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1 Introduction 

Soda-lime-silica glass is one of the most popular building materials nowadays. The 
material itself has an extremely high material strength, but most of the design standards make 
serious restrictions about the allowed tensile strength. On a micro-scale glass fibres have a 
considerably higher effective strength than a macroscopic structural glass plate. The reason of 
the phenomenon lies in the amorphous atomic structure. Thanks to the covalent bounds 
between the atoms a small flaw or inclusion could cause a high stress peak which could lead 
to an immediate, unexpected brittle failure, which has to be avoided. 

To identify the causes of fracture and to know the process of complete fragmentation a 
multi-scale investigation was proposed in three different scales: 

1. A microscopic investigation was carried out to define the representative 
volume element (RVE) of soda-lime-silica glass, and to investigate how does mechanical 
loading effects the molecular structure. 

2. A mesoscopic analysis was aimed to describe the stress distribution caused by 
the manufacturing inclusions and flaws of a structural glass element, and to suggest simple 
guidelines to minimise the mechanical effect of these defects. 

3. A macroscopic study was carried out to understand the complete fracture of 
both annealed and tempered glass plates. Combined finite-discrete element method was used, 
verified by photoelastic measurements and high speed recording. 
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2 Micro-scale investigation 

2.1 Objective 

The microstructural investigation is about to prepare a larger scale mesoscopic 
analysis, where the glass is considered isotropic and homogeneous. 

The primary aim of the microscopic investigation was to determine the RVE size for 
soda-lime-silica glass where the amorphous anisotropic material could be characterised by its 
isotropic, homogeneous macroscopic material properties. Therefore a numerical simulation 
was performed in 3D molecular dynamics (MD). 

2.2 Development of microstructural model 

The simulations were carried out for different bulk sizes. The systems were cubic 
boxes containing 71, 571, 1926, 4564, 8915, 15405 and 36516 atoms, where the edge sizes of 
the cube were respectively 10, 20, 30, 40, 50, 60, and 80 Å. For every bulk size 5 different 
random cases were created. Van Beest et al. (1990) BKS potential was supplemented with 
Coulombic effect and was used to simulate the interaction between particles: 
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where qi and qj are the charge of the atoms, rij is the distance between atoms, e is the dielectric 
constant. Aij, ρij and Cij are the empirical parameters of the BKS potential. The numerical 
values of the parameters were taken according to Cormack & Du (2001). The cutoff distance 
was set to 10 Å. For the composition of the systems 34.12 % silicon, 44.74 % oxygen, 10.96 
% calcium and 10.19 % sodium was used with 2.503 g/cm3 final density. 

Every simulation had two stages. The first stage contained a random network 
generation on 300 K, then systems were verified using whole (Fig. 1) and partial structure 
factors and angle distributions from neutron diffraction measurements (Cormier et al. (2011)). 

 

Figure 1. Structure factor of a 80 Å size system 
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The second step was to apply simple mechanical 
deformations on the generated structures (Fig. 2). All three 
direction compression was investigated separately to determine 
the anisotropy of the cube. Initial velocities were subjected on 
boundary walls. Wall forces were measured and Young’s 
modulus was calculated according to stress-strain relationship. 

2.3 Results 

In Fig. 3 the scale of anisotropy is printed. Where index 
i represents different cases of the same system size, index j 
represents different directions of compression. In the diagram 
the blue curve represents the maximal, the red curve represents the average of anisotropy 
among different cases. 

In Fig. 4 the relative standard deviation of the calculated Young’s modules are printed 
in the function of the simulation box size. In both diagrams the decrement of the function 
reduces dramatically until 30 Å. It is clear that the deviation is reducing further by increasing 
the simulation size. The mean value calculated from the Young’s modules increases until  
50 Å, further on no significant increment was observed. 

 
Figure 3. Scale of anisotropy in the function of 

simulation box size 

 
Figure 4. Scale of inhomogeneity: the relative 

standard deviation of the calculated Young’s modules 
in the function of simulation box size 

Soda-lime-silica is highly anisotropic and inhomogeneous until 30 Å system size. The 
material could be considered isotropic and homogeneous at 50 Å. Respect to our 
computational capacity the smallest RVE of soda-lime-silica could be defined at 50 Å scale. 

 
Figure 2. Loading 20 Å size 

system 
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Using the largest – 80 Å 
– box we showed that the 
calculated Young modules has a 
strong relationship with the 
loading rate. If we decrease the 
velocity of the walls the 
calculated Young’s modules 
reduce in an atomic scale as 
well (Fig. 5) as it is observed 
marcoscopically. 

The results could be 
used in simulations, where the 
material properties are 
difficult to measure, such as high velocity impact or blast loading whereas I recommend 
to use higher Young’s modulus, according to Fig. 5. 

It is important to know during the composition of a new material how the 
contaminants (such as sodium and calcium in silica) affect the material properties of the final 
product. 

According to my results the diffusion of sodium is +80 %, calcium is +40 % higher, 
silicon and oxygen is lower than the average. As a conclusion the position of the pollutants is 
changing rapidly. 

I showed that the distances between atomic pairs change during mechanical loading. 
The distance between silicon-silicon reduction is the highest, the distance between oxygen-
oxygen the reduction is less. Between oxygen and silicon no change was observed. 
  

 
Figure 5. Young’s modulus in the function of loading rate 
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3 Meso-scale investigation 

3.1 Objective 

Using the microscopic results we know the smallest unit of glass that can be 
considered continuum. Therefore we could use finite element method to investigate the stress 
peaks along the structural glass plate caused by different types of flaws. 

The glass plate was divided – from a mesoscopic aspect – into three major regions. 
The first region was the surface, which is the largest area of a plate. Although mechanical 
effect of the surface imperfections is negligible due to the stress peaks caused by edge 
grounding, therefore we considered the edge as the second region. The third region contains 
manufacturing inhomogeneities in the glass volume. 

To describe the mesostructure atomic force microscopy (AFM), scanning electron 
microscopy (SEM) and micro computed tomography (µCT) scans were used. 

The gathered 3D geometries were used to develop finite element models to calculate 
stress peak values near flaws. The aim of the overall analysis was to develop a new 
certification procedure to qualify the structural glass not only in optical but mechanical ways. 

3.2 Surface results 

On the glass specimen directly after the production only a few very shallow scratch 
could be recognised, but they were only a few nanometres deep. The specimen directly taken 
after the processing contained lots of nanoflaws. By time the nano scratches vanish, but small 
pits appear. Finite element results showed that in time the mechanical effect of the scratches 
reduce and small pits cause the significant stress peaks. 

 

Figure 6. Stress peak in the function of glass age 

Unfortunately the exact history of the specimens are required to conclude accurate 
results, which has not been completed during present analysis. Therefore the results shown 
above are only trends. 
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3.3 Edge finishing 

The aim of the investigation was to compare the mechanical effect of different edge 
finishing technologies. I compared two types of edge surface: grounded and polished. The aim 
was to determine the stress increasing effect of these finishing techniques and to decide how 
could we improve the effective tensile strength measured macroscopically. 
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+223 % +153 % 
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10 % 9% 

Figure 7. AFM images and first principal stress distribution on the surface of edge using different edge finishing 
technologies 

In Fig. 7 the stress peaks caused my surface flaws and the edge finishing are shown. 
According to the results grounded edge has significantly higher stress values than polished. 
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This result could explain the difference between the measured macroscopic strength using 
different edge finishing. 

3.4 Inhomogeneities 

Bubbles could be generated by various sources, as the decomposition of raw materials, 
nucleation growth, chemical, electrochemical and mechanical reactions. In the manufacturing 
process bubbles play a double role. Their effect is mostly favourable, because they promote 
the conversion of molten glass in early stages of glass melting, but the remaining bubbles 
represent an unacceptable, stress concentrating defect in the product. 

   

Figure 8. Bubbles in glass (optical images) 

The bubbles were easy to recognise (Fig. 9) because they had no X-ray attenuation 
value. 

 

Figure 9. Building FEM geometry of a bubble using µCT 

According to the optical and micro-CT images we could conclude that the voids in 
glass have a prolate spheroid shape. The study deals with the statistical definition of the 
mechanical effect of void type inhomogeneities, with the so-called bubbles.  

The bubble’s larger radius was always parallel with the drawing direction; and 
according to the micro-CT scans we found that it is also parallel with the glass surface.  

In the numerical strength analysis of glass it is important to take into account the 
mechanical effects of voids originated from different manufacturing process. In our 
calculations we applied the well-known Eshelby solution (Eshelby (1957, 1959, 1961), Meng 
et al. (2012)) to determine the stress and strain concentrations around these inhomogeneities. 
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The study also dealt with a statistically defined coefficient which takes into account 
the mechanical effect of the inhomogeneities remaining in a structural glass plates after the 
manufacturing (floating) process. The goal was to define a stress limit that will not be 
exceeded with a 95 % probability. We used Monte-Carlo simulation to calculate the stress 
peaks that appear in one directionally bent structural glass plates. 

First we made micro-CT images of the inhomogeneities to describe the precise 
geometry. Then we used semi-analytical Eshelby’s solution and finite element method to 
calculate the stress fields around an ellipsoidal inclusion. Knowing the statistical distribution 
of the inhomogeneities we developed Monte-Carlo simulation, which was used to calculate 
the factoring coefficient (γlim), representing statistically relevant stress peaks. 

I showed that the effect of the defect increases by increasing the plate’s size. As larger 
the plate the probability is higher having a sharp inclusion at a worse location. 

With this model a coefficient was defined, which was used to propose simple 
guidelines to minimize the mechanical effect of the remaining defects in one directionally 
bent glass plates: 

1. Using parallel bending direction as the drawing direction could reduce the 
effect by 58 %. 

2. Using the atmospheric side as tension side reduces the effect by 16 % 
compared to random decision. 

3. Planning the cutting layout in the function of the efficiency of the structural 
element could lead to optimal design. 
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4 Macro-scale investigation 

4.1 Objective 

The main failure mode of brittle glass elements is fragmentation. Therefore to 
understand the process is crucial to develop effective and safe design guidelines. The main 
goal of the research is to develop a verified numerical model which is capable of following 
the dynamic phenomenon. 

Present work studies the fracture of both annealed and tempered wedge loaded glass 
plates using both numerical and experimental techniques. As the method DEM is explicit, 
discrete element models can provide transient solutions for the fragmentation process.  

4.2 Development of the numerical model 

The size of the simulated glass specimen was 100 mm × 100 mm, with the thickness 
of 6 mm or 10 mm. 

The velocity of the loading wedge was set to 1 mm/s. In Fig. 10 a schematic 
illustration can be seen of the model indicating boundary conditions and geometry. 

 

Figure 10. Geometry and boundary conditions of combined discrete finite element model 

The discrete element mesh was made as general as possible. To decrease the effect of 
the breakable particles on the crack propagation, a randomly generated uniform Voronoi 
tessellation was considered. 

The minimal density of the discrete element tessellation was set according to the 
fragment size after the fracture of tempered glass, which is the function of the plate thickness 
and the tempered stress field. I developed an experimentally calibrated analytical method to 
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determine the particle density in tempered 
specimens. The recommendation in Fig. 11. sets 
only for commercially tempered glass plates. 

We have assumed that the discrete elements 
have the material property of glass (Young’s 
modulus 70 GPa and Poisson’s ratio of 0.227). The 
problem arises at the properties of the connections 
between the elements; therefore an analysis was 
needed, where we increased the rigidity of the 
connection stiffness until it had no significant effect 
on the elastic behaviour. 

In Fig. 12 the sound wave velocity is shown 
in the function of the joint stiffness and different 
randomly generated discrete element tessellation. I showed that the elastic effect of the joints 
vanish at 106 MPa/mm whereas the wave velocity reaches the 98.31 % of the theoretically 
calculated one. Therefore I recommend 106 MPa/mm as the minimal value for joint stiffness. 

 

Figure 12. Wave velocity in the function of joint stiffness 

During the simulation I used Rankin criterion, where the tensile joint strength was set 
to 80 MPa in the volume, 50 MPa on the edge according to Vandebroek et al. (2012, 2013), 
and 100 MPa on the surface. 

The residual stress from the manufacturing process was simulated using the method 
published in Nielsen et al. (2010). The 3D finite element model simulates the tempering 
process using basic temperature dependent viscoelasticity and structural relaxation. The 
model is written as a user-subroutine for the finite element program ABAQUS.  

 
Figure 11. Discrete element density in the 

function of glass plate thickness 
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The residual stresses in the test specimens were measured using the SCALP-04 in 
discrete points. The numerical model was then adjusted according to the average 
measurement as it is shown in Tab. 1 and a model providing the residual stress in every point 
of the specimen was thereby established. 

 

Post-process Thickness 
Residual compressive 

stress 

Annealed 
6 mm 10 MPa 

10 mm 10 MPa 

Tempered 
6 mm 110 MPa 

10 mm 80 MPa 

Table 1. Residual stress used to calibrate numerical simulation measured with SCALP-04 

The crack propagation velocity is linear function of the damping coefficient. The 
tensile joint strength is also affects the crack propagation, because the higher the value the 
harder to separate the joints. Therefore a lower damping belongs to a higher strength value. 

4.3 Experimental results 

Elastic stress distribution 
The verification of the numerical simulation is divided into two major parts. First the 

elastic stress distribution was compared using coated photoelasticity and strain gauges. 
During photoelastic measurements the light passes through not only the coating but the glass 
plate too. Therefore the retardation is higher and I was able to observe relatively small 
principal stress differences (8-10 MPa). 

 
Tempered stress field in glass plates 

Using an equipment called the scattered light polariscope I was able to measure in-
plane axial tempered stresses along the height. My goal was to develop an optimal 
measurement strategy. Using this method I measured four different kind of specimen (2-2 
pieces of every kind). 
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According to the results I recommended 
the following stress field to be implemented in 
the numerical model for tempered glass palates: 

   
2

1
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z z
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,  

where xx  and yy  are the in-plane axial stress 

components (x and y is the coordinates in-plane, 
z is the coordinate along the height). h is the 

thickness of the glass plate, c  is the residual 

compressive stress along the surface, which 
should be considered as it is shown in Fig. 13. 

 
Fragmentation analysis 

During the failure glass plate fragments under the wedge, but the stress is not high 
enough to cause dynamic crack propagation. 

 

Figure 14. High-speed camera setup (1. OLYMPUS i-SPEED 3; 2. OLYMPUS ILP-2; 3. specimen; 4. INSTRON 
8872; 5. loading wedge; 6. dispersion filter; 7. loading frame) 

The loading procedure often took 2-3 seconds, when the loading wedge moved 2.5-3 
mm. The wedge was moved with constant 1 mm/s. Fig. 15 shows a load-displacement 
diagram of a 10 mm thick tempered glass plate. 

 
Fracture of annealed specimens 

I used four 6 mm and four 10 mm thick 300 × 300 mm size annealed glass specimens. 
Where I observed the following phenomena: 

1. The 6 mm thick specimens were significantly stronger than the 10 mm thick 
ones (one sided two-sample t-test, p = 0.025). 

2. The dynamic crack propagation occurred at constant average 456 m/s velocity. 

 

Figure 13. Residual compressive temper stress in 
the function of the plate thickness 
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Figure 15. Load-displacement diagram 

Fracture of tempered specimens 
I used five 6 mm and five 10 mm thick 300 × 300 mm size tempered glass specimens. 

Where I observed the following phenomena: 

1. Differently from the annealed specimens the 10 mm thick tempered specimen 
was significantly stronger. (one sided two-sample t-test, p = 0.00034). The 
reason is that the 10 mm thick glass plates contained significantly lower initial 
tempered tensile stress. 

2. The main goal of the experiment besides verifying the numerical model is to 
study the complete fracture process of tempered glass plates. 

I showed that the fracture forms radially, then tangential cracks link between the radial 
cracks. I used 50 000 fps recoding speed. In Fig. 16 it could be recognised that the cracks also 
appeared symmetrically. 

 

Figure 16. Crack pattern in the area of loading 
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4.4 Numerical results 

The numerical study is aimed to solve engineering problems. Usually a full dynamic 
computation required more than a month, which is unacceptable for a practicing civil 
engineer. Therefor the following results focused on problems, such as calculating the 
fracture pattern which could be solved in 2-3 hours. 

Because the required computational capacity was not high enought, instead of the 
whole 300 × 300 mm size plate I simulated a 100 × 100 mm one. The following results are 
shown for 10 mm thick glass plates. 

 
Annealed simulations 

During the annealed simulations no 
difference was found between the real dynamic 
fracture pattern and the fracture pattern made 
using mass scaling (Fig. 17). Although the 
joint stiffness had a significant effect on the 
fracture pattern during mass scaling. By 
increasing the joint stiffness the crack 
distributed rapidly, more branch appeared. 

To analyse annealed glass specimens I 
recommend 106 MPa/mm joint stiffness. 

By increasing the damping factor the 
crack become straighter, less branching 
occurred. I recommend to use 0.3–0.6 as the 
local damping coefficient. 
 
Tempered simulations 

In this case the fracture pattern 
calculated using mass scaling had significantly 
different result as the dynamic simulation. 

To model the real dynamic phenomenon 
a valid failure criterion is need, which was not 
available. Therefore the simulations were 
carried out using mass scaling. 

To develop a fracture pattern observed 
during the real experiments I had to use 1010 
MPa/mm joint stiffness (Fig. 18). 

The damping has little effect on the 
fracture pattern, therefore to reduce 
computation time I recommend 0.1 for local 
damping coefficient. 

.  

 
Figure 17. Fracture pattern of annealed glass 

specimen 

 
Figure 18. Fracture pattern of tempered glass 

specimen 
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5 Summary and future plans 

The aim of the research was to analyse the mechanical behaviour of soda-lime-silica 
glass using a multi-scale approach. How does this engineering material behaves on a 
molecular level or during macroscopic fracture. The results of my work help practicing 
engineers (civil engineers, architect, mechanical engineers or electric engineers) to choose the 
right glass product for their specific problem. 

The research consist of three major parts: a microscopic, a mesoscopic and a 
macroscopic investigation. During the micro-scale analysis I used molecular dynamics to 
compute the representative volume element of soda-lime-silica, where the material could be 
considered isotropic and homogenous. Also the changes of atomic parameters under 
mechanical loading were computed. The method could be used to virtually test new glass 
materials, since several work deals with the development of glass materials with specific 
mechanical properties (Young’s modulus or Poisson’s ratio) (Rouxel et al. (2001)). 

The second part of the research was about to determine the mechanical effect of meso-
scale defects along a glass plate using finite element method. The glass plate was divided into 
regions, where the plate and the edge surface was recorded using AFM, the inhomogeneities 
in the glass volume was described by µCT. Stress peaks caused by the initial geometric 
imperfections could be used to determine the utility of an edge finishing technology. Where 
the method could also be used to determine the effective macroscopic strength for glass 
specimens treated with new technologies without failure. 

I statistically determined a factoring coefficient, which was used to prepare simple 
design guidelines to minimise the mechanical effect of the volumetric inhomogeneities. 

The final part of the research developed a macroscopic experiment where complete 
fracture – the basic failure of glass plates – was analysed. The aim of this part was to develop 
a strategy to investigate glass fracture both numerically and experimentally. 

The experiment consisted two parts. First we had to know the exact stress distribution 
in the annealed and tempered glass plates during mechanical loading. Therefore we used 
coated photoelastic and SCALP-04 measurements. Then the final fracture was followed using 
high-speed recordings. 

I made recommendations to choose virtual parameters in combined discrete and finite 
element models, such as joint stiffness, initial stress field, discrete element density or local 
damping coefficient. 

During the research I reviewed the main properties of glass in each microscopic scale, 
bearing in mind the correlation between levels, as well as the macroscopic material 
properties derived from each scale. 
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6 New scientific results 

6.1 Microstructural result 

 
Thesis 1. I defined – using molecular dynamics – that the size of representative 

volume element of soda-lime-silica glass is 50 Å. At this scale the material could be 
considered isotropic and homogenous. The amount of anisotropy and inhomogeneity reduces 
rapidly until 30 Å, where the derivative of the curve becomes close to zero. The computed 
average of the Young’s modules stop changing from 50 Å 

Related publication: [7] 

 
Thesis 2. Using the molecular dynamics simulation I investigated the changes of the 

atomic parameters under one directional mechanical compression. 
I measured the Young’s modulus in the function of loading rate, I computed the 

diffusion in the material, as well as the changes of the characteristic peaks of the partial 
structure factors, which represented the average change of the distances between atomic pairs. 

a) I showed that Young’s modulus is a logarithmic function of the loading rate. I 
quantified Young’s modulus values during high velocity loadings. 

b) I showed that sodium has 80 %, calcium has 40 % higher, oxygen has 26 %, silicon 
has 5 % lower diffusion compared to average. 

c) I showed that the distance between silicon-silicon reduces the greatest, the distance 
between oxygen-oxygen reduces less. Between oxygen and silicon no change could be 
shown. The angles between oxygen and the pollutants increased. According to part “b” 
and “c” we could draw conclusions on the changes made by sodium on Young’s 
modulus and the melting point. 

Related publication: [7] 
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6.2 Mesostructural result 

 
Thesis 3. I developed a new method which converts atomic force microscopy data into 

finite element geometry. The software was used to investigate mechanical stress distribution 
on surfaces. The user could set the desired finite element resolution then the software makes 
the model geometry. 

I determined that initially the significant stress peaks are generated by the scratches 
caused by transportation. Thanks to weather corrosion during use these scratches vanish and 
small pits take their place. 

I proved that stress peaks caused by edge grounding could be reduced using polished 
edge finishing. By these results I confirmed the macroscopic experimentally measured higher 
effective strength used for polished edge finishing and proposed to use polishing not only for 
optical, but for mechanical porpoises. 

Related publication: [2] 

 
Thesis 4. I described the geometries of volumetric inhomogeneities in float glass. 

Using the distribution of the defects I defined a statistical parameter which describes the 
mechanical stress increasing effect of the bubbles with a certain probability (present work 
uses 95 %). Using this coefficient I proposed simple guidelines which could be used to 
minimize the mechanical effect of the inhomogeneities, under one directional bending: 

a) Increasing the size of the glass plate the statistically defined mechanical effect also 
increased. 

b) If the dominant bending direction is chosen equal to the drawing direction the 
mechanical effect could be reduced by 57.79 % average, in the tested range. 

c) I showed that if the tension side is chosen as the atmospheric side the stress peaks 
could additionally be reduced by 15.61 % average. 

d) Planning the cutting layout in the function of the efficiency of the structural element 
could lead to optimal design. 

Furthermore I propose that the designer indicate the parameters above (dominant 
bending direction, dominant tension side and efficiency) on the plan, where these parameters 
could be used to evolve an optimal cutting layout. 

Related publication: [1] 
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6.3 Macrostructural result 

Thesis 5. I created and executed a complex experimental program to test in-plane 
wedge loaded glass plates. The program consisted of SCALP-04, coated photoelastic and 
high-speed recordings to follow dynamic glass fracture. 

Using the experimental method I have tested annealed and tempered glass plates, 
where the following results were observed: 

a) The failure of glass because of concentrated compression load is friable. Between the 
first crack and the final failure further displacement was observed. 

b) The final dynamic crack propagation velocity is independent from the glass thickness. 
I have measured 459 m/s in average (std.: 120 m/s) under 1 mm/s wedge movement. 

c) Specific load bearing capacity of glass is the function of plane thickness, thinner 
annealed planes behaved stronger than thicker, and thicker tempered ones than thinner. 

d) The fracture pattern of tempered glass plates during concentrated wedge loading had a 
form of a kidney, which is symmetric at the beginning, then radial cracks are linked by 
tangential ones. 

Related publication: [8] 

 

Thesis 6. I developed a combined finite-discrete element model based on both 
theoretical and experimental data to simulate in-plane wedge loaded glass plates. I proposed 
methods to set the following virtual parameters: discrete element tessellation, initial stress 
field, joint stiffness, damping coefficient. 

a) The discrete element mesh should be general as possible, therefore I proposed a 
Voronoi tessellation. I used fracture mechanics calibrated by experimental results to 
define the minimally needed discrete element density. 

b) Using SCALP-04 measurements and literature results I determined the axial stress 
field inside the glass plate along the thickness. Then a hyperbolic function was fitted 
on the experimental results. 

c) The minimal joint stiffness was set to the theoretically calculated wave velocity in the 
material. I proposed a minimal value to reach optimal time step size. 

d) The local damping coefficient was set to the theoretically calculated and 
experimentally verified crack propagation velocity, whereas I showed that the crack 
velocity is the linear function of the damping coefficient. 

e) I showed that the fracture pattern could be determined quickly using mass scaling, 
although this way the simulation loses the real dynamic phenomenon. 

Related publication: [8]  
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