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Abstract 
The design approach is currently very diverse for glass. It differs greatly between European countries 

and there is not one definite method for the design of glass components. Research in this field has a 

potential for better design optimization and industry professionals express a limitation of tools and 

knowledge about glass structure design. 

The purpose of this study is to analyze glass balustrades with point-fixings and to test a structural 

verification approach using a Finite Element (FE) software. 

The theory provides insight of glass as a structural material, different interlayers used for laminated 

glass, joints and connections, as well as design standards, concepts and regulations.  

Different models of varying configurations and geometries are created from the evaluation of 

balustrades with point-fixings available on the Swedish market and the theory. The models 

represent a glass balustrade with 4- or 6-point-fixings and is regarded as a fully toughened laminated 

glass component with different stiff and standard interlayers. The structural analysis of point-fixed 

glass balustrades on the Swedish market indicated a lower stress and deflection resistance capacity 

than the pre-normative Eurocode criterion. Based on the FE calculations, some guidelines for 

fulfilling the criterion are proposed. 

To make glass more generally applicable as a load-bearing material, the limitations of the FE-

software, and how the parameters affect the calculation results needs to be taken into 

consideration. In order to evaluate the interlayers used for the model, a parametric study using FE-

analysis was carried out, in which the maximum stresses and deflections for several variations were 

calculated. A sensitivity analysis of the balustrade was conducted to evaluate various geometric and 

material parameters and how they affect the FE software-based model.  

Comparisons of guidelines and national codes for simplified hand-calculation and the FE-approach 

were made to obtain some understanding of calculation methods used in the glass industry and to 

evaluate the results of the structural analysis. The study suggests that the FE approach is an effective 

method for a relatively quick and easy verification of glass balustrades.  

Keywords: glass, point-fixed, balustrade, structural material, eurocodes  

  



ii 
 

Sammanfattning 
Denna studie ger läsaren insikt i glas som ett konstruktionsmaterial, olika mellanskikt som används 

för laminerat glas, leder och anslutningar samt konstruktionsstandarder, begrepp och föreskrifter. 

I studien analyseras punktinfästa glasbalustrader tillgängliga på den svenska marknaden med 

datorprogram baserade på Finita Element-metoden. Resultaten från FE-analysen jämförs med 

förenklade handberäkningar, dels för att utvärdera resultaten, men även för att visa läsaren vilka 

beräkningsmetoder som används inom glasindustrin. Studien undersöker även de olika mellanskikt 

som används i laminerat glas. Detta görs i en parametrisk FE-analys, där de maximala spänningarna 

och utböjningarna för flera variationer beräknas. En sensitivitetsanalys genomförs även på FE-

modellen för att se hur olika material- och geometriparametrar påverkade. 

Studien visar på att FE-metoden är en bra metod för att utföra relativt snabba och enkla 

bärförmågeverifieringar av punktinfästa glasbalustrader. I studien kunde de även visas att de 

punktinfästa glasbalustrader som säljs på den svenska marknaden inte verkar uppfylla de krav som 

ställs på glasbalustrader i de kommande eurokoderna.  

Nyckelord: glas, punktinfäst, glasbalustrad, glasräcke, konstruktionsmaterial, eurokoder 
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Terms & Definitions 

There are some terms and definitions fundamental for describing glass as a structural material. 

Down below is a list containing the most important ones.  

Laminated Glass 

“An assembly consisting of at least two sheets of glass joined together with interlayer.” - (SIS, 

2011b). 

Laminated Safety Glass 

“Laminated glass where in the case of breakage the interlayer serves to retain the glass fragments, 

limits the size of opening, offers residual resistance and reduces the risk of cutting or piercing 

injuries.” (SIS, 2011b) 

Interlayer 

One or more layers of material acting as an adhesive and separator between plies of glass and/or 

plastic glazing sheet material.” - (SIS, 2011b) 

Lamination Process 

“Lamination process where the interlayer is a solid film which is placed between the plies of glass or 

plastic glazing sheet material and is then subjected to heat and pressure to produce the final 

product.” - (SIS, 2011b). 

Delamination 

“Usually a two-dimensional visual effect which is caused by local loss of adhesion between the glass 

or plastic glazing material and the interlayer.” - (SIS, 2011b) 

Nominal thickness 

“The nominal thickness of laminated glass shall be the sum of the nominal thicknesses of the 

constituent panes of glass, plastic glazing sheet material and the interlayers.” - (SIS, 2011b). 

Effective Thickness of Laminated Glass 

Thickness calculated for laminated glass which, when used in place of the glass thickness in an 

engineering formula, will result in a reasonably accurate determination of the deflection of and / or 

stress in the laminated glass (CEN, 2017). 

Robustness 

Robustness is defined as the ability of an element or structure to withstand unforeseen and severe 

effects without the element or structure taking more damage than what is proportionate to the 

effect (SIS, 2010b). 

Redundancy 

Provision or existence of more load paths or structural systems than strictly necessary to resist 

design actions (Feldmann, et al., 2014).  

Residual Capacity 

Residual capacity is the ability of an element or structure to resist post-breakage effects. The 

residual capacity depends on the composition and strength of the glass pane and interlayer, the 

support and the bearing concept (Feldmann, et al., 2014). In order to obtain sufficient residual 

capacity for structural glass elements, the glass should therefore consist of laminated safety glass 

made of annealed (AN), heat strengthened (HSG) or fully toughened glass (FTG) and a suitable 

interlayer. 
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Quasi-static load 

Dynamic load represented by an equivalent static load in a static model (SIS, 2010a).  

Young’s Modulus E 

Young’s modulus E is a numerical constant describing the elastic properties of a solid subjected to 

tension or compression. The constant measures the material’s ability to resists changes in its length 

(Heyden, et al., 2017). 

Poisson’s Ratio 

When a material is stretched its width shrinks. This phenomenon is called the Poisson effect. 

Experiments have shown that the strain perpendicular to the stress direction often is proportional to 

the strain direction (Heyden, et al., 2017).   

Linear Elastic Material 

A material that regains its original form after the stress acting on it is removed. Linear signifies that 

the stress is proportional to the strain. The proportionality constant is the Young’s modulus E 

(Heyden, et al., 2017). 

Pr-EN 16612  

Pr-EN 16612 is a draft of the European standard and was written by the Technical Committee 

CEN/TC 129. It is a document distributed for review and comment. The document specifies a method 

for estimating the lateral load-bearing capacity of linearly supported glass elements. 

Geometrically Non-linear and Linear Calculations 

Glass components often undergo large deflections (i.e. exceeding that of their thickness) before 

fracture. A linear calculation will only give accurate results if the plate deformations are small 

relative to the thickness (SJ-MEPLA, 2019). Large displacements cause the mid plane to expand, 

creating stresses in the in-plane or membrane that increase the plate stiffness (Haldimann, et al., 

2008). A geometrically nonlinear approach is able to take these non-linear phenomena into 

consideration.  

Composite Action 

An interlayer can transfer shear stress between glass plies to constrain the relative sliding. 

Composite action can be described by two borderline cases, one where the two glass plies are sliding 

frictionless (layered limit), and one in which the plies are perfectly coupled through the laminate 

(monolithic limit) (Galuppi & Royer-Carfagni, 2013). 

Impact Strength 

“Impact strength is a measure of the amount of energy that a material can absorb before fracturing 

under a high rate of deformation.” - (Friedrich & Breuer, 2015)
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1. Introduction 

1.1 Background 
Glass has been around for a long time but has in recent decades been increasingly used in 

demanding structural applications (Patterson, 2011). The attractiveness of glass in buildings are 

valuable in many ways. Glass lets in daylight, offers views, protects against weather and noise and 

has important architectural and aesthetic functions (Carlson, 2005). With current production 

techniques and available knowledge, glass can be produced rationally and relatively cheap, which 

offers opportunities for designing and erecting innovative buildings. When designing glass for 

structural purposes, however, it should be taken into account that its behaviour is brittle and that its 

strength is widely scattered without plastic deformability. The thickness of the glass is generally 

small in relation to its length and width and the deformations can be large in relation to the 

thickness. No warning prior to failure of the element can be expected and for this reason and more, 

glass as a structural material requires a different design philosophy than "traditional" building 

materials (Feldmann, et al., 2014).   

The structural application of glass is a relatively new approach used for buildings and structures. This 
requires appropriate design methods and knowledge, as glass is used for balustrades, facades, roofs 
and walkways etc. The vulnerability of glazing systems under dynamic and static loads is generally an 
open question, requiring considerable effort to ensure appropriate safety requirements and 
extended service life of glass components and structures (Bedon, et al., 2019).  

Compared to simple analytical formulations that are useful in conceptual design in an early phase, 
Finite Element (FE) models provide engineers with a tool to design and evaluate the performance of 
laminated glass of various components in more detail when determining glass thickness.  

As it is currently relatively easy and fast to perform FE-based verifications of simple laminated glass 
elements, such as balustrades, the method has become less expensive and is therefore worth the 
effort as it has potential to reduce costs. It allows the user to obtain more accurate data that can be 
compared with existing experimental data. However, the input parameters used by the user must be 
well thought out, as the results are based on them. Therefore, when working with newly developed 
applications in Finite Element Method (FEM) software, it is essential to conduct cross-check hand-
calculations or perform practical tests to validate the FE models (Teotia & Soni, 2018). 

Research in the field has much potential aimed at better design optimization and professionals in the 

glass industry express a limitation of tools and knowledge about designing glass structures. The rules 

of structural design for glass elements are still under development and, to date, there are only 

national standards and guidelines for the design of structural glass. CEN (European Committee for 

Standardisation) is currently developing new Eurocode on glass as a structural component, which is 

expected to be published in 2019 (Feldmann, et al., 2014).  

This study will provide the reader with basic information and requirements for laminated glass used 

as structural components to provide a broader understanding of the properties and the behaviour of 

glass when used structurally, which will be based on the most recent findings and recognised 

research. The following statements mainly relate to the characteristics that are important for the 

load-bearing capacity and durability of structural glass.  
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1.2 Problem 
In the process leading up to this study four Swedish companies working with the design of glass 

structures were contacted. Some of them describe limited knowledge and lack of analysis tools to 

investigate the behaviour of glass balustrades under various types of loads. A European standard is 

needed for improving safety and performance as well as providing a free and open market. As there 

is no European standard for the design of glass, there is not one preferred way of designing glass 

balustrades.  

Instead numerous simplified methods for the calculation of the strength and resistance of glass exist, 

making it difficult for an engineer to know which one to use. The methods are often simplified in a 

way which results in values either too conservative or on the unsafe side (Bedon & Amadio, 2017). A 

proper safety verification of glass is difficult to achieve due to the large scatter in strength. However, 

there is a complementary method, which utilizes specialized computer programs based on the Finite 

Element Method. FE-software is widely used in engineering applications today, however, it is not 

extensively used for the design of glass balustrades. 

1.3 Purpose 
The design approach for glass is at the moment very diverse. It differs greatly between different 

European countries and there is not one definitive way of designing glass components. The purpose 

of this study is to test a structural verification approach using FE-software. To test this approach, 

different glass balustrades will be analyzed to show engineers the benefits of using a FE-software 

when designing glass components. Additionally, the aim is to analyze and evaluate some of the 

point-fixed balustrades currently available on the Swedish market as well as to try out different 

interlayer types to see if there are any improvements to be made using different materials.  

1.4 Goal 
The goal of the study is to present a summary of the current literature on glass as a building 

material, to present an overview of the norms and standards regarding the use of glass in buildings, 

and to perform a structural analysis of point-fixed glass balustrades sold on the Swedish market. The 

goal is also to evaluate the FE-approach as a tool for structural verification.   

1.5 Scope 
The study will be limited to glass as a structural material, and specifically, laminated glass, point-

fixed glass balustrades, the use of the FE-software SJ Mepla (SJ-MEPLA, 2019) and simplified hand 

calculations as a verification tool for analysis. The analysis will be performed on balustrades situated 

indoors in a public building, and therefore wind load is not included, only dead-weight and imposed 

line-load. No impact tests are performed.     

1.6 Method 
This study will focus on a literature study on glass as a structural material and a structural analysis of 

point-fixed glass balustrades. The literature study is based on the latest standards as well as 

established material. The structural analysis will be performed with the FE-software SJ Mepla, and 

analyses different glass balustrades currently available on the Swedish market. 
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2. Method 
The study was performed by gathering information for the analysis by conducting a literature study. 

The literature study investigated glass as a structural material and point-fixed glass balustrades. It is 

based on Swedish and European standards for glass in buildings, research papers on glass 

balustrades and glass as a structural material, and relevant literature. M. Haldimann’s book 

“Structural Use of Glass” has provided a great basis point for this study, as it has in many others.  

In this study different examples of glass balustrades were analyzed with the FE-software SJ Mepla 

and the stress and deflection results were then compared with the results of simplified hand-

calculations. With this comparison an evaluation of the FE-approach could be made.  After this SJ 

Mepla was used to perform numerous calculations on a specific glass balustrade (h x b = 1200 x 1400 

mm) with varying laminate compositions (i.e. thickness and type of interlayer) and number of point-

fixings (4 or 6).  Lastly, SJ Mepla was used to analyze two examples of point-fixed glass balustrades 

available on the Swedish market where the results were assessed according to pre-normative 

Eurocode criterions. 

A more extensive explanation of the Finite Element Method and SJ Mepla is presented in Chapter 6, 

Section 2.  

2.1 Validity & Reliability  
The study was focused on determining the deflection and maximum stress, as these are the two 

properties the Eurocode criteria assesses. To ensure the validity of the parameters used in the 

calculations, the parameters were evaluated in the sensitivity analysis (see Chapter 6.3). The 

literature study critically reviews established sources as well as material from manufacturers, this 

was possible with the help of external supervisors.  

To further ensure the validity of the study’s results practical tests are necessary, however, no tests 

were performed in this study. Only a comparisons between results from the FE-software and two 

different hand-calculation methods were performed to assess the calculation results.    

The reliability of the study’s results is dependent on the validity of the parameters. To ensure this, 

data from manufacturers for the interlayers were used as well as accepted data for the 

characteristics of glass. Some parameters were also kept constant to ensure that the results could be 

compared between themselves. As all the data is produced using FE-software the results derived 

from it is reliant on not only a correct setup of the calculations but of the software itself.     
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3. Glass as a Structural Material 

3.1 Material Properties 
Glass is an elastic isotropic material which does not exhibit any plastic deformation and can 

therefore be considered a linear elastic material. Due to the lack of plastic deformation the glass 

does not redistribute local stresses, and this results in a brittle fracture of the material (Haldimann, 

et al., 2008). 

The effective strength of glass depends on different factors such as the surface condition (flaws, 

scratches and small cracks), the size, the load history (load duration and magnitude), residual stress 

(stress present in the element in absence of any external loading) and environmental conditions 

(temperature and humidity) (Haldimann, et al., 2008).  

In contrast to materials such as steel or concrete, where extreme values are usually considered 

when designing, glass must consider the stress history of the material caused by load duration, load 

fluctuations, etc. (Haldimann, et al., 2008). The stress history has a large influence on the subcritical 

crack growth and thus on the inherent strength. Complete models of the action history are therefore 

beneficial for the precise design of glass elements. Some characteristics and strengths of glass, which 

is widely used in the industry, are shown in the Table 1 and 2.  

Young’s modulus E 
[GPa] 

Poisson’s ratio ν 
[-] 

Density ρ 
[kg/m3] 

70 0,23 2500 
Table 1. Glass properties. (Haldimann, et al., 2008) 

AN  
(Annealed Glass) 

[MPa] 

HSG 
(Heat Strengthened Glass) 

[MPa] 

FTG 
(Fully Toughened Glass) 

[MPa]  

45 70 120 
Table 2. Characteristic bending strength. (Feldmann, et al., 2014)  

The design strength can be calculated according to the formula stated in Pr-EN 16612 (CEN, 2017) as 

seen in the equation below, where the resulting design strength for fully toughened glass can also be 

seen. A more in-depth explanation of the formula can be found in Chapter 6.4 and Table 14. 
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3.2 Float Glass  
Float glass is the main base glass product for structural applications due to its low cost, superior 

optical properties, wide availability and large glass panels that can be manufactured reasonably 

reliable (Haldimann, et al., 2008).  

The production process has been ongoing since the 1950s, when it was invented by Sir Alastair 

Pilkington at their production site in St Helens Merseyside. The name “float” comes from the process 

of melting the raw materials in a furnace, then pouring the molten glass onto a liquid tin bed. The 

molten glass then “floats” until it is gradually cooled and drawn on to rollers, the speed of the rollers 

allows you to adjust the thickness of the glass. The tin bed is extremely even, making the glass very 

smooth without many surface defects (Carlson, 2005). Once manufactured, the base product can be 

further processed into toughened glass, edge treatments, cutting, coating, sandblasting, pickling, 

drilling, hot bending and combining (Haldimann, et al., 2008).  

3.3 Annealed Glass 
The glass resulting from the float process is called Annealed (AN) glass. Annealing is a process that is 

integrated into the float process in a final step in the production of flat glass. The process is done by 

controlling the heating and cooling of the material to remove internal stresses. Internal stresses can 

affect the strength of the material, causing it to break (Patterson, 2011). 

 

Figure 1. Float glass process, Pilkington 

3.4 Glass Treatment 
The theoretical tensile strength of float glass is high, but in practice it is not relevant for structural 

applications. The reason for this is that the actual tensile strength for glass is much lower when used 

in practice. This is because glass, when rigid, can be considered an 'amorphous solid' and its tensile 

strength is strongly dependent on mechanical defects of the surface (Haldimann, et al., 2008).   

Thermal tempering (heat treatment) of glass prior to being used as a structural application is a 

secondary process in which annealed glass is subjected to a cycle of carefully monitored heating and 

subsequent rapid cooling. It is mainly used to increase bending strength and reduce the risk of 

breakage by distributing residual stresses favourably (Carlson, 2005).  
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The more tempering used, the smaller the glass fragments when breakage is expected. This is 

because the glass patterns are a function of the residual stress stored in the glass and the stress 

caused by load. The more stress, or “energy”, stored in the glass, the greater the total length of the 

cracks, creating smaller glass shards when breakage. The use of laminated glass with an interlayer is 

often able to guarantee a certain degree of post-breakage resistance. After breakage, the glass 

fragments adhere to the interlayer so that a certain residual structural capacity is achieved when the 

glass fragments are "arched" or fixed. The capacity is increased for larger glass breakage patterns, 

notably for annealed and heat strengthened glass, as shown in Figure 2. However, when fully 

toughened glass, laminated with non-stiff interlayers, is broken into small pieces, it is bent like a wet 

towel as it relies solely on the tensile strength of the interlayer (Haldimann, et al., 2008). Annealed 

and heat strengthened glass, on the other hand, which shatters into larger fragments, can form an 

"arc" that can hold the broken glass together. 

 

Figure 2. Glass breakage pattern for AN (left), HSG (middle), FTG (right) (Haldimann, et al., 2008) 

Fully toughened glass (FTG) is also unique in the sense of fracture pattern, it breaks into rounded 

pieces without sharp edges. This makes FTG safer and is therefore also known as safety glass. This is 

also why it is common for building codes to require it around doors and adjacent to other public 

areas (Patterson, 2011). 

There are two different ways of tempering glass: thermal (Fully toughened glass and heat 

strengthened glass) and chemical tempering (Feldmann, et al., 2014).  

3.4.1 Fully Toughened Glass  
Fully toughened glass (FTG) is made by heating the float glass to about 620-675°C in an oven, the 

glass is then exposed to delayed cooling of the core of the glass plate, while the cooling of the 

surface is accelerated by the use of jets of cold streams (Carlson, 2005). As the glass has a relatively 

high viscosity at this temperature range, the glass tensile stresses are relaxed and partly removed. If 

the starting temperature is too low, the relaxation cannot take place and the glass might break in 

the oven. When the temperature of the glass surface drops to about Tg 525°C, the glass surface 

solidifies, and the relaxation stops. Then the glass core starts gradually to cool down, creating 

residual stresses, featuring compressive stresses on and near the glass surface, which “seals” the 

surface defects, and tension stresses at the glass core, where resistance to tensile stresses is high 

due to a less faulty structure (Haldimann, et al., 2008). 

Fully toughened glass is generally available in the following thicknesses: 2, 3, 4, 5, 6, 8, 10, 12, 15, 19 

and 25 mm (25 is not a standard product.) (Feldmann, et al., 2014).  
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If the glass requires procedures such as cutting and drilling, it must be carried out before the 

tempering process because the glass usually shatter immediately (Haldimann, et al., 2008). 

3.4.2 Heat Strengthened Glass 
The same method is used to make heat strengthened glass as for fully toughened glass. The 

difference is basically that heat strengthened glass uses a lower cooling rate. The result of the heat 

strengthened glass is that it has a higher level of pre-stressing than float glass, but less pre-stress 

than fully toughened glass. This leads to fragments caused by breakage that are much larger than 

fully toughened glass, the breakage pattern is similar to that of annealed glass (Haldimann, et al., 

2008). 

Heat strengthened glass is produced with a nominal thickness of 2,3,4,5,6,8,10 and 12 mm 

(Feldmann, et al., 2014). 

3.4.3 Chemically strengthened glass 
Chemical tempering is an alternative tempering process in which alkali ions in the glass surface are 

replaced by larger alkali ions. As a result, the compressive stress is created by a “stuffing” or 

“crowding” effect (Haldimann, et al., 2008), improving the bending strength.  

Compared to conventional thermal tempering, the process does not involve thermal effects and 

produces a different residual profile, enabling cutting and drilling even after tempering. A higher 

surface compression and thus a higher strength level can be obtained. The biggest disadvantage of 

chemical tempering, however, is the cost (Gy, 2008). Therefore, it is generally used for very valuable 

applications and applications where the usual tempering processes are not applicable. For example, 

glasses with narrow bending angles. 

The characteristic bending strength for chemically strengthened glass is f k=150 MPa (Feldmann, et 

al., 2014). However, chemically toughened glass has a wide variation in its strength, which must be 

taken into consideration. 
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3.5 Laminated Glass 
For the structural use of glass, laminated glass sheets are often preferred (Behr, et al., 1993). The 

method was invented and developed in 1910 by the French scientist Edouard Benedictus (Patterson, 

2011). 

Laminated glass, see figure 3, is used where safety, security, sound attenuation and strength are 

predominant design considerations. It is a combination of two or more layers of glass connected to a 

highly adhesive and transparent interlayer, allowing the remaining layers to continue to support the 

design loads in the event of fracture. The residual capacity of the glass is dependent on 

fragmentation and is increased for larger fragments (Haldimann, et al., 2008). Therefore, laminated 

glass produced by annealed and heat tempered processes can achieve a particularly high remaining 

structural capacity. 

 

Figure 3. Laminated Glass in a Point-fixed Balustrade. Photograph by Stage 7 on Unsplash.com 

Multiple laminations and laminations with a combination of polycarbonate and glass have proven to 

be resistant to bullets and blasts. Acoustics is another factor that is important for glass in structural 

applications (Patterson, 2011). The interlayer has sound diffusing properties that contribute to 

enhanced acoustic performance. The laminate material and the thickness and sizes of the laminated 

glass panes all have an impact on the acoustic properties. 

Furthermore, the post-breakage behavior depends on the interlayer used. 

In the production of laminated glass, the autoclaving process is the most common (Haldimann, et al., 

2008). The autoclave is used at approximately 140°C to pressurize glass with film up to 14 bar to 

make sure that there is no air entrapment between the glass and interlayer.  
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3.6 Interlayer 
There are several different interlayers on the market for various applications. The interlayer used in 

laminated glass units is a viscoelastic material (i.e. the physical properties of the material are 

strongly dependent on load duration and temperature) generally made of polymer or ionomer 

materials when used for structural purposes. The adhesive interlayer has many functions, such as 

increasing the load-bearing capacity of a glass component, for example, by distributing impact forces 

on the glass pane, preventing glass fragments from detaching when a glass pane breaks and thus 

preventing them from flying into occupied areas, residual resistance and reducing the risk of cuts or 

deep injuries in the event of breakage (Castori & Speranzini, 2017). A stiffer and stronger interlayer 

can keep a balustrade standing post-breakage, enabling it to still act as a barrier post-breakage.  

Interlayers are also used for functions such as; patterns in the foil for aesthetic reasons and as 

protection against detrimental exposure effects (Feldmann, et al., 2014).  

3.6.1 PVB 
PVB, short for polyvinyl butaryl, is the most commonly used interlayer material for laminated glass in 

structural applications due to its excellent optical clarity and mechanical properties (Zhang, et al., 

2015). 

The nominal thickness of a single PVB film is 0.38 mm. Two (0.76 mm) or four (1.52 mm) films are 

normally used to form a PVB interlayer. For heat-treated or bent glass, up to 6 PVB films may be 

appropriate to use due to the unevenness of the glass caused by the tempering process (Haldimann, 

et al., 2008). Measured at room temperature, PVB has an elongation ratio of more than 200 %. At 

temperatures well below 0 degrees and for short loading times, PVB is generally able to transfer the 

full shear stress from one sheet of glass to another. On the other hand, at higher temperatures and 

longer load scenarios, the shear transition is greatly reduced.   

3.6.2 SentryGlas®  
In many cases PVB interlayers are not adequate to bond the glass components efficiently under load. 

The two glass panes can slip relative to each other and the laminated glass has a lower stiffness than 

a monolithic glass pane of the same overall thickness (Shitanoki, et al., 2015). However, stiffer 

interlayers, such as SentryGlas® (SG), which is based on ethylene copolymer (ionomer), bind the 

glass together more strongly giving it a stiffer behaviour, resulting in a higher load-bearing capacity. 

In many applications, this means that glass thickness and weight can be reduced compared to 

conventional PVB laminate solutions. As a result, the use of SG in the glass laminate industry is 

becoming increasingly common due to its superior structural efficiency.  

SentryGlas® was developed by Kuraray to make glass panes resistant to hurricanes. Compared to 

Ethylene vinyl acetate (EVA) and PVB, SG has higher stiffness, durability and mechanical strength 

(Kuraray - Trosifol SG, 2019). Under room temperature the interlayer is rather rigid. The thickness of 

an SG layer is currently 0.76, 0.89 and 1.52 mm (Santarsiero, et al., 2016).  
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3.6.3 EVA 
Ethylene vinyl acetate (EVA) possesses good properties such as good sound insulating properties in 

the high frequency range, high adhesion to materials other than glass, excellent resistance to heat, 

humidity and UV radiation and long-term reliability. 

Compared to the more commonly used PVB interlayer, EVA materials have a poorer haze level, a 

higher yellowness index and lower impact strength (Sable, et al., 2017). EVA films are typically used 

for interlayers in architectural laminates or for solar photovoltaic cells. 

A property that differentiates EVA from other interlayer materials is that it does not require 

pressure, and therefore no autoclave, when manufacturing laminated glass. EVA only requires heat 

to bond the plies together (i.e. the cast-in-place lamination process) which makes it more popular 

with smaller manufacturers.   
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3.6.4 Interlayer Properties 
As mentioned earlier, the properties of the interlayer vary with load duration and temperature. To 

highlight this, Tables 3, 4 and 5 present the properties of four different kinds of interlayer and 

Figures 4 and 5 illustrate the variation of the Young’s modulus for SentryGlas®. Additionally, the 

tensile strength of the interlayers is presented in Table 6.     

The values are taken from technical data sheets produced by the respective manufacturers and are 

all for a load duration of 1-minute. This is because the line load duration for balustrades vary 

between 30 seconds for normal duty and 5 minutes for crowds according to pr-EN 16612 (CEN, 

2017). As this study focuses on balustrades during normal duty values for a duration on the safe side, 

i.e. 1-minute loading, was used. Values for three different temperatures, 20°C (Table 3.), 25°C (Table 

4.) and 30°C (Table 5.) are presented to show the values relevant to a balustrade situated indoors.  
 

E [MPa] G [MPa] Ρ [kg/m3] ν [-] t [mm] 

PVB 1 (Kuraray 
- Trosifol PVB, 
2019) 

3,7 1,2 1,07 0,5 0,76/1,52 

PVB 2 (Saflex, 
2018) 

7,2 2,4 1,07 0,5* 0,38/0,76/1,52 

Structural PVB 
(Saflex 
Structural, 
2018)  

735 249 1,09 0,476 0,76 

SG (Kuraray - 
Trosifol SG, 
2019) 

567 195 0,95 0,446 
0,89/1,52 

 
Table 3. Interlayer properties for four different kinds of interlayers at 20°C and 1-minute loading. *23°C  

 
E [MPa] G [MPa] Ρ [kg/m3] ν [-] t [mm] 

PVB 1 (Kuraray 
- Trosifol PVB, 
2019) 

1,8 0,61 1,07 0,5 0,76/1,52 

PVB 2 (Saflex, 
2018) 

3,0 1,0 1,07 0,5* 0,38/0,76/1,52 

Structural PVB 
(Saflex 
Structural, 
2018)  

387 131 1,09 0,476 0,76 

SG (Kuraray - 
Trosifol SG, 
2019) 

413 142 0,95 0,458 0,89/1,52 

Table 4. Interlayer properties for four different kinds of interlayers at 25°C and 1-minute loading. *23°C 
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E [MPa] G [MPa] Ρ [kg/m3] ν [-] t [mm] 

PVB 1 (Kuraray 
- Trosifol PVB, 
2019) 

1,4 0,47 1,07 0,5 0,76/1,52 

PVB 2 (Saflex, 
2018) 

1,8 0,6 1,07 0,5* 0,38/0,76/1,52 

Structural PVB 
(Saflex 
Structural, 
2018)  

74 25 1,09 0,476 0,76 

SG (Kuraray - 
Trosifol SG, 
2019) 

324 110 0,95 0,473 0,89/1,52 

Table 5. Interlayer properties for four different kinds of interlayers at 30°C and 1-minute loading. *23°C  

PVB 1 
(Haldimann, et 
al., 2008) 
[MPa] 

PVB 2 
(Saflex, 2018) 

 
[MPa] 

Structural PVB 
(Saflex Structural, 
2018) 
[MPa] 

SG (Kuraray - 
Trosifol SG, 2019) 
 
[MPa] 

20 27 32,37 34,5 
Table 6. The tensile strength for four different kinds of interlayer.  

 
Figure 4. The influence of temperature on Young’s modulus for 

SentryGlas®. (Kuraray - Trosifol SG, 2019) 

 
Figure 5. Influence of load-duration on Young’s Modulus for 

SentryGlas®. (Kuraray - Trosifol SG, 2019) 

 

The values for other load durations and temperatures can be found in the same technical data 

sheets produced by the manufacturers i.e. Kuraray (Kuraray - Trosifol PVB, 2019) (Kuraray - Trosifol 

SG, 2019) and Saflex (Saflex Structural, 2018) (Saflex, 2018).  
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3.7 Glass Specific Issues 

3.7.1 Nickel Sulfide-Induced Spontaneous Failure 
Fully toughened glass (FTG) structures have a small, but not negligible, risk of spontaneous breakage 

due to nickel sulfide-inclusions (NiS) within a few years of production, i.e. without direct cause, such 

as impact or heavy loads. 

This is because when tempering glass in some cases traces of nickel and sulfur can form inclusions in 

the glass melt. These inclusions then undergo a retarded expansion of about 4% of their original size 

(Haldimann, et al., 2008). This expansion, combined with the high tensile stresses of the glass core, 

can cause the glass to shatter.  

In float glass, the risk of critical NiS inclusions is not as worrying because the glass is cooled down to 

room temperature at a slow rate to avoid thermal stresses which gives the NiS inclusions time to 

undergo the transformation from its high temperature modification form, α-NiS, to its low 

temperature form, β-NiS. Fully toughened glass on the contrary cools down rapidly and thus “traps” 

the inclusions in the α-NiS form within the glass matrix, making the process longer (Callewaert, et al., 

2011).  

The failure rate caused by NiS inclusions can be significantly reduced by using a second process 

called "heat soak test" (Feldmann, et al., 2014). The test is performed by heating the glass and 

keeping it at a certain temperature, accelerating the transformation and therefore glass with 

dangerous inclusions fail during the test (Haldimann, et al., 2008). 

3.7.2 Optical Distortions 
Annealed (AN) glass, which is produced by the float glass process, is an excellent flat material with 

excellent optical properties and is generally free of deformation. However, the thermal tempering of 

the glass can impair the flatness of the glass, which leads to visual deformation.  

During the tempering process, the glass pane lies horizontally on a bed of ceramic rollers as it passes 

through the furnace. When the glass is heated and approaching its plastic state, it is subjected to 

slumping between the support rollers, resulting in wavy surface deformation, the so-called roller-

wave distortion (Patterson, 2011).  

If the laminated glass panes exhibit roller-wave distortion and coincide, the glass may exhibit 

increased distortion, creating a lens effect. Too much roller wave in the laminated glass can also 

cause delamination (Patterson, 2011).  Tempered glass always shows a certain amount of roller-

wave, but the size may vary depending on the manufacturer. To investigate the deformation, a 

measurement must be made according to SS-EN 12150. 

There are four more kinds of distortions: Overall bow; edge lift (for horizontally toughened glass 

only); air cushion wave distortion (for air cushion toughened glass only) and edge deformation (for 

air cushion toughened glass only. 
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4. Glass Balustrades 
A balustrade is a building component designed to prevent people from falling of balconies, stairways 

and other places where there’s a significant height difference (Britannica, 2019).  

Currently on the Swedish market there are several different kinds of glass balustrades offered, see 

Figures 6-9. They can be either frameless or supported along its edges, as the more traditionally 

used support technique with four, three or two-edge glazing. In recent years frameless balustrades 

have increased in popularity due to their modern look.  

 
Figure 6. One-Edge Supported Glass Balustrade. 
Photograph by Stage 7 on Unsplash.com 

 

 
Figure 7. Point-Fixed Glass Balustrade. Photograph by 
Stage 7 on Unsplash.com 

 

 
Figure 8. Four Point Clamped Glass Balustrade. Photograph 
by Sigit Wardaya on Unsplash.com 

 
Figure 9. Edge-Supported Glass Balustrade. Photograph by 
Adrien Olichon on Unsplash.com 
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Glass Configurations 

Different manufactures use varying thicknesses and compositions for the laminates, but the most 

commonly used are 12,76 mm and 16,76 mm fully toughened laminated glass, generally as infill 

panels. The first one consists of two 6 mm glass plies and an 0,76 mm interlayer, and the latter one 

of two 8mm glass plies and an 0,76 mm interlayer.  

For balustrades with handrails 8,76 mm (two 4 mm glass plies and an 0,76 mm interlayer) laminated 

glass is common as well. Balustrades of 8,76 mm thickness exist without handrails as well, however, 

they are installed mostly in private residences at edges with moderate height differences. A cross-

section of a 12,76 mm laminated glass can be seen in Figure 10. 

 

 

 

Figure 10. Cross-section of a 12,76mm Laminated Glass 

Handrails 

Having an additional railing is considered better in a safety perspective. This is because if the glass 

breaks the railing remains in place and can provide some sort of protection from falling (Honfi & 

Overend, 2013). Additionally, the railing can be fixed to the floor or wall and in that way add to the 

structural stability and safety of the balustrade system.     
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4.1 Joints & Connections 
Joints and connections serve the roll of force distribution between elements. There are a variety of 

solutions suited for different applications. In common for all types of connections is the need to 

secure the element in a durable manner without glass-steel or glass-hard material contact. To 

ensure this an intermediate material (i.e. rubber gaskets) is used between the glass and the hard 

material (Haldimann, et al., 2008).  

4.1.1 Framed Glass 
Framed connections are traditionally used for windows and curtain wall systems. The pane is 

supported along two or four of its edges and rests on plastic setting blocks in the bottom of the 

frame. These setting blocks transfers the dead-weight of the glass into the frame. For the pane to be 

able to resist lateral loads the glass is clamped in the frame with a gasket as an intermediate layer 

between the glass and the metal frame. These gaskets are often made of neoprene, EPDM or 

silicone and have a thickness of 6 to 15mm (Haldimann, et al., 2008). With this support type the 

stresses are well distributed due to the fact that the glass is supported over a large area and is, to a 

degree, free to rotate inside the frame.   

4.1.2 Clamped & Friction-Grip Fixings 
Clamped fixing can use either low or high friction clamping to secure the pane, see figure 11. They 

are applied at the edges of the glass and can link two panes together or attach it to the overall 

structure. The fixing normally consists of two steel plates lined with an intermediate layer and a steel 

bolt which is used to tighten the fixing. 

 

Figure 11. Clamped-Fixing at Halmstad University.  

With low friction the fixings are only able to support loads acting perpendicular to the pane and the 

glass must rest on setting blocks. In these fixings the intermediate layer consists of either neoprene 

or EPDM. High friction clamps do not need these setting blocks and can transfer in-plane loads. This 

is done by clamping the fixing tightly. When the fixing is clamped hard there is a risk for the 

intermediate layer to be pushed out from the steel clamps. To prevent this the material used must 

be sufficiently hard but at the same time not to hard so that it damages the glass (Haldimann, et al., 

2008). Most commonly pure aluminum or some type of fibre gasket of 1mm thickness is used. This 

phenomenon may also occur when laminated glass is clamped, as there is a risk of the interlayer to 

behave in a similar manner. In some cases, the interlayer is replaced with pure aluminum (or other 

stiffer and non-viscous materials) in the area of the fixing.    
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4.1.3 Bolted Connections 
Bolted connections are usually chosen for their non-intrusive aesthetics. The performance can be 

lower than the other techniques if it’s not properly designed. This is because bolted connections 

require that a hole is made in the glass, and that the stresses concentrate around the holes. As the 

glass is brittle it cannot yield when the stress concentration around the hole becomes high and a 

stress redistribution is therefore not possible (Haldimann, et al., 2008). The most important 

characteristic of bolted connections is their ability to mitigate stress concentrations and at the same 

time avoid glass-steel contact.  

Bolted connections function in a similar way as clamped connection, here the pane is supported, in 

addition to the clamping of two steel plates, by a bolt that goes through the hole in the glass and can 

transfer shear stresses from, for example, dead-weight in the case of a balustrade. Just as for 

clamped connections there must be an intermediate layer between the glass and steel, for bolted 

connections this layer is referred to as the bushing (Haldimann, et al., 2008). The bushing consists of 

similar materials as the intermediate layer with lower modulus of elasticity than glass, e.g. 

aluminium etc.  

When using a bolted connection in a design it is important to consider the behaviour at and around 

the hole, because of how its geometry changes during loading and the fact that the maximum 

stresses are located here (Haldimann, et al., 2008). The shape of the hole may change under high 

loads when the bolt pushes the edge on one side creating compressive stresses at the point of 

contact and tensile stresses on the sides and across from it.     

Through Bolt Connection 

This type of connection, see Figure 12, can be used to connect glass pieces together. The connection 

is made by drilling holes in the elements that are to be joined and connecting them with steel plates 

which are held in place with bolts going through the hole (Haldimann, et al., 2008). This is one of the 

strongest bolted connection and it can transfer high in-plane loads.  
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Point-Fixed Supports 

These supports follow the same principle as through bolt connections, the difference being that 

point-fixed supports do not have steel plates on each side of the glass linking the fixing together, 

resulting in less of a visual impact. The supports are used in glass-to-glass connections as well as to 

connect glass to the main structure. Unlike through bolt connections point-fixed supports are not 

suitable for high in-plane loads, apart from the dead-weight of the glass panes (Haldimann, et al., 

2008).  Figure 12 shows a typical steel connector for a point-fixed support.  

 

Figure 12. Point-Fixing. Photograph by Stage 7 on Unsplash.com  

Some important parameters to consider when using point-fixed support are: 

 The position of the fixing (i.e. distance to the edges and between fixings). 

 The closeness of the fit. This is defined as the relationship of the diameter of the hole in 

relation to the diameter of the bolt. The relationship strongly affects the stresses around the 

hole, whereas a large gap creates higher maximum stresses in the glass hole and a tight fit 

increases the maximum tensile stresses in the glass.  

 Misalignment in the hole. The bolt in the hole is not always perfectly centered especially 

during strain. It is therefore good to use a resin or injection mortar in the space between the 

bolt and glass instead of a hard bushing. These materials are able to compress and expand 

which enables the load to be distributed more evenly.  

 The friction between the bushing and glass. 

 Load eccentricity. 

 Rotational stiffness and rigidity.  

 Tightness of the bolt (i.e. torque of the fixing bolt). 

 

 

  



- 19 - 
 

5. Design Concepts, Standards & Regulations 
As previously mentioned, there are currently no specific Eurocodes for glass (Feldmann, et al., 2014). 

However, when glass structures are designed, they must still follow the existing Eurocodes that are 

applicable to the building structures. In this chapter the current and existing projects of Eurocodes 

are discussed along with other Swedish and European norms and standards. Furthermore, some 

important concepts that an engineer must keep in mind when designing glass structures are 

presented.    

5.1 Design Philosophy 
The design philosophy for structural glass follows the same basic philosophy as the other materials 

included in the Eurocodes, outlined in SS-EN 1990. However, as there are some differences between 

the materials’ properties additional concepts for glass has been established. As glass is a brittle 

material the engineer must take into consideration the chance of the glass breaking at one point in 

its service life. To address this the engineer must ensure the structural integrity of the overall system 

by introducing the concepts of redundancy. Redundancy, among other things, ensures that the 

failure of one element does not propagate and risk a collapse of the whole structure (Feldmann, et 

al., 2014). 

A semi-probabilistic design concept is used in the Eurocodes to achieve a satisfactory level of safety 

without risking the structures becoming over-engineered and expensive. The concept treats a 

variable as a probabilistic distribution instead of a deterministic value.  

To implement this in the Eurocodes the partial factor approach is used. The method is meant to deal 

with uncertainties regarding the value of a variable as the variable is thought of as a probabilistic 

distribution, as previously mentioned above (Holický, et al., 2004). The partial safety factors are used 

when calculating the load effect and the resistance of the element.  

5.2 Secondary & Primary Structural Elements 
In order to separate between elements of different structural importance, elements can be classified 

as either secondary or primary elements. The purpose of the classification is to distinguish between 

elements that are subject to different types of loads as well as other failure consequences. Based on 

which classification an element belongs to, different requirements are demanded.  

The simplest way of characterizing secondary and primary elements is that a secondary elements 

does not take any loads from the overall structure, and that a primary elements does (Feldmann, et 

al., 2014).   
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5.3 Robustness & Post-Breakage Behavior  
Glass breaks suddenly and often without any prior indication. The post-breakage behavior of glass 

differs from many other materials, it shows no ductility after the glass breaks. This requires the 

engineer to consider the robustness and redundancy of the glass element and the entire structure. 

To consider this it is important to analyze the different causes of damage and examine different 

failure scenarios. Causes of breakage may be impacts, contact between glass and hard materials 

(often steel), bomb blasts, loads exceeding the capacity and faulty installations. Robustness and 

redundancy can be introduced on both an element level and a structural level (Feldmann, et al., 

2014). The strategies to ensure robustness and redundancy can be categorized as either preventing 

failure or preventing the consequences of failure (Honfi & Overend, 2013).   

5.3.1 Robustness 
Robustness on the element level can be achieved by, making sure that the glass resists expected 

loads and impacts, protecting the glass from impacts and eliminating the risk of glass-hard body 

contact. As the definition of robustness states, an element shall not break or lose its load resistance 

when subjected to ordinary effects. The protection against impact can be attained by using a 

laminated glass where the outer layer protects the inner layer, where the inner layer is loadbearing 

(Feldmann, et al., 2014). Glass-hard body contact is usually avoided with an intermediate material, 

often different types of plastic or aluminum (Haldimann, et al., 2008). 

For structures robustness can be introduced by implementing certain safety measures. For example, 

impact-protectors for balustrades (Haldimann, et al., 2008). The robustness of the structure largely 

depends on its constraints and how stiffness they are, where too ridged constrains can lead to local 

stress concentrations which may cause the structure to fail even due to ordinary effects (Honfi & 

Overend, 2013).  

5.3.2 Redundancy 
Redundancy and residual capacity are ensured for an element by using glass types that exhibit good 

post-breakage behavior. The two most common types are laminated glass and laminated safety 

glass, made of float, heat strengthened or fully toughened glass. It is possible to achieve redundancy 

across the cross-section of the element by using laminated glass with an appropriate glass strength, 

breakage-pattern (shard size) and an interlayer with enough strength and ductility. The shard size 

aids the redundancy since larger shards retain some resistance capacity (Feldmann, et al., 2014) and 

due to the interaction between the shards and the interlayer, some post-breakage capacity can be 

attained. This is possible because of the interlayer’s tensile strength (Haldimann, et al., 2008). It is 

therefore recommended to use at least one ply of a glass that breaks into large pieces to counteract 

the excessive deflection of the pane in some applications (Honfi & Overend, 2013).  

To create redundancy for structures a way of redistributing the loads (i.e. more load paths) are 

needed, if one of the elements in the structure fails others can carry the load (Honfi & Overend, 

2013). The remaining elements must be able to handle this load increase, otherwise the 

redistribution of the load is pointless. In the case of balustrades, handrails can provide this extra 

redundancy.  
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5.4 Limit States 
Limit State Design (LSD), just as the name suggests, is a method in which limiting values are chosen 

to define conditions for structural integrity, durability and usability among others. The method 

compares the effects of the load case with calculated resistances and normative values for the 

element in question (Holický, et al., 2004). 

5.4.1 SLS & ULS  
In common for all materials is the design concept in SS-EN 1990 describing the Serviceability Limit 

State (SLS) and the Ultimate Limit State (ULS).  

The purpose of the SLS is to ensure the usability of the element. Usability includes a variety of 

criterions on the functionality of the element, mainly checks on the deflection and vibration are 

performed. This is done to ensure that excessive cracking (i.e. of concrete structures), displacement, 

tilting does not occur. For a glass related example, consider a glass floor. The deformations should 

be limited to ensure that floors are walkable and that glass panes are secured in their frames. 

Deformations of glass elements have a strong effect on peoples’ trust in that element. Glass floors 

that sway or are deformed seem less safe, even if it is not the case (CEN, 2018). The same can be 

said for balustrades, where people might feel uneasy approaching an edge if the balustrade in front 

of it bends and sways when people rest against it.   

The ULS aims at guaranteeing the structural integrity of the element. This is done by calculating the 

resistance capacity of the element, sometimes with consideration given to instability phenomena, 

such as buckling. The resistance capacity is then compared to the load effects the element is to 

support (Feldmann, et al., 2014). The resistance is verified by determining the maximum principal 

tensile stress on the surface of the glass (CEN, 2018). 

5.4.2 FLS & PFLS  
For glass two additional limit states are recommended, these are the Fracture Limit State (FLS) and 

the Post-Fracture Limit State (PFLS). As the Eurocode is still under development, these two limit 

states might not be included in the finished version.   

The purpose of the FLS is to ensure that the element fractures within an acceptable limit when 

subjected to a reasonable effect (CEN, 2018). Fractures can develop due to different effects on the 

element, in the FLS the engineer need to regard impacts from a soft body and a hard body, as well as 

other effects such as NiS. The limit state is satisfied by choosing a glass product that fulfills these 

criterions. Tests of the product must be performed to ensure that it behaves satisfactory in soft body 

and hard body impact. In some applications breakage due to NiS can be more detrimental than in 

others, therefore the future Eurocodes demand that the risk shall be minimized by using heat-

soaked glass (see Section 3.7.1). 

In the PFLS the engineer verifies the Post-Breakage behavior of the element, by checking the residual 

capacity after failure (CEN, 2018). The engineer must consider different failure mechanisms as the 

element can fail in many ways. For example, it can slip from its supports, the interlayer can be torn 

apart and the deformation can grow excessive. It is the responsibility of the engineer to choose the 

appropriate glass product combined with equally appropriate supports. The chosen glass shall be 

proven to be able to resist the Post-Fracture Load either by calculation or testing. 

In the draft of the new Eurocodes the PFLS is defined as a, “Limit state that concerns the condition 

where one or more glass plies have fractured and the glass component (or a suitable alternative load 

path) provides load-bearing capacity for a defined accidental design situation for a defined period of 

time” (CEN, 2018). 
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5.5 Glass Classifications 
A glass component can be classified in a few different ways, depending on what purpose is to be 

fulfilled. Depending on its application, the component poses different risks. This is addressed in the 

design stage by following the rules described in the Eurocodes. Additionally, the different building 

materials (components) have their own product standards classifying them according to their 

properties. The properties are acquired through tests, specified in the product standards, some of 

which are presented below along with the Eurocode classes. 

5.5.1 Consequence Classes 
When a component fails there is a risk that the component can cause injury or even fatality. To be 

able to evaluate how hazardous a specific component can be the Eurocodes have developed 

different classes called Consequence Classes, see Table 7. These are defined in SS-EN 1990 (SIS, 

2010a). 

Building components are classified in three different classes: 

Class 1 Low chance of human injury. 

Class 2 Some chance of human injury. 

Class 3 High chance of human injury. 
 

Table 7. Consequence Classes 

All the components included in a glass balustrade can be categorized as either Class 1 or 2 (SIS, 

2010a). 

5.5.2 Glass Component Fracture Consequence Classes (FCC) 
As glass possesses unique properties different from the rest of the structural materials covered in 

the Eurocodes, the Consequence Classes explained above need some modification (CEN, 2018). This 

is due to the risk for glass to sudden fracture. The new categorization is called Glass Component 

Fracture Consequence Classes, FCC for short. This categorization is included in the current draft of 

the future Eurocodes, but they might just as the limit states, FLS and PFLS, not be included in the 

finished version. There are six classes to encompass all the applications glass is used in. The classes 

are FCC-0, FCC-0a, FCC-0b, FCC-1, FCC-2 and FCC-3.  

FCC-2 is the class to be used for secondary structural elements, such as balustrades, as it deals with 

elements that, “not significantly contribute to the load bearing capacity or the stability of the 

adjacent structure, but where in case of fracture the probability of human injury is medium and/ or 

the economic impact is considerable.”, as (CEN, 2018) describes. When designing glass components 

belonging to FCC-2 the engineer needs to check the component in the Serviceability Limit State (SLS), 

Ultimate Limit State (ULS), Fracture Limit State (FLS) and Post-Fracture Limit State (PFLS).   
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5.5.3 Safety Glass Classification According to Swedish Standards 

SS-EN 12543 – Laminated Glass and Laminated Safety Glass 

This standard defines many of the characteristics and performance requirements for laminated glass 

and laminated safety glass. Some of the characteristics are the appearance, edge finishes, limit 

deviations, dimensions and how those dimensions are measured (SIS, 2011b). The nominal 

thickness, for example, is obtained by measuring the middle of the four sides and calculating the 

mean value of the four. 

The standard also defines which components that constitutes a laminated glass and that it shall be 

produced from the combination of glass, interlayer and plastic glazing sheet material (i.e. 

polycarbonate and acrylic) (SIS, 2011b). The laminated glass can in addition to the three other 

materials, be comprised of films, plates, wires and grids.  

Described in the standard are also the test methods for evaluating the performance and durability of 

laminated glass regarding high temperature, radiation and humidity (SIS, 2011b). Definitions and 

tests methods are also given for fire-resistant laminated glass and laminated glass with fire resistant 

properties.    

The high temperature test checks if the laminated glass can resist high temperatures over a long 

time period with its properties not changing significantly. The changes are in the form of bubbles, 

cloudiness and delamination (SIS, 2011b). The test is executed by heating the glass to 100°C in either 

an oven or boiling water and keeping it at that temperature for either two or sixteen hours.  

The humidity test is to determine the long-term effect of humidity on laminated glass. The effects 

are haze, bubbles, cloudiness and delamination (SIS, 2011b). The test is performed by keeping the 

specimen over a water filled basin in container at a temperature of 50°C so that the relative 

humidity is about 100%. The laminated glass is kept in the container for two weeks before it is 

picked out and inspected.   

Laminated glass is also tested for how it can resist radiation over a long time period. This is done by 

exposing a specimen to a radiation source similar to solar radiation for 2000 hours (SIS, 2011b). After 

the test is completed the laminated glass is checked for, just like in the temperature and humidity 

tests, bubbles, delamination, haze, cloudiness and, additionally, for the change in the luminous 

transmittance (amount of light passing through a material) of the laminated glass.   

It should be stressed that laminated safety glass is different from laminated glass in how it performs 

in a pendulum test, as the one defined in EN-12600 (SIS, 2011b). Laminated safety glass shall be 

classified as at least class 3(B)3, which is explained further on in this section. 

SS-EN 12600 - Classification for Personal Safety 

The purpose for this standard is to increase the personal safety for people against cutting and 

piercing injuries as well as the containment characteristics of the glass. The classes are based on 

tests of heavy impacts on flat glass panes. The glass is first categorized according to its mode of 

breakage, either mode A, B or C, see Table 8. 

A Numerous cracks appear in the pane creating large fragments with sharp edges. This 
behavior is typical of annealed glass. 

B Numerous cracks appear but the chards are held in place by the interlayer. This 
behavior is typical of laminated glass. 

C The whole pane breaks in many small pieces, which are relatively harmless. This 
behavior is typical of fully toughened glass. 

Table 8. Modes of breakage 
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To check if the panes exhibit the different breakage patterns when subjected to impacts of varying 

intensity a pendulum test is performed. The test is specified in SS-EN 12600 where the pane is given 

a class depending on the fall height of the pendulum. The drop height classes and the corresponding 

heights are as follows; Class 1 – 1200mm, Class 2 – 450mm and Class 3 – 190mm. 

The classification is expressed as α(β)φ, where α indicates the drop height class in which the pane 

didn’t break or broke in accordance with mode A or C, β indicates the mode of breakage and φ the 

highest drop height class in which the pane didn’t break or broke in accordance with type A (SIS, 

2003).  

SS-EN 356 - Classification for Vandalism 

This classification’s purpose is to determine the panes resistance to manual force. Two different test 

methods are used. The first one is a drop-test in which a ball weighing 4,11kg is dropped. The ball is 

dropped three times in an equilateral triangle pattern. The class depends on the height of the drop, 

see Table 9. For the pane to achieve the maximum class it must resist nine impacts from the highest 

height.  

Class Number of hits Height [m] 

P1A 3 1,5 

P2A 3 3,0 

P3A 3 6,0 

P4A 3 9,0 

P5A 9 9,0 
Table 9. Drop-test classifications 

An axe-test constitutes the second test method, in which the goal of the test is to create a square 

hole, 400mm by 400mm, in the glass pane by chopping it using an axe-machine (SIS, 2000). The 

classes are determined depending on how many blows it requires to create the hole, see Table 10. 

Class Number of blows 

P6B 30-50 

P7B 51-70 

P8B ≥71 
Table 10. Axe-test classifications  

Other Standards & Classifications 

There are also classifications for the resistance against blasts (SS-EN 13541) and ballistics (SS-EN 

1063) that is not include in this study. Additionally, there are classifications for fire (SS-EN 13501), 

standards for luminous and solar characteristics (SS-EN 410), emissivity (SS-EN 12898) and more.  

  



- 25 - 
 

5.6 Swedish Regulations 
In connection to staircases, ramps, balconies and other instances where there are height differences 

between levels a balustrade shall be installed to limit the risk of personal injury due to falling. 

Boverket (Boverket, 2018:4) states that, inside a residence where the height difference exceeds 3 

meters the height of the balustrade shall be a minimum of 1,1 meter. Outside of a resident the 

balustrade shall always have a minimum height of 1,1 meters. Balustrades in rooms where children 

reside shall be design in a way that they don’t injure themselves when climbing or crawling 

(Boverket, 2018:4). Additionally, The Swedish Work Environment Authority states that a 1,0-meter-

high balustrade shall be installed if the height difference is larger than 0,5 meters and a 1,1-meter-

high balustrade if the difference is larger than 3 meters (Arbetsmiljöverket, 2018).   

Furthermore, Boverket specifies some additional dimensions to be followed. Balustrade shall be 

design in a way that prevents the possibility for climbing up to a height of 0,8 meters. Vertical 

openings in the balustrade shall be smaller than 100 millimeters wide. The distance between the 

lower edge of the balustrade and the balcony-floor or staircase-step shall be less than 50 

millimeters. In connection to a staircase-plane or floor-plane the distance is 100 millimeters 

(Boverket, 2018:4).  

Special rules apply to the use of glass in buildings which encompasses balustrades. Glass panes shall 

be designed to minimize the risk of a person falling through the pane, and the glass pane shall be 

able to resist the dynamic impact from a person. Glass balustrades shall also be designed to limit the 

risk of cutting and laceration injuries.  These two criterions are accomplished by either using 

laminated safety glass of a minimum class of 2(B)2 or fully toughened safety glass of the class of 

1(C)2 or higher (Boverket, 2018:4). If the glass balustrade does not have a railing, laminated glass 

should be used (Arbetsmiljöverket, 2018).  
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6. Results & Analysis 

6.1 Case Study Description 
As already mentioned, there is limited knowledge regarding the behavior of glass balustrades under 

load, and there is no Eurocode regulating the approach of the design. For this reason, methods and 

regulations vary from country to country, which can make it difficult for engineers in the glass 

industry to properly obtain adequate safety verifications for glass balustrades. 

To address this, several point-fixed glass balustrades have been analyzed with a FE-software called SJ 

Mepla (SJ-MEPLA, 2019). The balustrades were of varying configurations and geometries, see Figure 

13, both 4-point-fixed and 6-point-fixed balustrades were investigated. The results were evaluated 

by comparing them to simplified hand-calculations.  

 

Figure 13. Drawing of 4-point-fixed(left) and 6-point-fixed(right) balustrades. 

In Eurocode 1 there are characteristic line loads specified that a barrier (balustrade) shall be able to 

resist (SIS, 2011a). These loads are considered as quasi-static. All the loads act horizontally and at the 

top of the balustrade, though not higher than 1,2m. Furthermore, the load shall be placed where it is 

the most disadvantageous for the structural performance of the balustrade.  
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The value of the load depends on which kind of building the balustrade is situated in. Different types 

of buildings are categorized in the Eurocodes according to which kind of activity or purpose they 

serve. For non-industrial buildings there are the following categorize: 

Category Use Subcategories Line Load kN/m 

A Residential, hotel or 
similar 

- 0,2-1,0 (0,5*) 

B Office - 0,2-1,0 (0,5*) 

C Buildings in which 
people gather 
(Excluding buildings 
belonging to category 
A, B & D.) 

C1 – Restaurants, 
schools, receptions 
etc. 
C2 – Areas with fixed 
seating e.g. churches 
& movie theaters   
C3 – Areas where 
people can move 
unhindered e.g. 
museums, hospitals & 
train stations  
C4 – Areas for physical 
activities e.g. 
dancehalls & 
gymnasiums  
C5 – Areas where 
large crowds gather 
e.g. concert halls & 
sports arenas 

0,2-1,0 (0,5*) 
 
 
0,8-1,0 
 
 
0,8-1,0 
 
 
 
 
0,8-1,0 
 
 
 
3,0-5,0** 
 
 

D Retail  D1 – Retail stores 
D2 – Department 
stores 

0,8-1,0 
0,8-1,0 

Table 11. Building categories and corresponding Line loads. (SIS, 2011a).  

* The loads inside the brackets are the recommended values. **For C5 the Swedish National Annex states that the front of a 
balcony shall be designed for an arbitrarily placed point load of 3,0kN (Boverket, 2016). 

For the analysis of the balustrades the line load for building category C4 was assumed, see Table 11, 

and it was always applied at the top of the balustrade according to the regulations in Eurocode 1.  

In the analysis a fully toughened glass (FTG) were used. The design bending strength of FTG was 

calculated as shown in the equation below according to Pr-EN 16612 (CEN, 2017), the parameters 

used in the equation are explained in Table 14 and 15.  

  

In the analysis PVB and SG interlayers were used as PVB is the most commonly used interlayer for 

balustrades and because SG is the stiffest and strongest interlayer available, making a comparison 

between them interesting. 
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6.2 Finite Element Software 

6.2.1 Finite Element Method 
The Finite Element Method (FEM) is a numerical method of solving physical problems. The problems 

are described mathematically by partial differential equations with boundary conditions and in some 

cases with initial conditions as well (Samuelsson & Wiberg, 1998). The method can be used to 

approximate the behavior of a structure when subjected loads. 

The method involves creating a representative model of a real-life object and dividing the model into 

small pieces, referred to as finite elements (Samuelsson & Wiberg, 1998). Finite signifies that there is 

a non-infinite number of elements. Each element’s behavior is described by some simple 

relationships, for example stress-strain. To link the elements together, relationships between them 

are expressed, thereby making a system of equations describing the whole system. 

In the numerical studies a stress analysis is performed with the software SJ Mepla (SJ-MEPLA, 2019). 

In this analysis the external loads acting on the glass are known, and the stresses and displacements 

are calculated. 

6.2.2 SJ Mepla 
SJ Mepla is a German FE-software specifically developed for FE-analysis of glass components. On the 

website of SJ Mepla descriptions of the program and brief tutorials and explanations about its 

different functions can be found. SJ Mepla is simple to use and to demonstrate this the process of 

the analyzing of a glass balustrade is described below. 

Geometry 

The geometry of the balustrade can be defined by entering position of the 4 corners of the 

balustrade in an x-y plane. Once the balustrade geometry is set, the default element size is set to 80 

mm. As seen in Figure 18, at 'The element size influence on the calculations' section, the most 

appropriate element size for the analysis carried out in this study is 40 mm, which is selected as 

default. 

Layers 

The software has standard glass and interlayer types available for the user to choose between. Users 

can, however, easily adapt the type of glass to be used, the interlayer and its thicknesses, and 

properties such as density, temperature, Young’s modulus, load duration, etc. In this study, the 

different interlayer properties were adopted from different manufacturers and used in the software. 
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Boundary conditions 

The position and rotational rigidity of the point fixings are determined in this stage. The user can 

adapt suitable parameters and properties such as hole and bolt radius as well as the Young’s 

modulus of the bushing and shim layers. A visualization is shown in Figure 14. 

 

 

Loads 

SJ Mepla can apply different types of loads to the model (i.e. dead-weight, line-load, concentrated-

load, impact-load etc.), it can also combine these loads into a design load and provide ULS and SLS 

verifications according to several codes, including Pr-EN 16612.  

Options 

In this step the calculation parameters are set up. The calculations can be executed as either 

geometrically linear or geometrically non-linear. Here the user must also specify which kind of 

calculation is to be perform, i.e. single static, load-case or dynamic etc.   

  

Figure 14. 6-Point-fixed Balustrade in SJ Mepla 
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Results 

In this final step the calculations are initiated and executed. The calculation time is generally under a 

minute and when it is finished the results are given in form of two protocols, one that presents all 

the calculations and an additional one that shows the verification of the limit states, see Figure 15 

and Appendix A. Additionally, a graphic illustration of the stress and deflection distribution is 

produced, see Figure 16.  

 

Figure 15. Calculation protocol in SJ Mepla. 

 

Figure 16. Stress distribution illustrated as graphic results.  

  



- 31 - 
 

Analysis of the Element-Size Influence on Calculations 

Figure 17 shows how the deflections increase slightly when the element-size is decreased. The 

increase in deflection is only 0,02mm when the element-size is changed from 120mm to 15mm, 

therefore the influence of the element-size on deflections seem to be insignificant in this study. As 

the figure also shows, the calculation time drastically increases for the element-size of 15mm in 

comparison to 40mm.  

 

Figure 17. Element-Size influence on calculations 
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6.3 Sensitivity Analysis 

To analyze how different geometrical and material parameters related to point-fixed balustrades 

affect the SJ Mepla model, a sensitivity analysis was performed. In the analysis nine default 

parameters were chosen and used as the reference model.  

The parameters used were: 

 The Poisson’s ratio (ν) of the interlayer 

 Young’s modulus (E) of the interlayer 

 The radius of the hole (Ri)  

 The radius of the point-fixing (Ra) 

 The Young’s modulus of the shim layer (Es)  

 The Young’s modulus of the bushing (Eh) 

 The thickness of the shim layer (ts)  

 The thickness of the bushing (th);  

 The distance to the base point of the fixing (Zh) 

The default values can be seen in Table 12 below.  

ν 
[-] 

E 
[GPa] 

Ri 
[mm] 

Ra 
[mm] 

Es 

[GPa] 
Eh 

[GPa] 
ts 

[mm] 
th 

[mm] 
Zh 

[mm] 

0,5 3,7 13 25 60 500 3 2 10 
Table 12. Default Parameters. 

The default parameters resulted in a deflection of 28,79 mm and a maximum stress of 88,16 MPa for 

the applied load of 1,0 kN/m.   

With the reference model as a starting point one parameter were changed at a time. The parameter 

was both increased and decrease, where each change was in the order of 20% of the default value of 

the parameter. 

The Parameters Influence on Deflection & Stress 

From the sensitivity analysis it could be concluded that the parameter affecting the deflection the 

most was the Young’s modulus of the interlayer, see Figures 18 and 19. The size of the point-fixing 

also affected the results significantly, but as the size of the point-fixing is always known and chosen 

by the engineer, the influence is less relevant. The Young’s modulus of the interlayer is, however, 

very interesting to study, as the real value varies depending on both temperature and load duration. 

Making it something the engineer should carefully consider in the design process.  

For stresses, the influence of the interlayer’s Young’s modulus was less significant, see Figures 20 

and 21. This is related to the stress concentration around the point-fixing (parameters directly linked 

with the stress concentration, i.e. fixing size, will have a greater influence), and the fact that the 

value change for the interlayer’s Young’s modulus was small in a real sense (i.e. the parameters load 

and temperature dependent nature) (see Figures 4 and 5), compared to the other parameters.   
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Figure 18. Parameter influence - decreasing deflection 

 

 
Figure 19. Parameter influence - increasing deflection 

 
Figure 20. Parameter influence - decreasing stress 

 
Figure 21. Parameter influence - increasing stress 

Figures 18-21 shows the effect of the parameter change in relationship to the other parameters. The 

diagrams are made by dividing the individual parameter change with the sum of all the individual 

parameter changes. 

Combined Parameter Effect 

To check how the parameters affected the result if all of them were changed simultaneously, four 

different combinations were calculated, see Table 13. The hole-size and the fixing-size were 

disregarded for the reasons mentioned above, as well as the Young’s modulus of the interlayer.  

 Parameters Results 

Change ν Es 

[GPa] 
Eh 

[GPa] 
ts 

[mm] 
th 
[mm] 

σ 
[MPa] 

Def. 
[mm] 

Δ σ 
[%] 

Δ Def. 
[%] 

-20 % 0,4 72 600 2,4 1,6 83,36 26,75 -5,4 -7,1 

-10 % 0,45 66 550 2,7 1,8 85,87 27,76 -2,6 -3,6 

Default 0,5 60 500 3 2 88,16 28,79 - - 

+10 % 0,55 54 450 3,3 2,2 90,29 29,87 2,4 3,8 

+20 % 0,6 48 400 3,6 2,4 92,28 31,02 4,7 7,7 
Table 13. Effect of combined parameter change on stress and deflection. 

From the results it can be shown that the combined changing of the parameters did not result in 

drastically higher stresses or deflections.  
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The Load Influence on Stress & Deflection 

The load influence on the calculation results in SJ Mepla is found to be linear, as shown in Figure 22. 

 

Figure 22. Stress-Load and Deflection-Load relationship 
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6.4 Numerical Studies 

6.4.1 Simplified Hand-Calculations 
Laminated glass is difficult to analyse accurately with simplified methods and the methods are often 

criticized for their over-simplifications (Galuppi & Royer-Carfagni, 2013). The engineer should 

therefore be careful and critical when analysing the results produced by these methods.  

FEM is often considered to be more suitable for complex problems than hand-calculations. 

Simplified hand-calculations for glass balustrades were carried out to better understand the 

calculation methods used for glass, to see if they can be adequately used for a point-fixed balustrade 

considered to be fully restrained, and to compare them with the results obtained with the numerical 

software SJ Mepla.   

Theoretical approaches have been proposed using various expressions of the effective thickness of 

laminated safety glass, some of which have been incorporated into structural standards (Galuppi & 

Royer-Carfagni, 2013). These simplified methods were developed by defining the effective thickness 

of laminated glass, by calculating the corresponding thickness of a monolithic glass element with the 

same bending properties in terms of stress and deflection as for a laminated glass element, making it 

linearly elastic. Simplified calculations of the glass balustrades were performed to compare the 

deflection resulting from a line load on the top of the balustrade with the results obtained by SJ 

Mepla. The calculations consisted of the simplified methods based on the approach of Wölfel–

Bennison (Galuppi & Royer-Carfagni, 2012)  and Pr-EN 16612 (CEN, 2017). The reason why it has 

been decided to analyze these two methods is that both shear transfer factors (ω and Γ) are used for 

the same reason (Galuppi & Royer-Carfagni, 2013), both methods consider the interlayer as linear 

elastic, with influence of load duration, ambient temperature properties of the polymer used. Pr-

EN16612 uses the ω-factor, the value of which is taken from a table and relates to the shear stiffness 

family of the interlayer used. A standard PVB belongs to family 1 while structural intermediate layers 

such as SG belong to family 2, according to Pr-EN 16613 (CEN, 2017). The Wölfel-Bennison approach 

on the other hand, must be calculated using the shear modulus value of the interlayers.  

The interlayer is regarded as negligible in axial and bending strength but can transfer shear coupling 

stresses between the outer layers. The parameters and dimensions used in this study can be found 

in Tables 14 and 15. 

Parameters Value Unit Source 
(PrEN16612) 

Description 

γM.A  1,8 - Table 1 Material partial factor 

γM.P  1,2 - Table 1 Material partial factor 

ksp  1 - Table 4 Factor for the glass surface profile 

fgk  45 Mpa Table 6 Characteristic bending strength of AN glass 

fbk 120 MPa Table 6 Characteristic bending strength of FTG glass 

kv 1 
 

Table 7 Strengthening factor 

kmod 0,89 
 

Table 5 Factor for load duration  

Eglass 70 MPa - Young's modulus for glass 

Ginterlayer 1,2/195 MPa - Shear modulus for PVB and SG at T=20°C, load 
duration= 1 min 

ω 0,1/0,5 
 

Table D.3  Interlayer shear transfer coefficient for family 1 (0,1 
PVB) and family 2 (0,5 SG). Range between no shear 
transfer (0) and full shear transfer (1) 

Tabell 14. Parameters used in the simplified hand calculations 
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h 1,4m Glass height 

b 1,2m Glass width 

hd 1,15m Design height 

t1 10mm Glass ply 1 thickness 

t2 10mm Glass ply 2 thickness 

tf 0,76/0,89/1,52mm Interlayer thicknesses 

hmk - The distance of the mid-plane of the glass ply k from the 
mid-plane of the laminated glass 

hef.w - Effective thickness of the laminated glass for calculating 
out-of-plane bending deflection 

Tabell 15. Dimensions of the glass balustrade 

The methods used are based on a glass balustrade regarded as a fully restrained cantilever. 

Comparisons are made with the SJ Mepla results of a 6-point fixed glass balustrade of the same 

dimensions, subjected to the same line load as the simplified methods (characteristic load of 1,0 

kN/m) described in category C4 (Areas for physical activities e.g. dancehalls & gymnasiums). The 

stress verifications are done in ULS, by which the characteristic loads are multiplied with a safety 

factor of 1,5. The SLS verification is performed for class 1, the frequent (reversible) combination, 

which means that the characteristic load is reduced by a multiplication factor of 0,5. The 

deformations caused by the frequent combination in the SLS are purely of aesthetic concerns as 

described in Pr-EN16612 (CEN, 2017). 

The test consisted of a laminated glass with two-layer glass pane both with the thickness of 10 mm. 

A balustrade with the height of 1,4 m and width of 1,2 m was chosen for analysis. Standard PVB 

(Trosifol Clear) and stiff interlayer (SG) with thicknesses of 0,76, 0,89 and 1,52 mm were used. 

The following method is based on the PrEN-16612 (CEN, 2017) approach, 

The distance of the mid-plane of the glass ply k from the mid-plane of the laminated glass, 

 
Effective thickness of the laminated glass for calculating out-of-plane bending deflection, 

 

Moment of inertia of the glass component, 
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The glass component is calculated as fully restrained, resulting in the following deflection formula, 

 

The effective thickness for calculation the stress of glass ply number j is, 

 

Section modulus, 

 

Max moment, 

 

Max bending stress, 

 

The approach of Wölfel-Bennison, 

Moment of inertia of the entire composite cross-section (monolithic boundary), considering the 

distance caused by the interlayer, 

 

Where, 
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Moment of inertia for single glass ply, 

  
 

As previously mentioned, Γ has the same role as ω, but a more complex form, as shown below, 

 
 
Effective thickness of the laminated glass for calculating out-of-plane bending deflection, 

 
 

The effective moment of inertia, 

 
 

Can also be calculated as, 

 
The glass component is calculated as fully restrained, resulting in the following deflection formula, 

 
 

The effective thickness for calculation the stress of glass ply number j is, 

 
Section modulus, 

 

Max bending stress, 
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Results 

The key value of the simplified hand calculation is to show how it can be applied and whether it can 

be applied to point fixed balustrades. The reason is mainly because the engineers need a simplified 

method for checking the construction prior to more complex calculations (Galuppi & Royer-Carfagni, 

2012).  

The maximum stresses are concentrated around the holes of the balustrade and the simplified 

calculations are calculated at the fully restrained position, which is distributed linearly across the 

width, preventing the peak stresses from being obtained. The aim of this study was to compare the 

simplified methods with SJ Mepla, two very different methods. Thus, the stresses in ULS are also 

compared with a more suitable stress position of the balustrade, located at the same design height 

as the simplified methods (hd=1,15 m) and 50 mm next to the hole to avoid the stress concentration, 

as shown in Figure 23.  

 

Figure 23. Position of stresses 

The difference between the stresses obtained by SJ Mepla and the stresses from the simplified 

method can be seen in Figure 24.  

 

Figure 24. Stress result comparison between Simplified Hand-Calculations and SJ Mepla in the ULS 
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As seen in Figure 24, the maximum stresses obtained in SJ Mepla (Holes) are a lot higher than the 

stresses obtained from the SJ Mepla (Design Height) and the simplified methods. This is because this 

method considers the stress concentration around the holes, which highlights the significance of FE-

based methods as they estimate the actual point-fixed balustrade more accurately. 

 

Figure 25. Deflection result comparison between Simplified Hand-Calculations and SJ Mepla in the ULS 

 

Figure 26. Deflection result comparison between Simplified Hand-Calculations and SJ Mepla in the SLS 

As seen in Figures 25 and 26, the most similar method of the two simplified methods when 

compared to SJ Mepla, is the approach suggested and based on the work by Bennison and Wölfel. 

However, the Pr-EN16612 method gives less similar but safer values compared to the results of W-B 

method. 
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6.4.2 Parametric Study 
In order to investigate the effect of the interlayer on the performance of laminated glass balustrades 

a parametric study using FE-analysis was carried out, in which the maximum stresses and deflections 

for several variations were calculated, see Figures 27-32 and Tables 17 and 18.  

The interlayers tested were Polyvinyl Butaryl (PVB) and SentryGlas® (SG), as their Young’s modulus 

differs greatly, as seen in Table 3-5. Calculations were made for five different configurations, two 

plies of 4 mm, 6 mm, 8 mm, 10 mm or 12 mm thick glass, and two different fixing configurations, 

either 4- or 6-point-fixed. Additionally, three interlayer thicknesses were tested, 0,76 mm for PVB, 

0,89mm for SG and 1,52 mm for both. The thicknesses were chosen because 0,76 mm, 0,89 mm and 

1,52 mm are the ones that are manufactured for PVB and SG. Some values that were kept static in 

the tests were the width (1200 mm), height (1400 mm), fixing geometry (see Figure 13 and Table 

16), the hole size (26 mm), fixing size (50 mm) and the load (1,0 kN/m).  

 4-Point-Fixed 6-Point-Fixed 

x 100 mm 100 mm 

y 100 mm 100 mm 

CCx 1000 mm 500 mm 

CCy 150 mm 150 mm 
Table 16. Fixing Geometry 
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Results 

 

Figure 27. Deflections for configurations with 0,76mm PVB or 0,89mm SG interlayer 

 Deflections [mm] 

Configuration 6 Point-Fixings 
(PVB) 

6 Point-Fixings 
(SG) 

4 Point-Fixings 
(PVB) 

4 Point-Fixings 
(SG) 

4+4 334,09 209,71 426,80 234,85 

6+6 116,82 72,47 139,98 84,46 

8+8 56,09 33,66 70,21 40,74 

10+10 31,47 18,62 40,22 22,89 

12+12 19,63 11,64 25,25 14,47 
Table 17. Deflections for configurations with 0,76mm PVB or 0,89mm SG interlayer  
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Figure 28. Deflections for configurations with 1,52mm PVB or SG interlayer 

 Deflections [mm] 

Configuration 6 Point-Fixings 
(PVB) 

6 Point-Fixings 
(SG) 

4 Point-Fixings 
(PVB) 

4 Point-Fixings 
(SG) 

4+4 313,77 174,41 364,61 196,75 

6+6 120,02 64,19 144,40 75,77 

8+8 54,40 30,84 73,91 37,62 

10+10 33,91 17,47 43,02 21,61 

12+12 21,35 11,09 27,25 13,88 

Table 18. Deflections for configurations with 1,52mm PVB or SG interlayer 

As is shown in the diagrams the difference in deflection is great between SG and PVB, and as 

expected the thickness of the glass significantly influences the size of the deflection.  
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Figure 29. Stresses for 4-point-fixed configurations with 0,76mm PVB or 0,89mm SG interlayer  

 
Figure 30. Stresses for 4-point-fixed configurations with 1,52mm PVB or SG interlayer 
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Figure 31. Stresses for 6-point-fixed configurations with 0,76mm PVB or 0,89mm SG interlayer 

 
Figure 32. Stresses for 6-point-fixed configurations with 1,52mm PVB or SG interlayer 
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In the calculations a SG interlayer always results in lower stresses than a PVB interlayer. A thicker 

interlayer, however, only seems to reduce the stress marginally. On the other hand, the thickness of 

the interlayer potentially increases the residual capacity of the glass balustrade resulting in a safer 

post-breakage behavior (Haldimann, et al., 2008).   

An increased glass thickness greatly reduces the stresses and the main conclusion of this study is 

that thicknesses lower than 10+10 mm are always on the unsafe side. In addition, as expected the 

number of fixings significantly influences the stresses.     

Young’s Modulus & Interlayer Thicknesses 

The deflection of glass balustrades is strongly dependent on the value of the Young’s modulus of the 

interlayers. In the analysis shown above, the deflection of the glass balustrade with PVB thicknesses 

of 1,52 mm is greater than at 0,76 mm. Analysing this in SJ Mepla it was found that the thickness of 

the interlayers has a positive influence on deflection at a Young’s modulus somewhere between and 

higher values of 30,83 -34,02 MPa, see Table 19 below. 

G/E [MPa] Deflection [mm] Δ Deflection [mm] 

 tfoil = 0,76 mm tfoil = 1,52 mm  
20/61,67 7,03 6,87 0,16    

15/46,25 7,21 7,12 0,09    

14/43,17 7,26 7,18 0,08    

13/40,08 7,31 7,26 0,05    

12/37 7,37 7,34 0,03    

11/34,02 7,44 7,42 0,02 

10/30,83 7,51 7,53 -0,02 
Tabell 19. SJ Mepla (SLS) 

For Trosifol Clear, Young’s modulus between the range of 30,83 -34,02 MPa are values for a loading 

time of about 1-2 second at a temperature of 20 °C (Kuraray - Trosifol PVB, 2019).  The stress is 

reduced with increasing thickness of the PVB film, but it is a very marginal variation and therefore 

negligible, see results from the numerical studies. Therefore, it does not seem necessary for PVB 

films to have a thickness of 1,52 mm and that thicknesses less than 1,52 mm can be used instead, as 

the results are thereby improved (i.e. lower deflection) according to the calculations in SJ Mepla. 

Interlayers with a Young’s modulus of more than 34,02 MPa (SG, Stiff PVB etc.), on the other hand, 

have a favourable effect (i.e. reduced stress and deflection) on the results obtained with SJ Mepla 

and should therefore be used with larger thicknesses.  

The Wölfel-Bennison approach to determining the deflection of the glass balustrade shows a similar 

result to the SJ-Mepla results (Young’s modulus of between 34,02-37 MPa) as shown in Table 20.  
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G/E [MPa] Deflection [mm] Δ Deflection [mm] 
 

tfoil = 0,76 mm tfoil = 1,52 mm 
 

20/61,67 5,213 5,01 0,203 

15/46,25 5,329 5,215 0,114 

14/43,17 5,362 5,273 0,089 

13/40,08 5,399 5,339 0,06 

12/37 5,443 5,415 0,028 

11/34,02 5,494 5,505 -0,011 

10/30,83 5,555 5,611 -0,056 
Tabell 20. W-B approach (SLS) 

6.4.3 Tests of Balustrades on the Swedish Market 
Two glass balustrades sold on the Swedish market were investigated, see Tables 21-23. The 

conditions used were the following:  

 Category – C4 (Areas for physical activities e.g. dancehalls & gymnasiums) 

 A line load of 1,0 kN/m horizontally at the top of the balustrade. See Table 11. 

 Indoor (no wind) 

 Fully toughened glass (FTG)  

Parameters Balustrade A Balustrade B 
 

Number of Fixings 4 4 

h 1350mm 1400mm 

b 1300mm 1300mm 

x 100mm 150mm 

y 50mm 100mm 

CCx 1100mm 1000mm 

CCy 150mm 150mm 

   

Composition 6+6mm 10+10mm 

Interlayer 0,76mm - PVB, 1min & 20°C 1,52mm - PVB, 1min & 20°C 

Fixings 45mm 50mm 

Hole diameter 22mm 26mm 

fk (characteristic bending 
strength) 

120MPa 120MPa 

fd (design bending strength) 84,75MPa 84,75MPa 
Table 21. Parameters and criteria for Balustrade A and B. 

 Stress [MPa] Deflection [mm] 

ULS 397,38 - 

SLS - 56,63 
Table 22. Results Balustrade A 

 Stress [MPa] Deflection [mm] 

ULS 131,48 - 

SLS - 14,20 
Table 23. Results Balustrade B 
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Outcome for Balustrade A & B 

Calculations in Mepla showed that none of the balustrades were able to fulfill the stress 

(<84,75MPa) or deflection (L/100) criteria of Pr-EN 16612 (CEN, 2017).  

Proposed Balustrades 

Two different configurations were tested, both with a SentryGlas® interlayer, due to the great post-

breakage behavior of the interlayer and increased bending resistance. The balustrades’ 

specifications and calculation results are listed in Table 24-26.  

Parameters 
 

Balustrade 1 Balustrade 2 

Number of fixings 4  6 

h 1400mm 1400mm 

b 1100mm 1300mm 

x 150mm 100mm 

y 100mm 100mm 

CCx 800mm 550mm 

CCy 150mm 150mm 

   

Composition 10+10mm 10+10mm 

Interlayer 1,52mm - SG, 1min & 20°C 1,52mm - SG, 1min & 20°C 

Fixing diameter 50mm 50mm 

Hole diameter 26mm 26mm 

fk (characteristic bending 
strength) 

120MPa 120MPa 

fd (design bending strength) 84,75MPa 84,75MPa 
Table 24. Parameters and criteria for Balustrade 1 and 2. 

 Stress [MPa] Deflection [mm] 

ULS 79,18 - 

SLS - 6,47 
Table 25. Results Balustrade 1 

 Stress [MPa] Deflection [mm] 

ULS 75,95 - 

SLS - 5,95 
Table 26.  Results Balustrade 2 

As the results demonstrate both balustrades show lower maximum stresses than the required < 

84,75MPa. The deflection is also lower than the deflection limit set by different European countries 

of 15mm, 20mm, 25mm (Baidjoe, et al., 2018) or L/100 (Feldmann, et al., 2014). 
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7. Discussion & Conclusion 

7.1 General Discussion 
In this study, analyses were carried out to contribute to the assessment of point-fixed glass 

balustrades. The benefits of using FE software in the design of point-fixed glass balustrades, 

important parameters and properties, some insights into the behavior of laminated glass 

components were presented. 

From this study great benefits in using FE-software could be seen, such as how it is possible to 

accomplice a great level of detail in the analysis, far greater than any available simplified hand-

calculation method. However, the results depend very much on a correct balustrade setup (i.e. 

boundary conditions, loads, geometries, calculation options and other parameters). This can be hard 

at first but becomes easier by simply working with the software.  

Additionally, the purpose of this study was also to analyze the different point-fixed balustrades on 

the Swedish market. In the analysis it could be seen that the glass thicknesses in these balustrades 

seemed too thin. This is discussed further in this chapter, together with the fixing geometry and 

interlayer types.  

7.1.1 Summary of Possible Improvements 
As shown in the study, the point-fixed balustrade has small fixings and holes have been cut in the 

glass, inducing higher stresses in the glass compared to other fixing types. Despite this, the fixing 

type is popular as it leaves a small visual impact. Fortunately, several improvements have been 

found in the research and analysis of glass balustrades that can be implemented to create a safer 

balustrade that can meet the upcoming Eurocode requirements. 

Some of the improvements seem trivial, for example that additional fixings should secure a pane, 

but the best improvement is simply to use a stiffer interlayer. Not only does it reduce the maximum 

deflection and stress, but it also adds residual capacity to the frameless balustrade. A point-fixed or 

one-edge-supported balustrade with a PVB interlayer has no residual capacity after both panes in a 

laminated glass are broken. A stiffer and stronger interlayer keeps the balustrade standing post-

breakage and can still act, to a certain extent, as a barrier. To emphasize how quickly glass 

balustrade have evolved it could be mentioned that only a few years (O'Regan, 2015) ago monolithic 

glass was commonly used, and today laminated glass is the standard. The future of glass balustrades 

in Europe may look like the norms New Zealand enacted in 2016. The norms state that frameless 

glass balustrades (without an interlinking railing) must consist of a laminated glass with a stiff 

interlayer (Standards New Zealand, 2016).  

Another way of reducing the maximum deflection and stress is to increase the glass thickness, but 

this works up to a certain point before the components become too heavy. A 1,2 x 1,4 m laminated 

glass with a thickness of 21,52mm weighs roughly 85 kg. Therefore, it is more reasonable to use 

stiffer and stronger interlayers instead. 
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7.1.2 FE-Analysis 
Even though FE-software greatly improves the possibilities for analyzing glass balustrades there are 

still many parameters that can cause imprecise calculation results. In the sensitivity analysis it was 

shown that in regard to deflection, the Young’s Modulus was the main influencer. Even though the 

changes of the modulus were small compared to real-world variations (the modulus can change with 

several hundred percent depending on load duration and temperature) it was one of the main 

influencers of the maximum stress as well. It is therefore important to take this change into account 

when designing glass balustrades. The engineer must determine the actual load and climactic 

conditions affecting the balustrade to be able to accurately analyze it with a FE-software. A outdoor 

balustrade in Sweden can realistically experience temperature changes from -20°C to +30°C which 

results in a Young’s Modulus change between 500MPa and 1,4MPa (Kuraray - Trosifol PVB, 2019) 

affecting the behavior of the balustrade drastically. 

7.1.3 Simplified Hand-Calculations 
As already mentioned, the simplified manual calculation does not include some critical parameters 

and should therefore be approached cautiously. Especially for point-fixed balustrades, as there is not 

enough evidence that this is a suitable method. For instance, the Pr-EN16612 method does not 

include parameters such as the width and length of the glass panes. 

Since it is calculated as fully restrained, the maximum stress is lower than the results in SJ Mepla. 

This is due to the fact that the maximum stress is concentrated around the holes of the balustrade, 

and the maximum stress is instead calculated at the fully restrained position, which is distributed 

linearly across the width, reducing the maximum stresses. 

It seems that the W-B method is the most appropriate approach to calculate the deformation. A 

possible explanation for the deflection difference is that the dead weight is not included in the 

calculation, which reduces the deflection result, compared to a point-fixed glass balustrade 

calculated in SJ Mepla that takes into consideration the dead weight. This could be further evaluated 

by conducting tests in SJ Mepla without dead weight. 

Simplified hand calculations still have a long way to go before they are comparable with other 

commonly used calculation methods, for example those for steel and wood. To make glass more 

general as a load-bearing material, more norms and standards for simplified calculations must be 

available, and they must be completely trustworthy.  

7.1.4 Practical Tests & Calculations 
Practical tests generally made by the manufacturers, cannot substitute structural calculations 

according to standards and norms performed by engineers. This is because of the many safety 

factors put on both the material and loads to ensure the safety of the balustrade. Additionally, the 

tests do not combine different loads acting simultaneously on the balustrade, such as wind and line 

load, something that is at the core of design according to the Eurocodes. This implies that 

balustrades can pass a practical test but still not be able to fulfill the criteria set by the Eurocodes.  

The control of the structural performance of glass balustrades can sometimes enter a gray area 

between the manufacturer and the engineer, but it should be stressed that it is always the 

responsibility of the engineer to ensure the structural safety of the balustrade.  
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7.2 Conclusion & Main Remarks 
A list of the main remarks from the study has been made to hopefully help engineers in their work.  

List of Main Remarks 

 Parametric study shows that the number of fixings (4 or 6) has smaller impact on the 

stresses and deflections than the type of interlayer (PVB or SG), as can be seen in Section 

6.4.2.  

 To make glass more generally applicable as a load-bearing material, the limitations of the FE-

software and the simplified hand-calculations, and how the parameters affect the 

calculation results needs to be taken into consideration. 

 The engineer must take the temperature and load dependent properties of the interlayer’s 

Young’s Modulus into account when designing glass balustrades.  

 

There are still many uncertainties facing an engineer when designing glass balustrades. However, 

from this study it can be shown that the FE-approach is a great method for performing relatively fast 

and easy verifications for glass balustrades. With the FE-approach an accurate analysis can be 

performed given that a correct setup is made, and appropriate parameters are chosen.  

The structural analysis of the point-fixed glass balustrades on the Swedish market indicated a lower 

stress and deflection resistance capacity than the pre-normative Eurocode criterion. As mentioned in 

the discussion of possible improvements and the results from section 6.4.3, these glass balustrades 

with point fixings do not meet the stress and deflection criteria of PrEN16612. Based on calculations 

carried out in SJ Mepla, a glass balustrade with point-fixings meets the criteria when the laminated 

glass thicknesses are of 10+10 mm with a stiff interlayer (e.g. stiff PVB, SG etc.) of 1,52 mm or 

thicker.  

The future Eurocode for structural glass will provide a needed reference point for engineers, but the 

simplified hand-calculations derived from the pre-normative standards, is at the moment criticized 

for being over-simplified. Engineers must, for the time being, still use several different verification 

methods to verify the structural performance of point-fixed glass balustrades.  
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7.3 Further Studies 
There are several interesting topics within the subject that warrant further studies. A list of the most 

notable findings from the study was compiled to provide examples for further studies. 

 Further studies showing the effects of using thinner/thicker interlayers compared to 0,76 

mm and 1,52 mm could be carried out and also showing the impact of other parameters, 

such as different loads etc. 

 

 The analysis of the Simplified Hand Calculations, Section 6.4.1, did not include many 

calculation comparisons, requiring further investigation. The simplified methods for 

calculating stresses could also be compared to a linear, edge-supported glass balustrade in 

SJ Mepla for more accurate results, since the maximum stresses are concentrated around 

the holes for a point-fixed glass balustrade. In addition, more simplified hand-calculations 

methods and FE comparisons could be included for better in-depth analysis on this topic. 

 

 Further investigation of FE-analysis of a point-fixed balustrade. A comparison between a 

several practical tests and a FE-model needs to be studied.  

 

 As shown both in the simplified calculation results and in the results of SJ Mepla, it can be 

difficult for glass balustrades with point-fixings to meet the deflection limits described in SLS 

for different standards. For example, the maximum deflection limit is 15 mm in Belgium, 20 

mm in the Netherlands and 25 mm in the United Kingdom (Baidjoe, et al., 2018). 

Comparison studies of glass with different materials standards, norms could be interesting 

to determine relevant criterions, such as the deflection limit. 
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Appendix A 
Protocol of calculation and load-cases for Balustrade 1.  

SJ MEPLA Calculation protocol: 

Geometry: 

Edge Borderpoint Arccenter Direction of rotation 

  mm  mm  mm  mm  +/-   

1 0.00 0.00 

2 1100.00 0.00 

3 1100.00 1400.00 

4 0.00 1400.00 

 
Supports: 

 

Spring supports: 

Package Layer x y z C_x C_y C_z C_φ C_θ 

  mm  mm  mm  N/mm  N/mm  N/mm  Nmm  Nmm 

1 1 0.0 0.0 0.0 1.000e+00 1.000e+00 0.000e+00 0.00e+00 0.00e+00 

1 1 1100.0 0.0 0.0 0.000e+00 1.000e+00 0.000e+00 0.00e+00 0.00e+00 

 
 

Point fixings: 

Position of point fixings: 

------ Position -------- -- Spring rigidities at base point of the point fixing --- 

Reference x y z C_x C_y C_z C_φ C_θ 

  mm  mm  mm  N/mm  N/mm  N/mm  Nmm/rad  Nmm/rad 

1 950.00 250.00 10.00 1.000e+01 1.000e+06 1.000e+06 1.000e+10 1.000e+10 

1 950.00 100.00 10.00 1.000e+01 1.000e+01 1.000e+06 1.000e+10 1.000e+10 

1 150.00 250.00 10.00 1.000e+06 1.000e+06 1.000e+06 1.000e+10 1.000e+10 

1 150.00 100.00 10.00 1.000e+06 1.000e+01 1.000e+06 1.000e+10 1.000e+10 

 

  

• Project: Dimensionering - Balustrade 1 
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Kind of point fixing: 

Type Radius Radius E-modul E-modul Thickn. Thickn. Height Radius 

Reference Bush Disk Shim Bush Shim Bush Cone Cone 
 

  mm  mm  N/mm²  N/mm²  mm  mm  mm  mm 

1 2 13.00 25.00 60.00 500.00 3.00 2.00 - - 

 
 

Point fixing reference: 

Reference Manufactor/Name 

1 DiskFixing 

 
 

Force transmittance mechanisms at the bore hole rim: 

Point fixing type 2: All layers are lying in contact with the bush 

 
 

Contact settings: 

Without contact approaches between bush resp. edgeprotection and glass 

Without contact approaches between shim and glass 

 

Layers: 
 

Layer order: 

Package  Layer  Description   

1 3 Glass, fully toughened 

1 2 SG5000 20°C ASTM 1 min 

1 1 Glass, fully toughened 

 
 

Mechanical properties: 

Package Layer E-mod. ν Thickness Density αt ΔT 

  N/mm²  mm  kg/m³  1/K  K_ 

1 3 70000.00 0.23 10.00 2550.00 1.0000e-05 0.00 

1 2 567.00 0.49 1.52 950.00 1.5000e-04 0.00 

1 1 70000.00 0.23 10.00 2550.00 1.0000e-05 0.00 
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Loads: 

 
Line loads: 

 

Package -- from -- --- to --- qx qy qz 

  x  y  x  y  N/mm  N/mm  N/mm_ 

1 0.00 1400.00 1100.00 1400.00 0.00 0.00 -1.00 

 

Constant and linear increasing faceloads: see loadcase 

 
 

Dead weight: 

Inclination of pane: 0.00° degree 

Direction vector of gravity acceleration [g = 9.81 m/s²]: 

  ex  ey  ez_ 

0.00000 -1.00000 0.00000 

 
Calculation approaches: 

large deflections, non-linear, (transversal to the plane surface) 

static calculation 

 
Characteristics of the finite element mesh: 

Element size : 40.0 mm 

Number of elements : 1581 

Number of nodes : 5569 (per package) 

Number of unknown : 50105 
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───────────────────────────────────────────────────────────────────── 

• Glass structure and strength, prEN 16612 

───────────────────────────────────────────────────────────────────── 

 
 

Package Glass type   

1 Glass, fully toughened FT 

 
 

-------------- k_mod (K) --------------- 

Paket  g  w  s  l  q ΔpΔT  ΔH_ 

1 0.29 0.74 0.48 0.89 0.89 0.39 0.29 

 
 

(A) (C) (D) (E) (F) (G) (H) (I) (J) 

Package  fk   C  k_sp_ E_ F_ k_v  k_z  k_c LSG k_lsg_ 

1 120.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 ✔  1.00 

 
 

Design formula: 

Rd = K*D*45./1.8 + G*(A-45.)/1.2 

 
  

• Project: Dimensionering - Balustrade 1 
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───────────────────────────────────────────────────────────────────── 

• Loadcase combination 

───────────────────────────────────────────────────────────────────── 

 
 

Description  outside/top  inside/bottom   

q(1) = Line loads -1.00 [kN/m] 

g = Dead weight α = 0.0° 

 
 

LC  Description   

1 +1.35g+1·E_Foil 

2 +1.35g+1.50q(1)+1·E_Foil 

3 +1.00g+1·E_Foil 

4 +1.00g+0.50q(1)+1·E_Foil 

 
LC  DW  Wind  Snow  Line Point  Climate  Shear  Proof   

1 1.35 0.00 0.00 0.00 0.00 0.00 0.00 1.00 ULS 

2 1.35 0.00 0.00 1.50 0.00 0.00 0.00 1.00 ULS 

3 1.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 SLS 

4 1.00 0.00 0.00 0.50 0.00 0.00 0.00 1.00 SLS 
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───────────────────────────────────────────────────────────────────── 

• Calculation results - utilization - until loadcase 4 

───────────────────────────────────────────────────────────────────── 

 
• Ultimate Limit State, ULS 

 

Package Layer Side  Region  Loadcase  σ  σ_limit  %  OK/NOK_ 

1 3 (top) Area 2 79.18 84.75 93.43 ✔  

(bottom) Area 2 19.54 84.75 23.06 ✔  

1 1 (top) Area 2 30.04 84.75 35.44 ✔  

(bottom) Area 2 42.59 84.75 50.26 ✔  

 

• Serviceability limit state, SLS 
 

Package Loadcase  x  y  mm  %  OK/NOK_ 

1 4 (max) 550.00 0.00 0.22 0.45 ✔  

4 (min) 550.00 1400.00 -6.47 12.95 ✔  
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───────────────────────────────────────────────────────────────────── 

• Loadcase result 

───────────────────────────────────────────────────────────────────── 

 

• [1] +1.35g+1·E_Foil 

Package Layer  Ed  <_Rd  OK/NOK_ 

1 3 Area 0.60 69.75 ✔  

Area 0.60 69.75 ✔  

1 1 Area 0.60 69.75 ✔  

Area 0.60 69.75 ✔  

• [2] +1.35g+1.50q(1)+1·E_Foil 

Package Layer  Ed  <_Rd  OK/NOK_ 

1 3 Area 79.18 84.75 ✔  

Area 19.54 84.75 ✔  

1 1 Area 30.04 84.75 ✔  

Area 42.59 84.75 ✔  

• [3] +1.00g+1·E_Foil 

Package  w  <_wd  OK/NOK_ 

1 (max) 0.00 50.00 ✔  

(min) | -0.00| 50.00 ✔  

• [4] +1.00g+0.50q(1)+1·E_Foil 

Package  w  <_wd  OK/NOK_ 

1 (max)      0.22    50.00 ✔  

    (min)     -6.47    50.00  ✔  

 

 
 

This protocol was created using SJ MEPLA. Copyright 2000-2019 by SJ Software GmbH Aachen, Germany. 
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