole
Upper hole
Lower hole

Upper hole
Upper hole
Upper hole
Lower hole

08070605

040302

TTGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Lower hole
Upper hole / Lower hole
Lower hole
Lower hole

Upper hole
Lower hole
Upper hole / Lower hole
Upper hole

17161514

12111009

TTGW t8d24
Annealed glass, waterjet cut 
Diameter series
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Lower hole
Upper hole
Lower hole
Upper hole

21201918

TTGW t8d24
Annealed glass, waterjet cut 
Diameter series



01
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Lower hole
Upper hole
Lower hole
Lower hole

Lower hole
Lower hole
Lower hole
Lower hole

08070605

040302

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Lower hole
Upper hole
Lower hole
Lower hole

Lower hole
Lower hole
Upper hole / Lower hole
Lower hole

16151413

12111009

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Lower hole
Lower hole
Lower hole
Lower hole

Upper hole
21

20191817

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 1 (insufficient bushing)
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Upper hole
Lower hole
Lower hole
Upper hole

Lower hole
Upper hole
Upper hole
Lower hole

09070605

040302

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Lower hole
Lower hole
Upper hole
Upper hole

Lower hole
Upper hole
Lower hole
Lower hole

17161514

13121110

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)
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Upper hole
Lower hole
Lower hole
Upper hole

21201918

TTGW t8d12
Annealed glass, waterjet cut 
Eccentricity 2 (bolt rotation)



Appendix J: Results determining Young’s modulus PA6

Initial length Elongation Strain  Stress Young's modulus

specimen nr. Geometry LVDT A LVDT B LVDT C LVDT A LVDT B LVDT C LVDT A LVDT B LVDT C average Force F/A E

L [mm] D 1 [mm] D 2 [mm] D [mm] A [mm2] L [mm] L [mm] L [mm] ΔL [mm] ΔL [mm] ΔL [mm] ΔL/L [-] ΔL/L [-] ΔL/L [-] ΔL/L [-] [kN] [N/mm2] [N/mm2]

1 80 20.47 20.47 20.47 329.0982 55.11 54.18 55.15 -1.1245 -1.0352 -0.4733 -0.0204 -0.01911 -0.00858 -0.01603 -15.02 -45.65 2847.79

2 80 20.47 20.48 20.475 329.259 47.68 48.44 49.36 -0.9664 -0.5802 -0.9984 -0.02027 -0.01198 -0.02023 -0.01749 -15.11 -45.89 2623.74

3 80 20.48 20.47 20.475 329.259 51.75 52.58 51.52 -1.1784 -0.7919 -0.9103 -0.02277 -0.01506 -0.01767 -0.0185 -15.10 -45.87 2479.29

4 80 20.44 20.48 20.46 328.7768 51.11 49.49 49.9 -0.5961 -1.0179 -0.7891 -0.01166 -0.02057 -0.01581 -0.01601 -15.02 -45.69 2853.15

5 80 20.47 20.48 20.475 329.259 48.94 50.62 47.89 -1.2254 -0.8088 -0.5146 -0.02504 -0.01598 -0.01075 -0.01725 -15.41 -46.81 2712.88

average 2703.37

Determining compressive strength PA6

Specimen nr. F ultimate [kN] A [mm2] σc [MPa]

1 23.20 329.0982453 70.49567

2 23.74 329.2590359 72.10129

3 23.37 329.2590359 70.97755

4 23.48 328.7767818 71.41624

5 23.11 329.2590359 70.1879

average 71.03573
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