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SUMMARY 

 
The introduction of toughened glass into the construction industry has had several significant 
consequences. For the first time, glass panels can be used without continuous edge supports, 
and as a result can be used as load-bearing element. An excellent and very common 
example of the use of glass as structural element is a freestanding glass balustrade.  
 
During an undergraduate investigation, a number of impact tests were performed on 
continuous supported freestanding glass balustrade panels at the University of Stellenbosch 
[6]. It was observed that none of the balustrade panels complied with the guidelines for impact 
loading stipulated in the SABS [7] loading standards. The failure to meet the loading 
requirements highlighted the need to investigate the design of glass balustrades. 
 
This thesis describes the investigation undertaken to determine the static- and dynamic 
loading capacity of freestanding glass balustrades. Following a review of South African and 
international design standards, the static- and dynamic material properties of toughened glass 
was established by means of a laboratory test series. The laboratory test series consisted of 
both a destructive laboratory test series and finite element analysis, the outcome of which 
determined the static- and dynamic material properties of toughened glass. The series also 
included the influence of different connection types.  
 
A second phase employed the identified material properties of toughened glass to determine 
the loading capacity of full-scale balustrades. Using finite elements each balustrade set-up 
was loaded as required by the relevant South African loading standards. The finite element 
analyses identified which balustrade set-ups could resist the required imposed loads.  
 
Finally, a second laboratory test series was undertaken, the aim of which was to verify the 
finite element results. The successful resistance of the tested balustrade set-ups confirmed 
the finite element model.  
 
Recommendation to the existing design- and loading standards are made based on the 
results of the thesis. 
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OPSOMMING 
 

Die daarstelling van versterkte glas in die konstruksie bedryf het belangrike gevolge gehad. 
Vir die eerste keer kan glas panele sonder aaneenlopende rand-ondersteunings gebruik word 
en kan dus as las-draende element gebruik word. ‘n Uitstekende en allerdaagse voorbeeld 
van die gebruik van glas as strukturele element, is ‘n vrystaande glas balustrade.  
 
Tydens ‘n voorgraadse studie, by die Universitiet van Stellenbosch, is ‘n aantal impak-toetse 
op aaneenlopend-ondersteunde vrystaande glas balustrades uitgevoer [6]. Daar is bevind dat 
geen van die getoetsde balustrades aan die impak belastingsriglyne, soos uiteengesit in die 
SABS 0160 [7] belastingstandaarde, voldoen nie. Hierdie resultate het die noodsaaklikheid 
van ‘n ondersoek na die ontwerp van glasbalustrades geїdentifiseer. 
 
Hierdie verhandeling beskryf die ondersoek wat ingestel is om die statiese- en dinamiese las 
kapasiteit van vrystaande glas balustrades vas te stel. Na afloop van ‘n literatuur studie van 
die Suid Afrikaanse en internationale ontwerp kodes, is die statiese- en dinamiese material 
eienskappe van versterkte glas met behulp van n laboratorium toetsreeks bepaal. Die 
laboratorium toetsreeks het uit destruktiewe toets sowel as uit eindige element analises 
bestaan, waarvan die uitslae die statiese- en dinamiese materiaal einskappe van versterkte 
glas bepaal het. Die invloed van verskillende aanhegting tipes is ook vasgestel. 
 
In ‘n tweede fase is die geїdentifiseerde materiaal eienskappe van versterkte glas aangewend 
om die belastings kapasiteit van n vol-skaal balustrade vas te stel. Deur eindige elemente te 
gebruik is elke balustrade opstelling belas soos vereis deur die relevante Suid Afrikaanse 
belastingstandaarde. Die uitslae van die eindige element analiese het geїndentifiseer watter 
balustrade-opstellings die vereiste voorgeskrewe belasting kan weerstaan.  
 
Laastens is ‘n tweede reeks toetse uitgevoer, met die doel om die eindige element uitslae te 
verifieer. Die suksesvolle weerstand van die getoetsde balustrade-opstelling het die resultate 
van die eindige element model bevestig. 
 
Gebaseer op die resultate van die tesis, word voorstelle vir die verbetering op die bestaande 
ontwerp-en-belasting standaarde gemaak.  
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CHAPTER 1 
INTRODUCTION  
 
 
Glass is a material that has always inspired architects and engineers. Designers have used it 
to realize the seamless transparent skin and to create clear yet load bearing walls and 
facades. 
 
Glass made its first appearance in Europe as structural element in the mid 19th century, 
based on ingenious methods of exploiting iron and glass prefabrication, in the form of metal-
glass domes and roofs of train stations [1]. In 1959, this construction technique transformed 
dramatically with the introduction of the float process by Pilkington. For the first time the 
technology required to produce affordable large panes was available. The introduction the 
floating process led to the discovery of toughened glass, which would eventually make 
structural transparent structures a reality. Toughened glass is up to five times stronger than 
ordinary float glass. For the first time glass, panels could be used without linear edge 
supports. 
 
In the past, glass was designed with very high safety factors [2], but as structural engineers 
and architects began to understand its characteristics more fully, and as methods of 
toughening became more sophisticated, the idea of glass as structural element became more 
realistic.     
 
Today, concerns to conserve natural energy and reduce the greenhouse effect in the earth's 
atmosphere have led to designs that combine seamless transparent skins with high 
performance environmental control. New responsive glass facades use self-regulating 
thermal protection and solar control measures to adapt in a dynamic way to changing light 
and weather conditions. In this way, they meet the needs of building users while reducing 
energy consumption levels. [3] A self-cleaning glass produced by Pilkington, originally 
developed for aircraft windscreens, is now available for use in external windows. The glass, 
coated with microscopic chemical coatings has properties that repel moisture and dirt, 
allowing them to be washed away during normal rainy weather.  
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1.1 GLASS AS ENGINEERING MATERIAL 
 
 
Introduction 
 
In contrast to certain transparent plastic materials, glass has the advantage of durability and 
resistance to corrosion and high temperature, and as modern architecture shows, the use of 
glass, especially in facades, has become very popular [4].  
 
Traditionally, from a structural engineer’s point of view, glass is a non-load bearing material. It 
is three times weaker than steel and has a brittle mode of fracture. For this reason, glass 
never formed part of the structural supporting system, and was always used in conjunction 
with linear edge supports. However, with the introduction of toughened- and laminated glass 
into the construction market, glass has evolved from a transparent room enclosure to a 
structural load-bearing element.  
 
 
Annealed glass 
 
Annealed- or float glass is formed by heating the ceramic material to an elevated temperature 
at which melting occurs, and then slowly cooling it to room temperature where the glass 
appears to be in a rigid state [5]. The result is a glass, which is brittle, relatively hard with a 
low ductibility. When broken produces shards, which are harmful. This is the most common 
form of glass, used for windows.  
 
One process by which sheet glass is formed is illustrated in figure 1.1. Flatness and the 
surface finish is significantly improved by floating the sheet on a bath of molten tin the piece is 
then slowly cooled and subsequently heat treated by annealing [5].  
 

 
 
Figure 1.1 The float process [46] 
 
 
Toughened glass 
 
Toughened glass is regarded as structural glass, since it is up to five times stronger than 
ordinary annealed glass. The increase in strength is as a result of an induced compressive 
strength, which is accomplished through thermal - or chemical toughening. Thermal 
toughening is the most common, and ultimately produces the best results [2]. With this 
procedure, a glass panel is heated to the glass transition temperature, and then rapidly 
cooled to room temperature. Initially, the surface cools more rapidly and once having dropped 
to a temperature below the strain point of glass becomes rigid. Overtime, the interior contracts 
to a greater degree than the now rigid exterior will allow. Consequently, after the glass panel 
has cooled to room temperature it sustains a compressive stress on the surface with a tensile 
stress at the interior (figure 1.2). This parabolic stress distribution forms towards the middle of 
the glass panel, away form any edges or holes.  
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Figure 1.2 Residual stress distribution over the depth of a toughened glass panel [5] 
 
 
To cause fracture of a toughened glass piece, the magnitude of the externally applied tensile 
stress must be great enough to first overcome the residual surface compression, and in 
addition, to stress the surface in tension sufficiently to initiate a crack. A panel of toughened 
glass breaks at once over the whole area when a crack propagates into the tensile zone in 
consequence of the rapid release of the strain energy built up in the glass.  
 
 
Laminated glass 
 
Laminated glass consists of two or more sheets of glass, annealed glass or tempered glass 
are bonded together with one or more polyvinyl butyral (PVB) interlayers in sheet form. The 
sheets are heated in an electronically heated autoclave to 140°C at a pressure of 12 bar for 
six hours removing the air between glass and interlayer. Under impact, the laminated glasses 
may fracture but any broken fragments will remain firmly bonded to the interlayer. Laminated 
glass is considered as security glass. A broken laminated glass can be left in place until 
replacement is convenient.  
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1.2 BACKGROUND TO INVESTIGATION 
 
The introduction of toughened glass into the construction industry has had several significant 
consequences. For the first time, glass panels can be used without linear edge supports, and 
as a result can be used as load-bearing element.  
 
An excellent and very common example of the use of glass as structural element is a 
freestanding glass balustrade.  
 
What is a freestanding glass balustrade? 
A freestanding glass balustrade is a barrier where there are no vertical or horizontal 
supporting members, or balusters. Each balustrade panel is fixed to the structure along its 
bottom edge, the designer determines whether it is point- or continuously supported. In this 
type of balustrade, the glass is designed to withstand all the design loads as required by the 
loading code. 
 

 
 
Figure 1.3 Example of freestanding glass balustrade  
 
Here, for the first time, the glass must be able to sustain static- or impact loads (as required 
by the loading standard) whilst the old-fashioned continuous glass balustrade could simply 
distribute the force to the linear edge supports.  
 
During an undergraduate investigation, a number of impact tests were performed on 
continuous supported freestanding glass balustrade panels at the University of Stellenbosch 
[6]. The balustrade panels were constructed according to guidelines set out in supplier 
documentation because of the inconsistency of the existing South African design standards. 
These panels were subjected to the static- and impact loading requirements as set out in the 
loading codes. It was observed that none of the balustrade panels complied with the 
guidelines for impact loading stipulated in the SABS [7] loading standards. The failure to meet 
the loading requirements highlighted the conservative nature of the design standards, and 
reinforced the need for urgent attention.    
 
Some suppliers have produced guidelines and design rules based on trail and error. The 
predicament herein lies that, since a balustrade is defined as a railing guarding a change in 
level to prevent people from falling, balustrades are often situated in places where human 
safety is of concern. 
 
The inability of glass balustrades to meet actual imposed loads can result in serious injuries 
and, in some cases, loss of life. Therefore, the development and elaboration of the existing 
design- and loading design standards for structural glass is necessary. 
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1.3 PURPOSE OF THE STUDY  
 
1.3.1 PROBLEMS WITH EXISTING DESIGN STANDARDS 
 
Michael Wigginton [1] summarises the current problems surrounding designing with glass, 
which equally summarizes the limitations of glass balustrades. 
 
“Glass structures are developing rather in the way that stone structures developed in the 
middle ages, by pragmatism and trail and error. Engineers, who invariably have to stand 
responsible for structural failure, have no real codes or structural data to design with, and are 
forced into accepting the recommendation of the glassmakers, or into a programme of testing 
which demonstrate that a proposal is sound. This usually means the construction of 
prototypes, the cost of which may deter an otherwise enthusiastic client.”- Michael Wigginton 
 
The only way of addressing the above mentioned limitations, is by the formulation and 
inclusion of design guidelines, which would assist in the designing of structurally correct 
freestanding balustrades. An evaluation of existing design standards reveals a number of 
incomplete areas otherwise fundamental to the effective design and construction of the 
freestanding balustrades. The glass balustrade design process is controlled by three 
standards, each playing a vital role in the proper design and construction of the freestanding 
glass balustrade. The three standards are: 

• Standard for handrailing and balustrading  
• Standard for safety glass classification and the 
• Standard for loading requirements 

 
The limitations to the glass balustrade design process are listed below under each of the 
standards. 
 

• Insufficient handrailing and balustrading design guidelines 
 

Little reliable information in the South African codes exists concerning the design of 
freestanding glass balustrades. The information that is currently documented in the standards 
is incomplete in that:   

• No distinction between one-, two- or three sided supported balustrade-,  
• No indication of when a handrail should be installed or how it should be 

attached to the balustrade- or neighbouring panels-, 
• No guidance to glass type or thickness- and 
• No guidance how panel should be attached to the support is provided 
• No requirement for containment 

 
 

• Ambiguous material classification 
 
Where human impact on glazing material is of risk, the South African loading standard [7] 
requires that a simulated impact be delivered by means of a 45 kg lead shot impactor swung 
from a specified height of 400 mm. The standard requires that the material when impacted to 
break in a “safe” manner, which is not harmful to humans. (Cutting piercing) In a freestanding 
balustrade, the glass may fail in a “safe” fashion meeting the requirements set out in the 
codes, but still allow the person to fall to his or her death. Presently, there is no containment 
clause in the South African [21] standard.  
 

• Conservative loading requirement 
 
The loading code requires an impact of 400 J to be performed, by means of a 250 mm 
diameter bag filled with dry sand to a weight of 30 kg, on a prototype of the balustrade to be 
installed. This simulated impact is representative of the most severe accidental human 
impact, which could occur during its serviceability lifetime. The requirement is conservative 
and as a result often not performed. The origin of this value is not revealed, and intermediate 
values are not provided.  
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1.3.2 OBJECTIVES 
 
Because of the apparent lack of design guidelines proposed in current design standards [7, 
17, 19], the preliminary objective of the study is to:  
 

1. Determine the static- as well as the dynamic material properties of toughened 
glass. This is determined by means of a laboratory test series, in which glass 
panels are destructively tested under varying loading rates.  

 
Having done this the main objective of the investigation is to: 
 

2. Determine the static- and dynamic loading capacity of freestanding glass 
balustrades, which includes the influence of the following parameters: 

• Connection types and sizes 
• Addition of a handrail  

 
3. To make recommendations to the existing design standards based on the results 

obtained from the study. 
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1.4 SCOPE OF INVESTIGATION 
 
The scope of this investigation is to firstly identify all parameters that play a major role- and 
secondly to determine the magnitude of their effect on the static- and dynamic loading 
capacity of freestanding glass balustrades. The investigated parameters can be categorized 
under: 

• Glass balustrade design and  
• Loading requirements. 

 
 
1.4.1 Glass balustrade design 
 
Due to the lack of design guidelines, the glass balustrade panels, connection type and load 
arrangements are chosen as to represent the practical range of possibilities that might be 
found in a modern building. Different connection- and balustrade geometry parameters are 
investigated as to their effect on the ultimate loading capacity of freestanding glass 
balustrades. Although not all parameters and the effect they have on the balustrade design 
can be investigated, it was within the scope of the investigation to determine the effect of the 
following geometric effects on the loading capacity of a freestanding glass balustrade; 

• Hole diameters 
• Glass thicknesses 
• Number of connections 
• Connection types 
• Number of rows of connections 
• Handrail dimensions 
• Number of neighbouring panels 

 
 
1.4.2 Loading requirements 
 
Given the conservative nature of the South African loading requirements, it is within the scope 
of the investigation to determine the influence of numerous parameters on the static- and 
dynamic loading capacity of freestanding glass balustrades. The following parameters with 
respect to the loading of the balustrade panels are investigated; 

• Loading rate 
• Impactor stiffness 
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1.5 STUDY PLAN  
 
The study can be divided into four phases, each of which is identified and described below. 
Figure 1.4, illustrates the different phases of the project.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Laboratory Test Series 1 

Literature Study 

Finite Element Model  

Parameter Test Series 

Laboratory Test Series 2 Finite Element Model 

Verification Test Series 

Design Standards  

Recommendations 

 
 
Figure 1.4. Flow diagram illustrating breakdown of study 
 
 
1.5.1 Phase I: Literature and background study 
 
The first phase consisted of a literature study. The focus of the literature study was firstly to 
determine the general trend in design standards, and secondly to review all available 
literature applicable to the investigation.  
 
During the revision of the standards, presented in chapter 2, a comparison of the different 
standards (South African, American and British) took place in order to determine the general 
trend in: 

• Balustrade and handrail design, 
• Material classification and, 
• Loading requirements  

 
During the literature review, presented in chapter 1, all literature applicable to the 
investigation was undertaken to determine: 

• Balustrade and handrail design 
• Material classification 
• Loading requirements  

 
The outcome of this review identified the different loading conditions for which the identified 
connection- and glass types were modelled and tested.  
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1.5.2 Phase II: Determination of static- and dynamic material properties  
 
Before the testing of the actual balustrade panels, the static- and dynamic material properties 
of toughened glass had to be established. The second phase consisted of a laboratory test 
series, presented in chapter 3, in which 37 scaled down toughened glass panels were tested 
until failure. During this laboratory test series, the effect of different connection geometry 
(types and sizes) on the loading capacity of toughened glass panels was investigated. In the 
laboratory test series, following parameters were investigated:  

• Different hole diameters,  
• Different glass thicknesses and  
• Different connections types 

 
Three different toughened glass thicknesses along with four different connection types were 
tested. For statistical reasons, three identical panels were tested for each investigated 
parameter. The panels were loaded until failure under three different loading rates,  

• Static-,  
• Quasi static and  
• Dynamic loading rate.  

 
From the laboratory test series, presented in chapter 3, the ultimate force and displacement 
was recorded. Due to the stress concentration and complex geometry of the holes, finite 
element software DIANA [44] was employed to calculate the fracture stress. Using three-
dimensional quadratic elements, only half of the glass panels had to be modelled, due to 
symmetry. The finite element model, presented in chapter 4, was used to investigate the 
effect of: 

• Different hole profiles,  
• Determine the loading capacity of each panel.  

 
Finally, the static and dynamic material properties of toughened glass were predicted using 
the Weibull statistical model.  

 
 

1.5.3 Phase III: Balustrade Geometry Investigation 
 
Having determined the static- and dynamic material properties of toughened glass, full-scale 
balustrades could now be analysed using finite elements. The third phase consisted of the 
finite element modelling of full-scale balustrade panels, presented in chapter 5. The finite 
element models were used to investigate the effect of different geometry on the loading 
capacity of the freestanding glass balustrades, and ultimately determine the static- and 
dynamic loading capacity of each freestanding balustrade. The following parameters were 
investigated: 

• Number of holes 
• Connection types 
• Number of rows of connections 
• Handrail dimensions 
• Number of neighbouring panels 
 

Each panel was loaded as identified in the code revision during phase I. The impact load was 
modelled in the finite element software, Abaqus as a soft body impact, and as result, an 
equivalent static force determined.  
 
Having calculated the dynamic loading capacity of each loaded panel for each parameter, it 
could be determined if the given set-up would be able to sustain the SABS [7] required 
loading. 
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1.5.4 Phase IV: Verification  
 
The forth and final stage consisted of a second laboratory test series, the aim of which was to 
verify the finite element results of the previous chapter. The second laboratory test series, 
presented in chapter 6, consisted of three different balustrade set-ups, impact loaded 
according to its loading capacity as calculated in the previous stage of the study.  
 
The successful resistance of the tested balustrade set-ups resulted in the verification of the 
balustrade finite element model. 
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1.6 LIMITATIONS OF INVESTIGATION 
 
Several limitations influenced the results of the project. The main components are described 
in the following section: 
 
1.6.1 Number of panels  
 
Due to the variability in results in glass, primarily due to flaws and cracks, a large number of 
panels need to be tested to produce a statistical accurate mean strength.  
 
During the laboratory test series different geometries were tested, which included thickness, 
hole diameter and panels without a hole. Although only three panels were tested per 
category, these values could be extrapolated and contribute to the calculation of a statistical 
acceptable confidence interval. In total 37 panels were tested. 
 
1.6.2 Prediction of prestress around holes 
 
Although the prestress was measured at a number of locations for each panel, the exact level 
of prestress around the holes and edges could not be determined.  
 
1.6.3 Zwick loading speed 
 
In order to determine the static- and dynamic loading conditions for glass, specimens were 
tested at three different loading rates. To simulate the dynamic impact load, a loading rate 
equal to the Zwick upper limit was used.  
 
1.6.4 Extrapolation of stress around holes 
 
Insufficient literature for chamfered holes resulted in the finite element analysis of each tested 
glass pane. The stress concentration around the holes were numerically computed using the 
finite element program DIANA. Element sizes around the holes were determined using 
existing literature, to produce accurate extrapolated stresses. The gradient of the stress 
concentration tend to infinity around the hole, which produce difficulties when predicting 
failure stresses numerically.  
 
1.6.5 Prediction of glass static- and dynamic loading capacity 
 
A high variability in the size-, orientation- and distribution of the surface flaws between glass 
specimens in turn, lead to a high variability of strength in glass. A statistical model is therefore 
required to give a true prediction of strength of glass, which results in glass strength 
expressed as a probability of failure.  
 
Each balustrade panel’s static- and dynamic loading capacity was determined using a 0.8% 
probability of failure. This percentage, although conservative, is the typical design value used 
in the engineering industry [43]. The predicted loading capacity of each freestanding 
balustrade was therefore determined, taking into account these conservative safety factors.  
 
1.6.6 Determination of Impact load 
 
The dynamic magnitude of the impact force was numerically simulated using a finite element 
model in Abaqus. In order to model this impact a number of assumptions was made, which 
influenced the outcome. Impulse was simulated as an elastic collision. The stiffness of the 
non-compressed impactor was established by a quasi-static compression test. Variability was 
found to exist between the compressed and uncompressed impactor, which in turn influenced 
the magnitude of the impact force. 
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1.7 KEY TO THE USE OF THIS REPORT 
 
 
In the beginning of each chapter is flow diagram presenting all the major topics to be covered 
in the chapter. The diagram is there to provide the reader of a visual summary of the chapter 
and show the position of each topic (section number).  
 
A typical flow diagram consists of different levels (i.e. top, middle and bottom). The top level is 
occupied by the chapter heading. The middle level is occupied by all the major topics to be 
discussed in the chapter, which if broken down into sub-topics are occupied by the bottom 
level.  
 
For illustration purposes the flow diagram of chapter 2 is considered, presented in figure 1.5. 
Chapter 2, Glass balustrade design, can be categorized into three different topics and 
subtopics as follows: 

1. Handrailing and Balustrading Design 
• Deflection 
• Handrail  

2. Material Classification 
• Impact test 

3. Loading requirements 
• Static load 
• Impact load 

 
 

Glass Balustrade 
Design 

Handrailing and 
Balustrading Design 

Section 2.1 

Handrail Deflection Design 

Loading 
Requirement 
Section 2.3 

Static Load Impact Load 

Material 
Classification 
Section 2.2 

Impact Test 

 
Figure 1.5. Flow diagram of chapter 2 
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1.8 LITERATURE REVIEW 
 
 
INTRODUCTION  
 
In 2004 Du Preez [6], performed a number of impact tests on freestanding glass balustrades 
at the University of Stellenbosch. The balustrade panels where tested and constructed 
according to guidelines provided by the supplier. It was observed that none of the specimens 
complied with the guidelines for impact loading stipulated in the SABS [7] loading codes.  
During the investigation the recommended rigid connection as well as a more flexible 
connection type was tested. The flexible connection was introduced to act as a medium that 
undergoes compression in order to absorb a fraction of the applied load. It was concluded 
that the flexible foundation did not decrease the dynamic impact energy, but did have an 
effect on the static load the glass panels could sustain.  
 
The overwhelming effect of the impact load on the design criteria of the freestanding glass 
balustrade nullified the use of a static load requirement. Du Preez suggested the impact 
guidelines set by the SABS [7] be elaborated to differentiate the magnitude of the impact load 
requirement accordance to the location and application of the glass balustrade. He 
encouraged the idea of developing loading scenarios. He further commented on the lack of 
SABS design guidelines, with respect to glass type, thickness and connection type when 
dealing with glass balustrades. 
 
 
CODE DESIGN 
 
The code design section is reviewed in detail in chapter 2. 
 
 
IMPACTOR 
 
Since the 1960’s the pendulum impact test method used to qualify safety glass for use in 
buildings, have been executed using a lead shot impactor. Since then a number of issues 
have been raised concerning its conservative nature in simulating human impact. As a result, 
a test based on a twin tyre impactor (figure 2.7) was developed and implemented in the 
European codes.  
 
Serruys [8] investigated a number of impactors based on a single tyre, however, this impactor 
did not give the required performance. The single tyre impactor evolved into a twin tyre 
impactor concept. This impactor was found to deliver acceptable product performance 
classification together with breakage. Tests showed that a pressurization of 3.5bar and a 
weight of 50kg gave the closest representation to that of a human impact.  
 
Oketani [9] investigated the reproducibility, repeatability of the lead shot (figure 2.6) and twin 
tyre (figure 2.7) impactor. The investigation comprised of five different lead shot - and one 
twin tyre impactor being tested. The main difference between the impactors was mainly their 
stiffness. The influence on breakage and fragmentation pattern was also of importance. He 
recognized the repeatability of the multiple impactors, and found that the reproducibility was 
found to be determined by the fabrication method. A difference in breakage patterns was 
found to exist between the lead shot and twin tyre impactor. Impact forces between lead shot 
and twin tyre impactors could be related with the proper calibration tests.  
 
In another experimental test series, Jacob [10] investigated the impulse generated by the new 
European twin tyre impactor and compared it to that of the the lead shot impactor. A 
comparison of the horizontal micro-strain measurements versus drop height showed a 
difference in delivered impact force. He concluded that even though the twin tyre has a larger 
mass it does not impart as much energy onto the test specimen in comparison to the lead 
shot impactor.  
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Foss [11], investigated the ability of lead shot impactor to simulate human impact. The 
difference between modelled head form and lead shot bag was investigated. Impactor 
stiffness was determined by a compression loading response experiment and used to 
calibrate a finite element model. Assuming inelastic collision between human and glass plate, 
displacement, dynamic force and stress produced was calculated using a finite element 
model.  Four sided linear supported glass plates were investigated. He concluded that the 
peak glass stress response produced by a head form is higher than that of a lead shot 
impactor.  
 
 
BALUSTRADE CONNECTIONS 
 
Communication with designers and suppliers confirmed that connection holes in freestanding 
balustrades is a common occurrence [47]. An example of typical connections in freestanding 
balustrades is supplied in a figure in the British code [12], here a designer can choose 
between a singe-, double row or a continuous fixing. Load bearing capacity of continuous and 
point fixed freestanding balustrades is important. 
 
Daudeville [13], investigated the effect of different hole geometries on the load bearing 
capacity of glass plates, how the different hole geometries firstly effect the residual stress 
distribution and secondly the load bearing capacity of the glass plate. The difference in 
geometry extended to chamfered holes, varying the inner- and outer diameter of hole and 
chamfer. He found it difficult to accurately measure the residual stresses near edges and 
around holes, using Photoelastic measurements. However using finite elements [14], he was 
able to simulate the toughening process and as result compute the resultant residual stresses 
near holes and edges in glass plates. He introduced the superposition method, where the 
strength of toughened glass can be expressed as a function of the strength of the glass and 
the magnitude of residual stress. The loading rate effect was incorporated into the Weibull 
probabilistic distribution using fracture mechanics parameters, for quasi-static loading rates. 
He concluded that the Weibull probabilistic distribution could be used to account for the effect 
of the specimen size, residual stress distribution and the rate of loading.  
 
Schneider [15] investigated the influence of the drilling process on the strength of glass in the 
area of the holes. Toughened glass panels were destructively tested in coaxial double ring-
bending tests. A theoretical model for the prediction of the glass strength using fracture 
mechanics and measured prestress values was compared with experimental data. It was 
found that glass strength in the area of drilled holes is dependant on the manufacturing and 
toughening process. Numerical simulations show that surface stresses at the chamfers of the 
hole are at least as high as in the infinite part of the plate, whereas the surface stresses are 
presumably lower in the centre part of the holes.  
 
Siebert [16] investigated the calculation of point bearings for glass as load bearing element. 
The point bearing itself and the surrounding area was modelled using three-dimensional finite 
element software. From the investigation, the importance of the mesh size around the hole 
was noted, and as a result, criteria for adequate modelling by finite elements were formulated.  
 
 
CONCLUSION 
 
From the previous paragraphs, it can be seen that a considerable amount of both theoretical 
and experimental work has been performed on the area of structural glass. Despite this, little 
information exists on the structural capacity of freestanding balustrades subjected to static- or 
impact loading conditions.  
 
In the next chapter, the design of the glass balustrade is described, with reference to the 
design codes. The classification together with the loading conditions the balustrade must be 
able to resist is described. 
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CHAPTER 2  
CODE DESIGN OF FREESTANDING GLASS BALUSTRADES 
 
Introduction 
 
Glass balustrades in and about buildings have evolved over the years into a decorative item, 
abandoning its primary function and almost losing its definition. Consequently, non-engineers 
and designers are erecting glass balustrades based on aesthetic beauty rather than 
functionality. While those who design and construct the balustrade cannot easily be 
controlled, the standard governing it can. The only solution is to update the relevant design 
standard to make the effective design and construction of glass balustrades possible. 
 
As technology advances and new material and construction techniques become available, 
standardized design codes are revised to meet the modern designer’s needs. The 
freestanding balustrade is an example of a modern type of structural system, brought about 
by the introduction of affordable toughened glass plates onto the construction market. Some 
countries recognized this, and consequently updated their related design standards to 
incorporate it…others have yet to do so. 
 
The glass balustrade design process is controlled by three standards, each playing a vital role 
in the proper design and construction of the freestanding glass balustrade. The three 
standards are: 

• Standard for handrailing and balustrading  
• Standard for safety glass classification and the 
• Standard for loading requirements 

 
This design process is generic in nature in that the process is the same for all international 
standards. The individual standards differ, and for this reason are addressed separately in 
section 2.1, 2.2 and 2.3. In the following paragraphs, each standard playing a role in the 
design of the freestanding balustrade is discussed. The design process as a whole is 
illustrated by means of a flow diagram and each standard’s role is highlighted. 
 
The Glass balustrade design process 
 
When designing a glass balustrade, where the glass forms part of the structural system, it is 
the designer’s responsibility that the balustrade is designed in accordance with the relevant 
standards. Glass in balustrades form part of the structural system when it is supported along 
one, two or three of its edges. When this applies, safety glass is mandatory.  
 
As mentioned before, there are three standards controlling the glass balustrade design. They 
are: 

• Standard for handrailing and balustrading   
 
This standard forms the first step or starting point of the design process and provides the 
reference to all the other relevant standards. It concerns the overall design of a 
balustrade, addressing and identifying all aspects, which is relevant to the construction 
thereof. It provides information and guidance on the positioning, size, handrail, loading 
and material classification of handrailing and balustrading that are installed to protect 
people from hazards.  

 
• Standard for safety glass classification 
 
This standard concerns the classification of the material. It provides testing methods for 
the determination and classification of safety glass. 

 
• Standard for loading requirements 
 
This standard specifies the static and impact loading that the balustrade needs to be able 
to withstand. Loading condition is dependent on application and location of balustrade.  
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The overall code design process of a glass balustrade is illustrated by means of a flow 
diagram in figure 2.1. 
 

Glass Balustrade 
Design 

Handrailing and 
Balustrading Design 

Section 2.1 

Handrail Deflection Design 

Loading 
Requirement 
Section 2.3 

Static Load Impact Load 

Material 
Classification 
Section 2.2 

Impact Test 

 
Figure 2.1. Flow diagram to illustrate design process/ requirements of glass balustrade 
 
 
In the subsequent sections, the three predominant South African standards are reviewed and 
compared to their international counterparts. Handrailing and balustrading-, loading- and 
material classification standards from South Africa, Britain and America are compared.  
 
Section 2.1 reviews the handrailing and balustrading design standards under the following 
topics: 

• Design – 
• Handrailing –  
• Deflection requirements 

 
Section 2.2 reviews the material classification standards under the following topics: 

• Procedure 
• Impactor 
• Drop heights 
• Breakage requirements 

 
Finally Section 2.3 reviews the loading requirements of the various standards, under their 

• Static loading - 
• Impact loading requirements 
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2.1 HANDRAILING AND BALUSTRADING DESIGN PHASE 
 
Introduction 
 
The handrailing and balustrading standard concerns the overall design of a balustrade, 
addressing and identifying all aspects, which is relevant to the construction thereof. It 
provides information and guidance on the positioning, size, handrail, loading and material 
classification of handrailing and balustrading that are installed to protect people from hazards.  
 
The following section summarizes the South African [17], British [12] and American [18] 
handrailing and balustrading design standards. Each standard is summarized under the 
following headings: 

• Design- 
• Handrail- and 
• Deflection requirements 

 
Finally, the differences between these standards are discussed and presented at the end of 
the section. 
 
The layout of this section is presented by means of a flow diagram in figure 2.2.  
 

Handrail 
Requirements 

Deflection 
Requirements 

Design 
Guidelines 

Glass Balustrade 
Design 

Handrailing and 
Balustrading Design 

Section 2.1 

Loading 
Requirement 
Section 2.3 

Material 
Classification 
Section 2.2 

 
 
Figure 2.2. Flow diagram illustrating the handrailing and balustrading design phase  
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2.1.1 South African Handrailing and Balustrading Design Standard (SABS 0104) 
 
The following section summarized the requirements as set out in SABS 0104 [19], with 
respect to 

• Design- 
• Handrail- and 
• Deflection requirements 

 
 
2.1.1.1 Design requirements 
 
Balustrade position  
Section DD2.2 of SABS 0137 [17] requires that a balustrade to be installed when a change in 
level is greater than 750 mm. 
 
Connection Type  
Nowhere in the SABS 0137 [17] or SABS 0104 [19] are guidelines provided with regard to 
connection type.   
 
Glass type  
The design of glass balustrades fall outside the scope of SABS 0104 [19], further section 5.6 
of the standard recommends that the glazing to handrailing be done in accordance with the 
relevant provisions of SABS 0137 [17]. 

 
Section 5.5.5 of SABS 0137 [17], recommend that the glass in balustrades be toughened 
safety glass, unless rigidly supported all round. However, no guidance to minimum thickness 
to be used is provided. 

 
 

2.1.1.2 Handrail Requirements 
 
Section 5.5.5 of SABS 0137 [17] recommends in a note, which reads: “Where glass is used in 
a balustrade, the glazing industry recommends the use of a handrail. Such handrail should be 
of at least 1m from the finished floor level.” Other than this clause, no other indication is 
provided when a handrail should be used, or what it must be designed for. 
 
 
2.1.1.3 Deflection Requirements 
 
The deflection of handrailing, which is provided to reduce the likelihood of people or objects 
passing over or through the handrailing, is provided in Section 4.6 of SABS 0104 [19], and 
recommends that handrailing be installed in such a way that the vertical sag of any of its 
elements does not exceed 50 mm. It also requires that when a load of 1.5A (A = nominal 
accidental load, as described in SABS 0160 [7] is applied at any point and in any direction on 
any element of the handrailing for a period of 1h, the total deflection of that point while under 
load shall not exceed 100 mm.  
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2.1.2 British Handrailing and Balustrading Design Standard (BS 6180:1999) 
 
The British design standard BS 6180:1999 [12], Barriers in and about building, are structured 
in the same way as its South African counterpart, but elaborates to a greater extend. The 
following section summarizes the requirements as set out in BS 6180 [12] with reference to: 

• Design- 
• Handrail- and 
• Deflection requirements 

 
 
2.1.2.1 Design requirements 
 
Balustrade position  
Section 8.5.2 of BS 6180 [12] requires that a balustrade to be installed when a change in level 
is greater than 380 mm. 
 
Connection Type  
Clamping systems for freestanding barriers are detailed in BS 6180 [12]. 
 
Glass type  
BS 6180 [12] requires the use a minimum of 12 mm toughened safety glass in freestanding 
balustrade. 
 
2.1.2.2 Handrailing Requirement 
 
Position  
Section 8.5.2 of BS 6180 [12] requires that a handrail be used when a barrier protects a 
difference in level greater than 600 mm.  
 
Connection  
Section 8.5.2 of BS 6180 [12] recommends that a continuous fixing should be used for fixing 
the handrail to the glass, as individual fixing points may introduce unacceptable stress 
concentrations. Technical drawings illustrating both point- and continuous connections are 
provided in figure B.2 of BS 6180 [12] (figure 2.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3. Typical balustrade connections illustrated in BS:6180 [12] 
 
Containment 
Section 8.5.2 of BS 6180 [12] requires that the handrail be attached to the glass in such a 
manner that, should a glass panel fail, the handrail: 

a) Will remain in position  
b) Will not fail if the design load is applied across the resulting gap 
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2.1.2.3 Deflection requirement 
Section 8.5.1 of BS 6180 [12] requires deflection to be limited to L/65 (L=height of 
balustrade), when subjected to the required static loading conditions as described Table 4 of 
BS 6399 [20]. 
 
 
 
2.1.3 American Handrailing and Balustrading Design Standard (CPSC 16 CFR 1201) 
 
The following section summarizes the requirements as set out in CPSC 16 [18] with reference 
to: 

• Design- 
• Handrail- and 
• Deflection requirements 

 
 
2.1.3.1 Design requirements 
 
Balustrade position  
The CPSC 16 [18] requires that a balustrade to be installed when a change in level is greater 
than 380 mm. 
 
Connection Type  
No guidance provided. 
 
Glass type  
Section 2407.1 of CPSC 16 [18] requires glass used as structural balustrade panels to be 
constructed of either single fully toughened glass or laminated heat-strengthened glass. For 
all glazing types, the minimum nominal thickness should be 10 mm.  
 
 
2.1.3.2 Handrailing Requirement 
 
Section 2407.1.2 of CPSC 16 [18] requires that each handrail or guard section be supported 
by a minimum of three glass balustrades or otherwise constructed to remain in position 
should one balustrade fail. It clearly states that glass balustrades may not be installed without 
an attached handrail.
 
 
2.1.3.3 Deflection requirement 
 
CPSC 16 [18] requires deflection to be limited to L/65 (L=height of balustrade). 
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2.1.4 Comparison between the international and the South African handrailing and 
balustrading design standards 
 
Having summarized the South African [19], British [12] and American [18] handrailing and 
balustrading design standards in the previous section, this section compares each of the 
standards. Table 2.1, summarizes the different requirements of all the considered standards. 
 
 
Table 2.1 Comparison between different handrailing and balustrading design standard 
requirements 

 
Design Handrail Deflection

International 
Standard 

Position Connection 
type 

Glass type 
and 
thickness 

Position Connected 
panels  
 

Containment 
Clause 

 

South  
African  

>750mm No No No No No 100mm 

British 
 

>380mm Figure 2.3 toughened
>12mm 
 

>600mm 3 or more  Yes Height/65 

American 
 

>380mm No toughened
>10mm 
 

Always 3 or more  Yes Height/65 

 
 
The South African handrailing and balustrading design process was adopted from the 
American design process; their similarities can be seen through comparison. Both have a 
central standard (handrailing and balustrading) controlling the design and construction of any 
balustrade, irrespective of material. The central standard controls all the aspects common to 
balustrade design and provides reference to the material standard (the installation of glazing 
in buildings). The material standard provides additional requirements, applicable only to the 
material under consideration. Effective communication is therefore necessary between the 
two standards, in order to avoid ambiguous guidelines and classification, a problem seen in 
the South African standard, which is further discussed in the following paragraph. 
 
Handrailing and balustrading standard 
The lack of sufficient guidelines to ensure the safe erection of glass balustrades of the South 
African design standard can be seen in table 2.1, by comparing the different standards. 
Considering the design of a balustrade (irrespective of material used), the South African 
standard fails to provide guidelines to which connection type or height of balustrade to use.  
Further, most of the provided guidelines are for information purposes only, and as a result are 
left to the designer’s discretion. This is the case for the necessity of handrail. The central 
standard [Handrailing and balustrading] should be compiled in a manner that addresses all 
central aspects applicable to the design and construction of a balustrade, irrespective of the 
material used. 
 
Glazing material standard 
The only purpose of the material standard is to provide effective guidance to the safe usage 
and installation of the specific material. Considering the South African material standard, no 
guidelines to which connection type or minimum glass thickness to use is provided. The 
guidelines provided, is for information purposes only.  
 
The British design process differs from that of the South African in that there is only one 
standard controlling the design of balustrades. This standard [12] accounts for different 
materials and as a result provides more thorough guidelines, as all aspects are covered in 
one standard. This can be seen in table 2.1. All aspects necessary for the safe erection and 
construction of a glass balustrade is covered.  
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2.1.5 Conclusion 
 
The handrailing and balustrading standard concerns the overall design of a balustrade, which 
is necessary to ensure the correct installation and construction thereof. Three standards 
including the South African [19] British [12] and American [18] were summarized and 
compared under their respective design-, handrail- and deflection requirements. 
 
Comparing the South African handrailing and balustrading standard [19] to its international 
counterparts, a lack of sufficient guidelines to ensure the safe erection of glass balustrades 
was established. The following topics, which require attention, were identified:  

• Connection type to use with glass balustrade 
• Minimum height of balustrade 
• Handrail use and details 
• Glass type to use 
• Minimum glass thickness 
• Post failure containment 

  
It was further noted that most of the provided information in the South African standard is for 
information purposes only, and as a result, the design of a freestanding glass balustrade is 
left to the designer’s discretion.  
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2.2 MATERIAL CLASSIFICATION IN THE DESIGN PHASE 
 
Introduction 
 
The standard for safety and security glazing materials for buildings concerns the classification 
of glazing materials under human impact. The purpose of which is to reduce the risk of 
injuries caused by cutting and piercing in the event of breakage. It provides testing methods 
for the determination and classification of safety glass.  
 
The classification of safety glass as to its performance under accidental human impact has 
been undertaken since the development of the standard using a pendulum impact test set-up.  
A lead shot bag was used as impactor to represent the impulse generated by a human body 
impact. Since then, a number of problems such as the reproducibility and repeatability have 
been reported [9]. The following section investigating the applicability of the old lead shot bag 
and a new proposed twin tyre impactor, before reviewing the relevant material standards.  
 
A number of international standards, including the South African [21], British [ 22] and 
American [23], for the material classification of toughened safety glass are reviewed. Each 
standard is summarized under the following headings: 

• Impactor, 
• Drop height and, 
• Breakage requirements 

 
The layout of the material classification phase is summarized by means of a flow diagram 
presented in figure 2.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test procedure Drop height Breakage  
Requirements 

Glass Balustrade 
Design 

Handrailing and 
Balustrading Design 

Section 2.1 

Loading 
Requirement 
Section 2.3 

Material 
Classification 
Section 2.2 

Impactor 

 
Figure 2.4. Flow diagram illustrating the safety glass material classification phase  
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2.2.1 Test Procedure (SABS 1263:1986) 
 
The test procedure is generally the same for most of the different international material 
classification standards [21, 22, 23] and is therefore not compared to one another in this 
section. The purpose of the test is to determine if the material, upon fracture, will fail in a way 
that is not harmful to humans. 
 

 
 
 
 
 
 
 
 
 
 
 
 Bridle for lifting impactor 
 
Drop height 
 
 
 Impactor 
 
 
 
 Test specimen 
 
 
 Test frame 
 
 Anchored securely to floor 
 

Figure 2.5 Impact test frame set-up [23] 

igure 2.5, illustrates the impact test frame and impactor used to test each specimen. The 

.2.1.1 Test specimen 

he material classification standard [21] requires that four identical specimens be tested, and 

 

.2.1.2 Test frame 

he test frame remains the same for all standards considered in that it is so constructed that 

.2.1.3 Impactor 

he impact is used to simulate human impact, and differs between the different international 

 
 
F
test procedure consists of three components a test specimen, test frame and impactor.  
 
 
2
 
T
that each test specimen is rectangular, 865 mm wide x 1930 mm high. If this size is not 
available by the supplier, then the maximum size available should be used instead.  
 
 
2
 
T
the test specimen can be clamped along all four edges. The test frame can be seen in figure 
2.5. 
 
 
2
 
T
design standards. The different impactors are considered in section 2.2.2 of this chapter. 
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Once the test specimen is placed in position, the impactor is suspended from an overhead 
f 

he procedure remains the same for all applications, regardless of the intended use or 
de 

ly 

his section described the procedure of the material classification of brittle materials used in 

.2.2 Impactors 

he classification of safety glass as to its performance under accidental human impact has 
’s 

r 

he following section summarizes the difference between the two impactors and compares 

.2.2.1 Lead shot impactor 

he impactor consists of a leather- or polyvinyl chloride bag consisting of an inner rubber 

 fibre-

 
 
 

 
 

 
 

 
 
 
 
 

 
 

 
 
Figure 2.6. Illustration and photo of lead shot impactor [10] 
 

support so that the impacting object, when at rest, is no more than 50 mm from the centre o
the specimen. Each specimen is then struck only once at the centre with the impacting object 
swinging at a pendulum arc from an identified drop height above the centre line of the 
specimen (see figure 2.5 for drop height).  
 
T
required performance. For example, a 1 m x 1 m toughened freestanding glass balustra
panel would be tested in the same way as a 2 m x 4 m linear supported sliding door. The on
variables in the test procedure are the thickness of the test specimens and drop height, which 
is determined by the designer.   
 
T
buildings. The next section describes the various impactors that are currently used by the 
different related standards, and goes on to compare the ability of each to simulate human 
impact.  
 
 
2
 
T
been undertaken since the development of the material classification standard [23] in the 60
using a lead shot bag [26] (figure 2.6). The lead shot bag was initially designed to represent 
the impulse generated by human body impact on brittle material. Since then, a number of 
problems such as the reproducibility and repeatability have been reported [9, 10, 26]. The 
lead shot bag was also thought of as being conservative, as loads produced by the impacto
are much higher than those produced by a human body. As a result, a test based on a twin 
tyre impactor was developed.  
 
T
them on grounds of impulse generated, reproducibility and repeatability. 
 
 
2
 
T
bladder that is filled with No.71/2 chilled lead shot till the total mass of the assembly is 
approximately 45 kg. The exterior of the bag is completely covered with polyester glass
reinforced tape of width 12 mm. 
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2.2.2.2 Twin tyre impactor 

9, 10], a number of bodies based on a single tyre impactor were 
sted; however, this impactor did not give the expected performance. The single tyre 

owed 

 

 
 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
Figure 2.7. Illustration and photo of twin tyre impactor [10] 
 

he following section compares the performance of the lead shot- and twin tyre impactor. 
omparisons are made between the two impactors based on: 
• Impulse generated, 
• Repeatability of the impactor and 
• Reproducibility of the impactor, finally conclusions is drawn.  

.2.2.3 Comparison between Lead shot impactor and Twin tyre impactor 

.2.2.3.1 Impulse 

omparative tests [8, 9, 10], were undertaken to establish the difference between the lead 
hot impactor and twin tyre impactor. The impulse generated by the two impactors were 
easured and compared to that produced by a human shoulder impact. The force generated 
s a result of an impact, for a 200 mm drop height, is presented in figure 2.8 for each 

 
In a previous investigation [8, 
te
impactor eventually evolved into the proposed twin tyre impactor. This impactor was found to 
deliver acceptable product performance classification together with breakage. Tests sh
that a pressurization of 3.5 bar and a weight of 50 kg gave the closest representation to that 
of a human impact. As a result, the new twin tyre impactor was introduced into the European 
standard [24] (figure 2.7).  
 
 
 

 

 
T
C

 
 
2
 
 
2
 
C
s
m
a
impactor.   
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Impact at 200mm drop height
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Figure 2.8. Impact force generated by the different impactors [8] 
 
 
2.2.2.3.2 Repeatability  
 
Oketani [9] measured the impact stresses on the glass surface, during his investigation into 
the repeatability and reproducibility of the relative impactors. He concluded that all impactors 
showed good reproducibility. The maximum coefficient of variance for principal stress in all 
the impactors was 0.01 during the repeatability tests, and as a result, the multiple impact 
repeatability of the shot bag was accepted.  
 
In another investigation [10] in which glass specimens were tested until failure, it was found 
that toughened glass with surface compression in excess of 100 MPa, irrespective of glass 
thickness, was unlikely to be fractured with the twin tyre impactor. Almost all toughened glass 

 found not to fracture at the 
aximum drop height of 1200 mm, while the lead impactors almost always eventually 
actured the glass specimens, irrespective of level of prestress. This raises the important 

 the PrEN 12600 [24] twin tyre impactor for classifying toughened 
lass as safety product. 

ility of the various shot bags was investigated. 
he reproducibility considers the difference in impact energies delivered by shot bags made 

inly on 

test panels with surface compression of 100 MPa or greater were
m
fr
issue of suitability of using
g
 
  
2.2.2.3.3 Reproducibility 
 
In the same investigation [10], the reproducib
T
by different individuals. For this experiment, three different hard type shot bags made by 
different companies were used.  
 
It became clear that in the study, strain generated by impact was strongly dependent on the 
difference of hardness of impactors. As stiffness of shot bag is known to depend on ma
taping procedure. It was considered that shot bag reproducibility could be controlled by 
deciding the fabrication method for the standard shot bag, especially the tapping rule.  
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Conclusion 

rom the various investigations, it was determined that the twin tyre impactor does not impart 

 was also evident that the shot bag reproducibility was controlled by deciding the fabrication 

nchanged. Its ease of construction and low cost also plays a part. 

.2.3 Drop heights 

is very important as it ultimately determines the magnitude of the force 
elivered to the glass specimen.   

 and 
d finally drop 

ights from international standards are compared. 

.2.3.1 Development of human engineering data chart 

inated from a human engineering chart (Figure 2.9), which was 
eveloped by safety experts [23]. The chart presents the impact energies created at different 

 

 
F
as much energy onto the test sample in comparison with the lead shot impactor. In order to 
be able to use the twin tyre instead of the lead shot bag, new equivalent drop heights had to 
be determined first.  
 
It
method, especially the taping rule. Therefore, the inclusion of a taping rule should be 
investigated. (Ie. all shot bags taped tightly, or all shot bags taped lightly) 
   
From the results, it is recommended that the initial proposed lead shot impactor be left 
u
 
 
2
 
The drop height refers to the vertical height from the horizontal centreline of the impactor 
when it is released to a similar horizontal centreline when it is at rest vertically (see figure 
2.5). The drop height 
d
 
In the following sections, the origin of the drop height and impact energies is identified
described. Impact energies based on different scenarios are described, an
he
 
 
2
 
The drop heights orig
d
impact velocities by impactors with different masses. Three masses of 45, 68 and 90kg are
presented. Figure 2.9, illustrates the human engineering chart. 

University of Stellenbosch   2007 



Code Design of Freestanding Glass Balustrades  40

Human Engineering Data

45kg

90kg

68kg

0

500

1000

1500

2000

2500

3000

3500

4000

0 2 4 6 8 10
 
             

           VELOCITY (m/s)

M
A

XI
M

U
M

 IM
PA

C
T 

EN
ER

G
Y 

 (J
ou

le
)

 
Figure 2.9. Human engineering chart [23] 
 
 
Equivalent drop heights 
 
Impactor drop heights were chosen based on a few assumptions. Firstly, a 45 kg person was 
identified to be representative of a typical glass breakage accident victim. Secondly, two 
situations were identified, and for each situation, a representative velocity was selected. The 
identified situations were: 

• Situations in which limited acceleration path exists  
• Situations in which unlimited acceleration path exists 

 
Situations in which limited acceleration path exists 
Velocities of 2.5 m/s and 3 m/s were identified as being representative of a typical glass 
breakage accident victim, for situations where a limited acceleration path exists.  
 
Situations in which unlimited acceleration path exists 
A 5 m/s velocity was identified for situations where an unlimited acceleration path exists and a 
human might develop something approaching his full impact velocity. 
 
 
Having identified the mass and the velocities of the impactor, the equivalent drop heights 
were determined. Using energy methods, the kinetic energy of a body could now be 
calculated as follows:   
 

21
2kE m= v                                                                                                                          (2.1) 
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Where: 

Ek  = kinetic energy (J) 
 m = mass of object (kg) 

= 45kg 
 v  = velocity of object (m/s) 
  = 2.5m/s 
  = 3m/s 
  = 5m/s 
 
Table 2.2 presents each velocity’s corresponding kinetic energy.  
 
 
Table 2.2. Impact energy 
 
Velocity Kinetic Energy 
m/s J 
2.5 135 
3 201 
5 538 
 
 
Having identified the kinetic energies the equivalent drop heights could easily be determined 
using the principals of conservation of energy. The conservation of energy states that the total 
energy of an isolated system is constant despite internal changes [25]. Therefore, the 
maximum potential energy (before release) of the impactor is effectively converted into kinetic 
energy (before impact) when the impactor is at the bottom of the arc, and no energy is lost in 
the system (equation 2.1 = equation 2.2). The drop height corresponding to each velocity is 
calculated by making equation 2.1 equal to equation 2.2, and calculating h. 
 
 
Potential energy is defined as follows: 

pE mgh=                                                                                                                             (2.2) 
 
Where: 
 Ep = potential energy (J) 
 m = mass of object (kg) 
 h = drop height (m/s) 
 
Table 2.3 presents each velocity’s corresponding drop height.  
 
 
Table 2.3. Equivalent drop heights 
 
Energy  Drop heights 
J mm 
135 305 
201 457 
538 1219 
 
Therefore, these three different drop heights were adopted by most of the international 
material classification standards, when this standard was initially developed. These drop 
heights have changed over the years among standards. The following section reviews the 
different applicable standards and identifies the different drop heights in used.  
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2.2.3.2 Comparison between the international and South African drop heights 
 
The American standard [23] was the first standard produced and consequently influenced the 
other standards, it can be seen in table 2.4 with reference to drop height.  
 
 
Table 2.4. The different standards with their proposed classification, drop height and impactor 
used are summarize  
 

Country Standard Classification Drop Height 
(mm) 

Impactor Energy 

 

(Joules) 
South Africa SABS 1263 Safety Glass 410 45kg Lead shot 180 
 SABS 0160 Safety Glass 1360 30kg Sand bag 400 
USA ANZI Z97.1 Safety Glass 1219 45kg Lead shot 538 
   457 “ 201 
   305 “ 135 
UK BS 6206 Safety Glass 1219 45kg Lead shot 538 
   457 “ 201 
   305 “ 135 
Australia AS 2208 Safety Glass 300 45kg Lead shot 300 
Europe PrEN12600 Safety Glass 1200 50kg Twin Tyre 589 
   450 “ 220 
   190 “ 93 

 
From table 2.4, it is noted that most of the standards remained the same with reference to 
drop height. Only the South African and Australian material classification standards have 
changed from three different drop heights into a single drop height. The South African drop 
height is based on the average of the three-drop heights while the Australian is the lowest of 
the initial three-drop heights. Further, the European standards have since introduced a new 
twin tyre impactor, but have retained the original three-drop heights.  
 
In case of failure of the specimen when impacted at the identified drop height, the fractured 
specimen has to adhere to certain safe break requirements. The following section describes 
the different breakage requirements as specified by the different standards.  
 
 
2.2.4 Breakage requirements 
 
For the material classification of safety glass, the specimen under investigation is not required 
by specification to be able to fully resist the required impact force produced by the swinging 
impactor. To be classified as a safety material, the specimen only has to meet the required 
safe breakage criterion as required by the material classification standards. Breakage 
requirements are therefore introduced as criterion by which the broken specimen is assessed. 
 
In the following section, breakage requirements from a number of international standards 
including the South African [21], British [22], and American [23] standards are described. 
Breakage requirements applicable to each of the standards are then summarized in table 2.5 
and presented at the end of this section. 
 
 
2.2.4.1 Comparison between International and South African classifications 
 
In some countries, fragmentation test procedures in which the glass is broken with a centre 
punch are used in addition to or in place of the pendulum impact test to classify toughened 
glass. In most of the standards, there exists a common trend concerning the safety 
requirements. Listed below are a description of all the requirements as found in the South 
African [21], British [22], American [23], Australian [27] and European [24] standards. Table 
2.5 summarizes the reviewed standards and indicates which of the criteria they require. 
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• NO BREAKAGE 
This criterion requires that the test specimen remain unbroken, it need not necessarily 
have remained within the test frame. 

 
• BREAKS SAFELY 
This criterion requires that if the test piece breaks, the 10 largest crack free particles 
remaining 3 minutes after the impact not weigh more than the mass equivalent to       
6500 mm2 of the original test piece in the test frame.  
 
• NO OPENING 
This criterion requires that in the case of failure, that no opening be produced through 
which a sphere of diameter 75 mm can freely pass. 
 
• NO SPLINES 
This criterion requires that none of the broken glass pieces may have sharp edges that 
are pointed or dagger like, and that any resulting sharp edge should not be capable of 
cutting or piercing human flesh. 

 
• PARTICLE COUNT 
This criterion requires in the case of failure, the test specimen shall have a particle count 
of 40 particles in a 50 mm x 50 mm2.  

 
• CONTAINMENT 
This criterion requires that in the case of failure, the material remain together. 

 
 
Table 2.5. Breakage criteria as required by each standard 
 

Breakage Requirements 
 
Country No 

Breakage 
Break  
Safely 

No  
Splines 

No  
Opening 

Particle 
Count  

Containment

South Africa Yes Yes Yes Yes - - 
USA Yes Yes Yes Yes - - 
UK Yes Yes Yes Yes Yes - 
Australia - - - Yes - - 
Europe - Yes - Yes - Yes 

 
 
From table 2.5, it is noted that the breakage requirements of South Africa is identical to that of 
the USA and that of the UK with the exception of the particle count. Upon failure toughened 
glass fracture into small “harmless” glass cubes. The formation of these glass cubes are 
brought about by the sudden release of energy, which is introduced into the glass during the 
toughening process and referred to as the level of prestress (see chapter 1.1). The level of 
prestress directly influences the strength of the glass specimen and is related to size of the 
fractured sugar cube. A higher level of prestress will result in a smaller sugar cube. The 
particle count is therefore an indication of the specimen’s strength. The inclusion of the 
particle count test into the South African code is therefore recommended.   
 
The reason for the difference in breakage requirements of the European standard can be 
attributed to the type of impactor used. 
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2.2.5 Conclusion 
 
The classification of safety glass as to its performance under accidental human impact has 
been undertaken since the development of the standard using a pendulum impact test set-up.  
A lead shot impactor was used to represent the impulse generated by a human body impact. 
Since the development of the material classification standards, a new impactor based on a 
twin tyre set-up has been introduced. From various investigations, it was determined that the 
twin tyre impactor does not impart as much energy onto the test sample, and it was 
consequently decided that the lead shot impactor, as used by the South African standard [21], 
be left unchanged.  
 
Another parameter that influenced the introduced impact energy is the drop height of the 
impactor. Numerous standards were investigated and consequently, the origin of the drop 
height and impact energies was identified. It was established that the drop heights originated 
from a human engineering chart, which was developed by safety experts [23]. Three different 
drop heights were initially introduced. It was noted that most of the standards retained these 
drop heights. Only the South African and Australian material classification standards use a 
single drop height.   
 
In case the specimen fractures upon impact, the material classification standard requires the 
specimen to adhere to the safe breakage criterion. Breakage criteria from numerous 
standards was compared to each other.  It is established that the breakage requirements of 
South Africa [21] is identical to that of the American [23] and that of the British [22] with the 
exception of the particle count. As the particle count is an indication of the strength of the 
specimen, it was consequently recommended that it be included into the South African 
material classification standard [21].  
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2.3 LOADING REQUIREMENT DESIGN PHASE 
 
Introduction 
 
This standard details the minimum design loads to be adopted in the design of freestanding 
glass balustrades. Loading can be categorized into static- and impact loading requirements. 
The static- and impact loading is representative of the loading, which can be expected to be 
imposed on a balustrade throughout its lifetime. It can further be categorized according to 
application and position.  
 
A number of international standards, including the South African [7], British [20] and American 
[18] standard, for the loading requirements of balustrades, are reviewed. Each standards are 
summarized together under the following headings: 

• Static loading- and 
• Impact loading requirements 

 
The layout of the loading requirement phase is illustrated by means of a flow diagram in figure 
2.10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Static Load Impact Load 

Glass Balustrade 
Design 

Handrailing and 
Balustrading Design 

Section 2.1 

Loading 
Requirement 
Section 2.3 

Material 
Classification 
Section 2.2 

 
Figure 2.10.  Flow diagram illustrating the loading requirement phase  
 
 
2.3.1 Static loading requirements 
 
Static loads appropriate to the type of occupancy for the building or part of the building or 
structure are generally categorised according to application and position. Balustrade 
application and position are categorized into: 

• Residential application other than roofs 
• Places of public assembly other than grandstands and to roofs to which public has 

access 
• Grandstand 

Together with the application of the balustrade, three loading types have to be considered: 
• Horizontal Line Load (kN/m) 
• Concentrated or Point Load (kN) 
 
Indicative balustrade applications and their associated static loads are presented in table 2.6 for 
the South African [7] and British [20] loading standards. 
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Table 2.6. Static loading requirements 
  
Country  Application Line Load  

(kN/m) 
Concentrated  
Load (kN) 

South African Residential 0.5 1 
 Public  1.5 1 
 Grandstand 3 1 
    
  British Domestic 0.36 0.25 
 Office  0.74 0.5 
 Public  1.5 1.5 
 Grandstand 3 1.5 

 
 
From table 2.6 the similarity in static loading requirements between the South African and 
British loading standards is seen. Similarities in defined applications and magnitude of 
required loading are seen. Some small differences do exist between the two standards. A 
common difference between the two standards can be seen when comparing the different 
defined balustrade applications; the South African standards define only three applications 
while the British have four. Another difference is seen in the magnitude of the required 
concentrated loads associated with each application. While the South African standard 
requires a concentrated load of 1kN regardless of application, the British requires a different 
concentrated load for every application.  
 
Balustrades are required to sustain both static- and impact loading conditions. Having 
compared and presented the required static loading requirements, the following section 
presents the impact loading requirements. 
 
 
2.3.2 Impact loading requirements 
 
As for the static loading requirements, impact forces differ according to application and 
position. Loading standards account for these different applications by introducing multiple 
classifications. The American standard [18] for example has two classifications, Category 1 
and 2, corresponding to 457- and 1219mm drop heights respectively. The different standards 
with their corresponding impact loading requirements are presented in table 2.7.   
 
 
Table 2.7. Impact loading requirements 
  
Country Standard Classification Drop Height 

(mm) 
Impactor Energy 

(Joules) 
South Africa SABS 1263 Impact load 1360 30kg Sand bag  400 
USA ANZI Z97.1 Category 2 1219 45kg Lead shot 538 
  Category 1 457 “ 201 
UK BS 6206 Class A 1219 45kg Lead shot 538 
  Class B 457 “ 201 
  Class C 305 “ 135 
Australia AS 2208 Grade A 300 45kg Lead shot 300 
Europe PrEN12600 Classification 1 1200 50kg Twin Tyre 589 
  Classification 2 450 “ 220 

 
  Classification 3 190 “ 93 

 
 
 
 
In most of the international standards a similarity exist between the country’s material 
classification- (table 2.4) and impact loading requirements (table 2.7). This can be seen by 
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comparing table 2.4 to table 2.7. The reason for the similarity in both the use of impactor and 
drop heights is attributed to the integration of the two standards. Effective communication 
between the two standards results in the requirement of a single impact test to: 

• Classify the material and  
• Enforce the impact loading requirements  

 
This is true for the American [18], British [20], Australian [27] and the European [24] design 
standards. It is only when comparing the South African [21] material classification- and 
loading requirements that a difference between the two standards is noted. From table 2.7, it 
is seen that a different impactor and drop height is enforced. No correlation between the two 
impact tests is seen, and as a result, two individual impact tests have to be performed.  
 
Further, no correlation can be established between the South African- [7] and other 
international loading standards’ [22, 23, 24] impact loading requirements. While most of the 
other loading standards define two- or three different impact-loading requirements applicable 
to the application and position of the balustrade, the South African standard defines only one. 
The single entry, of the South African loading standard, often result in the over design of a 
glass balustrade.  
 
 
Conclusion 
 
When designing a glass balustrade the material needs to be classified in accordance with 
SABS 1263 [21] and the balustrade needs to be able to resist both static- and impact loads as 
enforced by SABS 0160 [7]. 
 
The South African [21] material classification design standards were originally adopted from 
its American [23] counterpart. The initial purpose of the standard was the classification of 
brittle materials when impact tested.  A human impact was simulated using a pendulum 
impact test performed by a lead shot bag dropped from an identified height, based on a 
typical impact scenario (Human engineering data chart, figure 2.9). The material was 
classified as safety material if: 
1) the material did not break or  
2) when broken, adhered to the breakage requirement.   
 
The purpose of the standard later evolved to include impact-loading requirements. Using the 
same procedure and impactor, different drop heights were introduced. These drop heights 
were introduced to represent different impact speeds at which a 45 kg teenager could strike a 
balustrade. Balustrades are therefore classified according to application and position. These 
classifications are part of the loading requirement and the balustrade need to be designed to 
resist these loads. Most of the international standards [22, 23, 24] integrated the impact 
loading- and material classification requirement. Therefore, avoiding separate testing 
procedures.  
 
The South African [7] standards failed to recognize this, and consequently introduced a brand 
new impactor. The new impactor consists of a 250 mm diameter bag filled with sand to the 
weight of 30 kg. This impactor has never been investigated concerning reproducibility, 
repeatability or the magnitude of impulse generated.  
 
With the introduction of the new impactor, the South African standards [7, 23] now require two 
separate tests to be performed when designing a glass balustrade. The two tests are: 

• Pendulum impact using a lead shot bag for the material classification of the material 
and a 

• Pendulum impact test using the sand bag impactor for the impact loading 
requirements 
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Having summarized all of the South African design standards relevant to the design and 
construction of glass balustrades, and concluding the literature study, the next chapter 
presents the first phase of the project.  
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CHAPTER 3 
CONNECTION CAPACITY OF FREESTANDING BALUSTRADES 
 
Introduction 
 
In a continuous glass balustrade set-up, the loaded panel can distribute the force to the 
adjacent panels. A single freestanding balustrade panel however is required to sustain the 
same loading as a number of connected panels in a continuous balustrade set-up, resulting in a 
larger and often unacceptable stress concentration at the connections of the panel. As seen in 
chapter 4, it is at these connections where fracture occurs. Therefore, in a freestanding 
balustrade the connection type plays a crucial part in the design of the balustrade. Ultimately, 
the connection set-up controls the structural capacity of a freestanding balustrade.  
 
Typically, freestanding balustrade panels are connected using either numerous point supports 
or a continuous edge support. The continuous edge support system often consists of a 
balustrade panel placed in a steel channel that is connected to the adjacent structure. Appendix 
B of the British standard [12] provides technical drawings of typical connections for freestanding 
balustrades. In figure 3.1, examples for continuous edge supports can be seen. Silicone or high 
elasticity modulus sealants are placed between the steel and glass to ensure the continuous 
support of the glass. This is the most conservative type of support, as no additional stress 
concentrations are introduced.    
 

 
 
Figure 3.1. Freestanding continuous support system [12] 
 
 
Alternatively, holed connections through which the glass balustrade is connected to the 
adjacent structure using bolts are used. These holes, through which the balustrade panel is 
connected, introduce regions of stress concentrations, therefore reducing the loading capacity 
of the panel.  In figure 3.2, point supported systems can be seen as provided by the British 
standards [12]. As for the continuous support system, high elasticity modulus sealant is placed 
in between the glass and steel bolts.  
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Figure 3.2. Freestanding point support system [12] 
 
 
Freestanding glass balustrades have to adhere to both static- and impact-loading conditions, as 
set out in the relevant loading standards [see section 2.3]. Although the static loading 
requirements are important, it is the impact loading requirements that is the dominant load case 
[6].  
 
Glass differs from other conventional structural materials in that it exhibits different material 
properties under varying loading rates. One of these material properties important to structural 
engineers is that there is an increase in glass strength with an increase-loading rate [28]. 
Although this is a well-known fact, technical information regarding the mechanical properties of 
toughened glass extends to the static properties, and provides little information concerning the 
dynamic properties of the material.  
 
To predict the loading capacity of freestanding glass balustrades, the influence of the 
connection type and the dynamic material properties of toughened glass have to be known. It 
was consequently decided that a laboratory test series be undertaken in which: 

• The loading capacity and influence of different connections (types and sizes) and, 
• The static- and most importantly the dynamic material properties of toughened glass 

are determined. 
 
This chapter describes the laboratory test series in which 37 scaled down toughened glass 
panels were tested in bending. These panels were loaded until failure, using three different 
loading rates.  
 
The layout of the chapter and the manner in which the laboratory test series was undertaken is 
illustrated by means of a flow diagram in figure 3.3. 
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Laboratory Test Series 

Geometry 
Section 3.1 

Specimen 
Preparation 
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Test Set-up 
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Loading 
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Post Testing 
Analysis 

Section 3.5 

 
 
Figure 3.3. Flow diagram illustrating the layout of the laboratory test series 
 
 
The laboratory test series can be categorized into four steps. In the subsequent sections each 
of these steps are addressed separately and described in detail, they are:  
 

• Geometry of the test panels 
Before the commencement of the test series, the test panel geometry had to be 
determined, which would best represent the real life problem.    

 
• Design of test set-up  
This section describes the test set-up and test rig in which the glass panels where tested.  
 
• Loading of test panels 
This section describes the loading rates used for the testing of the glass panels.  
 
• Test panel preparation 
This section describes the various activities performed on each glass panel prior to the 
testing. These activities would help with the prediction of panel strength and give insight 
into the behaviour of glass.  
 
• Post testing analysis 
Finally, each tested panels is examined. This section describes the various activities 
performed following the destructive testing of each panel.  
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3.1 TEST GEOMETRY  
 
Introduction 
 
Typical freestanding glass balustrade panels are usually between 1-2 m wide and are generally 
1 m from the finished floor level, as this dimension is controlled by the related handrailing and 
balustrading design standard [see section 2.1]. Instead of using actual 1x1 m glass panels, it 
was decided that scaled down panels would be satisfactory in determining the material 
properties. The scaled glass panels, was chosen based on design standards and supplier 
specifications.  
 
This section describes the geometry of the scaled down balustrade panels that was 
destructively tested in the laboratory test series.  
 
The layout of this section is illustrated in the flow diagram in figure 3.4. 
 
 
 

Test panel geometry 
Section 3.1.3 

Test panel thickness  
Section 3.1.1 

Test panel hole geometry 
Section 3.1.2 

Laboratory Test Series 
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Preparation 
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Section 3.2 

Loading 
Section 3.3 

Post Testing 
Analysis 

Section 3.5 

 
 
Figure 3.4. Flow diagram illustrating layout of the geometry stage of the laboratory test series. 
 
 
The following section describes the test panel geometry, and is categorized under the following 
headings: 

• Test panel thickness 
• Test panel hole geometry  
• Test panel geometry 

 
 
3.1.1 Test panel thickness 
 
The test panel thickness was chosen based on guidelines supplied in the British Standard [12], 
which requires the use of a minimum thickness of 12 mm toughened glass in freestanding glass 
balustrades. Communication with suppliers confirmed that 12 mm thick glass is mostly used in 
freestanding balustrades with a continuous edge support, and suggested that 15 mm thick 
glass be used when the glass is not continuously supported (figure 3.5). A third thickness of   
10 mm was chosen for extrapolation purposes.  
 
It was consequently decided that 10, 12 and 15 mm thick toughened glass panels be tested.  
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igure 3.5. Glass balustrade specifications [42] 

.1.2 Test panel hole geometries 

efore the test panel geometry could be selected, the placement of holes with regard to 
9] 

istance between edge and hole 
] suggests that the minimum distance from any edge of the 

s greater  

istance between two holes 
48 [29] suggests that the minimum distance between the 

e 

ole diameter 
ASTM C 1048 [29] suggests that a minimum diameter holes of 6.4 mm or the 

s greater 

he placement of holes according to ASTM C 1048 [29] is summarized in figure 3.6. 

F
 
 
 
3
 
B
distance from edge and distance from each other had to be established. ASTM C 1048 [2
provides guidelines with respect to placement of holes: 
 
D
Section 7.8.2.1 of ASTM C 1048 [29
glass to the nearest point on the rim of a hole must be 6 mm or 1.5 times the thickness of the 
glass, which ever is greater. 
X ≥ 6 mm or 1.5t, whichever i
 
D
Section 7.8.2.2.1 of ASTM C 10
centres of adjoining holes in 5 mm or thicker glass must be at least 10 mm or two times th
glass thickness times the larger hole diameter, whichever is greater.  
Y = 10 mm or 2tD, whichever is greater (t = glass thickness) 
 
H
Section 7.8.3 of 
thickness of the glass, whichever is greater.  
D = 6.4 mm or thickness of glass, whichever i
 
T
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Y

D X

 
 
Figure 3.6. Placement of holes as suggested by ASTM C 1048 [29] 
 
 
With a maximum panel thickness of 15 mm, the minimum diameter of a hole was thus 15 mm. 
Hole diameters of 15, 20 and 25 mm where consequently chosen. Table 3.1 summarizes the 
positioning- and placement of the holes which ultimately determined the scaled down panel 
size.  
 
 
Table 3.1. Positioning of holes 
 

Diameter 
Thickness 15mm 20mm 25mm 
 x≥ y≥ x≥ y≥ x≥ y≥ 
10mm 15 300 15 400 15 500 
12mm 18 360 18 480 18 600 
15mm 22.5 450 22.5 600 22.5 750 
 
 
3.1.2.1 Residual stresses near edges and holes 
 
The stress distribution near edges is a result of the interaction of the top- and the bottom 
surfaces together with the edge cooling rates, as described in chapter 1.2.Therefore, the 
geometry of the panel had to consider the residual stress distribution near the edges. The 
geometry of the panels was chosen too prevent any further stress superposition. If the edge 
and the hole were chosen to close to each other, they could further influence each other’s 
stress distribution. Daudeville [30] determined in an investigation which used a finite element 
simulation of the thermal tempering of glass that the stress only normalizes at a distance of 10-
15 mm from the edge. 
 
If a hole and edge is therefore closer than 30 mm from each other (centre to centre), it will 
further influence the stress distribution.  
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3.1.2.2 Cylindrical hole with chamfer (common geometry of hole used in industry)   
 
Holes in glass are drilled from both surfaces towards each other, using a diamond-cutting tool. 
(see figure 3.7)  
 

 
 
 
 
 
      Outside diameter, chamfer   
 
 
      Inside diameter 
 
 
 
 
 

Figure 3.7. Hole with chamfer 
 
 
This drilling process introduces surface flaws around the hole, which might serve as an 
additional stress concentration factor and consequently influence the capacity of the glass 
panel. For this reason, suppliers chamfer the holes to reduce the number of surface defects, 
caused by the drilling process. The holes are chamfered at 45 degrees, and consequently 
increase the outside diameter of the hole by 2 mm. It may be noted that the water jet cutting of 
holes introduce less surface flaws and has consequently become popular in parts of the world. 
However, this technology is not yet used in South Africa.    
 
 
3.1.3 Test panel geometry  
 
Typical freestanding glass balustrade panels are usually between 1-2 m wide and are generally 
1 m from the finished floor level, as this dimension is controlled by the related handrailing and 
balustrading design standard [see section 2.1]. Instead of using actual 1x1 m glass panels, it 
was decided that scaled down 300x300 mm panels would be satisfactory in determining the 
material properties. Panels with- and without holes were chosen to represent both point- and 
continuous supported balustrades.  
 
Holes were positioned, taking into account: 

• Guidelines with respect to placement of holes provided by ASTM C 1048 [29] 
• Residual stresses near edges and holes 

 
The final geometry of the glass panels without holes is illustrated in figure 3.8 and panels with 
holes in figure 3.9. Figure 3.10, illustrates a section through a hole and indicated the inside- 
and outside diameter of the hole.  
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Figure 3.8.  Glass panel without hole geometry 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.9. Glass panel with hole geometry                         Figure 3.10.  Glass hole geometry 
 
 
Panel thicknesses and corresponding hole diameters are presented in table 3.2. 
 
 
Table 3.2. Dimensions of chamfered holes 
      
Thickness Diameter inside Diameter outside 
mm mm mm 
10 10 12 
15 15 17 
20 20 22 
     
 
The variability in the strength of glass, caused by surface defects [31], resulted in the testing of 
three panels per parameter. Three different thicknesses together with four different connection 
types were tested under static- and dynamic loading conditions. The number of panels 
associated with each configuration is given in Table 3.3. 
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Table 3.3. Number of panels tested 
 

Diameter (mm) 
Thickness 
(mm) 

10 15 20 no hole  

10 3 3 3 3 12 
12 3 3 3 3 12 
15 3 3 3 3 12 
    Total 36 
  
 
3.1.4 Conclusion 
 
The geometry of the scaled down balustrade glass panels were chosen based on supplier- and 
manufacturer specifications. Glass panel thicknesses 12- and 15 mm were selected and a third 
thickness of 10 mm was chosen for extrapolation purposes.  
 
Hole geometry was selected taking into account ASTM [29] guidelines and the residual stress 
distribution near edges and holes. Consequently, hole diameters of 10-, 15- and 20 mm were 
selected.  
 
Instead of using actual 1x1 m glass panels, it was decided that scaled down 300x300 mm 
panels would be satisfactory in determining the material properties, as this panel size adhered 
to all the minimum requirements.  
 
The variability in the strength of glass resulted in the testing of three panels per parameter. 
Finally, three different thicknesses together with four different connection types were chosen to 
be tested under static- and dynamic loading conditions. Before each panel could be tested, a 
test rig had to be designed. The following section describes the test rig in which each glass 
panel was loaded out-of-plane until failure.   
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3.2 DESIGN OF TEST SET-UP  
 
Introduction 
 
The geometry of the test specimens was determined in the previous section. Panels with- and 
without holes were chosen, representative of different connection types. Therefore, a test set-
up had to be designed which was multifunctional, while adhering to various requirements. 
 
This section describes the test set-up, which was designed to determine the out-of-plane 
bending capacity of the glass panels. The test set-up consisted of a test rig and loading rig, 
both of which are addressed in detail.  
 
The following section concerns the test set-up, and can be categorized into the following 
headings: 

• The test rig  
• The loading rig 
• The test measurements  

 
The layout of the test set-up section is illustrated by means of a flow diagram in figure 3.11. 

Test rig 
Section 3.2.1 

Loading rig 
Section 3.2.2 

Laboratory Test Series 

Test Measurements 
Section 3.2.3 

Geometry 
Section 3.1 

Specimen 
Preparation 
Section 3.4 

Test Set-up 
Section 3.2 

Loading 
Section 3.3 

Post Testing 
Analysis 

Section 3.5 

 
 
Figure 3.11. Flow diagram illustrating layout of the test set-up stage of the laboratory test 
series. 
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3.2.1 Test Rig 
 
 
The test set-up was designed to determine the out-of-plane bending capacity of glass panels, 
under various loading rates, and consisted of a test rig and loading rig. The test rig supported 
the glass panels, while the loading rig was used to distribute the applied load.  
 
 
In order to minimize the number of variables in the testing procedure, a number of assumptions 
were made with reference to typical freestanding balustrade connections. [See figures 3.1 and 
3.2] 

• The Steel channel in the continuous support system and the bolts in the point support 
system, are rigid in comparison to the rest of the structure.  

• There are no further stress concentrations introduced by the support systems. (i.e. The 
bolt in itself does not introduce any stress concentration) 

• The elastic sealant has no effect on the behaviour of the system, and serves the mere 
purpose of distributing the stress along the channel and around the holes. 

• The rubber between the bolt and panel of glass allows enough rotation, ensuring that the 
glass fractures at the position where the maximum stress concentration occurs around 
the hole.  

 
With this in mind, the test rig in which the glass panels were tested, was designed. The test rig 
requirements were considered as follows: 

• The test rig had to be multifunctional, in that the out-of-plane bending strength of glass 
panels for both point- and continuous supported panels could be determined. 

• All tests had to be performed using the Zwick 250 kN tension/compression machine. The 
test rig had to be designed to firstly fit into the Zwick and secondly fit onto the base 
panel of the machine.  

• The test rig had to be rigid in comparison to the glass specimens 
• No additional stress concentration were to be created at the supports 
• Glass of various thickness had to be tested 
 

With these requirements in mind, a test rig was designed. However, following a number of trial 
tests, the initial test rig was altered. The altered test rig provided the correct fracture origin while 
adhering to the initial requirements and was subsequently used for the laboratory test series. 
The following paragraphs describe and illustrate the initial- and final test rigs.  
 
 
3.2.1.1 Initial test rig 
 
The initial test rig was based on a cantilever clamping system. The glass panels were to be 
continuously clamped along one edge while loaded at the opposite edge. Two M16 bolts 
clamped the glass panel in-between two rectangular hollow sections (Figure 3.12). Both 
rectangular hollow sections were lined with gasket cork to account for any irregularities and to 
evenly support the glass panels. The initial test rig is illustrated in figure 3.12 and table 3.4 
presents each part with description.   
 
The load was applied to the glass panels using a 30 mm diameter metal rod placed across the 
surface of the panel, thus evenly distributing the load across the entire surface. Finally, the 
whole test rig was placed in a Perspex box. With only the necessary holes for the loading rod 
and measuring devices, the Perspex box was introduced to keep the fractured glass from 
spraying across the laboratory.  
 
Glass panels without a hole would fracture at the continuous support, as intended. The glass 
panels with a hole would fracture at the hole, instead of at the support, due to the stress 
concentration [see chapter 4]. For each panel the ultimate force would be measured, knowing 
the lever arm, the ultimate out-of-plane bending capacity of each glass panel could be 
determined.  
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Figure 3.12. Initial test rig 
 
 
Table 3.4. Initial test rig parts 
 
Item Qty Part Description 
1 1 Base plate 300 x 150 x 25mm 
2 2 Rectangular hollow 

section (RHS) 
52 x 38 x 3mm 

3 4 Spacer 60 x 38 x 16mm 
4 2 Bolt M16  
5 4 Washer M16  
6 2 Nut M16  
7 4 Bolt M12 Screw used to bolt test rig to Zwick test machine 
 
 
After the first trial test, the proposed test rig was altered. Upon loading, the slenderness and 
flexible torsional resistance of the RHS’s permitted the rotation if the glass panel. The test rig 
was not sufficiently rigid in comparison to the glass panel. The glass panel fractured at one of 
the clamped corners instead of at the hole where the maximum stress concentration was. The 
reason for fracture at the corner was attributed to two factors: 
 

• The pressure of the tightened bolts together with the slenderness of the top rectangular 
hollow section (RHS) caused the RHS to buckle. The buckling of the top RHS resulted 
in a pressure concentration at the corners greater than that of the hole.  

•  The metal rod, used to load the panel, did not produce an evenly distributed load across 
the surface of the glass panel.  

 
Considering these two factors, a new test rig was designed which provided the desired results. 
The following paragraph describes the design of the final test rig.  
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3.2.1.2 Final test rig 
 
The final test rig had to address the following issues, as identified from the first trial test. 

• Reduce slenderness of the rectangular steel RHS  
• Devise a new system for the support of the glass panels to avoid stress concentration 
• Alter loading rod to account for the uneven surface of the glass panel 

 
The final test rig can be seen in figure 3.13. The slenderness of the system was addressed with 
the addition of a 25 mm steel plate (Component 5), which was welded and bolted to the back of 
the test rig. The top rectangular RHS was bolted to the back steel plate at three positions using 
three M16 bolts (Component 7). The bolting of the top steel RHS to the back plate eliminated 
the use of the clamping system. In the final test set-up the glass panels where simply slid in-
between the rectangular RHS’s to avoid the pressure introduced, as apposed to when the 
panels where clamped. Three different thicknesses of 10, 12 and 15 mm thick glass panels 
were tested, therefore the gap between the RHS had to be in excess of 15 mm. Positioning 
blocks were taped to each panel to account for the various panel thicknesses (Further 
described in section 3.5.3). To address the issue of excessive rotation, a steel RHS was placed 
in front of the bottom RHS (Component 2), increasing the lever arm balancing the applied load. 
The final test rig is illustrated in figure 3.13 and table 3.5 presents each part with description.   
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Figure 3.13. Final test rig 
 
Table 3.5. Final test rig parts 
 
Item Qty Part Description 
1 1 Base plate 300 x 150 x 25mm 
2 3 Rectangular hollow section (RHS) 52 x 38 x 3mm 
3 4 Bolt M12 Hexagon socket head cap screw 
4 4 Spacer 60 x 38 x 16mm 
5 4 Stiffening plate 300 x 150 x 25mm 
6 3 Nut M16  
7 3 Bolt M16 90mm 
8 3 Bolt M16 38mm 
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Zwick attached
(No rotation)

Zwick attached
(Rotation allowed)

Metal rod

The loading rig was altered based on a ball socket set-up (figure 3.14). Instead of connecting 
the metal rod to the Zwick, it was rested on top of the glass. The Zwick loading pin would push 
into a smooth channel to allow the rotation of the rod relative to the glass. This set-up allowed 
an even distribution of the applied load across the surface of the glass. Figure 3.14 illustrates 
the initial- and final loading rod. 

  
 
Initial loading rig 

 
inal loading rig 

igure 3.14. Initial- and Final loading rod 

he new stiffened test rig together with the improved loading mechanism provided the correct 

alibration of test set-up 

efore the second trial specimen was tested, the stiffness of the new proposed test rig was 
to 

 of 

igure 3.15. Illustration of displacement contribution of each component to total displacement of 

F

 
F
 
 
T
fracture origin (ie. around the hole). 
 
 
C
 
B
established. The stiffness of the new test rig was then compared to that of the initial test rig, 
establish whether the new test rig improved the rigidity. A 300 x 300 x 20 mm steel plate was 
used as a rigid element to determine the stiffness of both test rigs. From the initial test, it was 
noticed that the measured displacement of the glass panel under the applied load was a 
combination of the rotation of the panel, displacement of the test rig and the displacement
the glass panel (figure 3.15). 
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Where: 
= measured displacement  

anel  plied load  

  about point A 

herefore to determine the displacement of only the glass panel equation 3.1 is used: 

Glass panel  = ΔTotal - ΔTestRig – ΔRotation                                                                (3.1)

le Differential Transformer’s (LVDT’s) were placed at three different locations, 

 

LVDT Back 

LVDT Middle 

LVDT Front 

Figure 3.16. LVDT measurement positions 

igure 3.17 illustrates the measured displacement and rotation of both test rigs loaded to 

ΔTotal  
ΔGlass p = displacement of panel under ap
ΔTest rig = displacement of test rig under applied load 
ΔRotation = displacement of glass panel due to rotation 
 
T
 
Δ
   
Linear Variab
each measuring a different displacement, the LVDT positions can be seen in figure 3.16. 
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Figure 3.17. Rotation and displacement of old and new test rig 
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It can be seen that the new test rig provided a better means of support and consequently 
 to 

 

.2.2 Test Measurements  

he displacement and the incremental force were measured, in the laboratory test series, to 

isplacements were measured using two LVDT’s (Linear Variable Differential Transformer) and 

      

he two LVDT’s were positioned to measure the rotation of the glass at the back of the two 
 

he glass panels were displacement controlled, in which the bottom half of the Zwick displaced. 

 

 
 
 
 
 
 

reduced the rotation of the plate. The displacement of the new test rig was small compared
that of the initial test rig. Under a loading of 2.3 kN, the test rig displaced only 0.017 mm. It was
concluded that the test rig is rigid in relation to the glass specimens. For the following tests, it 
was decided that only the displacement of the system and the rotation of the glass panels had 
to be measured, as the contribution of the test rig was negligibly small.   
 
 
3
 
T
determine the elasticity modulus and ultimate bending capacity of the glass panels.  
 
D
the ultimate force was measured using a 5 kN load cell. A LVDT is an electromechanical device 
designed to produce an AC voltage output proportional to the relative displacement of the 
transformer and armature. The LVDT’s were calibrated to interpret a change in voltage as  
4 mm. Measurements from the two LVDT’s and the load cell were recorded by a digital 
amplifier (spyder8) and evaluated using the Catman 2.1 software. 
 
T
RHS’s and the total displacement of the system, respectively. The rotation of the glass at the
back of the supporting RHS’s is a result of the compression of the gasket cork and rotation of 
the test rig as the glass panel is loaded.  
 
T
One LVDT was placed on top of the bottom half of the Zwick, using a tripod. The tripod was 
placed on top of the Zwick to measure only the displacement of the glass and not the total 
displacement of the system. This measurement was taken between the back stiffening plate
and top RHS, position shown in figure 3.18. 
 

 Figure 3.18.  Positions of back LVDT  Figure 3.19.  Positions of front LVDT 

he second LVDT was placed on the ground next to the Zwick and measured the displacement 

 
 
T
of the Zwick’s bottom half, as shown in figure 3.19. This displacement is equal to the total 
displacement and rotation of the glass panel.  
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Figure 3.20. Zwick test set-up with test rig 
 
 
The final test set-up is illustrated in figure 3.20. 
 
 
3.2.3 Conclusion 
 
From the geometry of the test specimens, determined in the previous section, it was concluded 
that a test set-up had to be designed which was multifunctional. Consequently, a test set-up 
was designed to determine the out-of-plane bending capacity of glass panels, and consisted of 
a test rig and loading rig. The test rig was designed to support the glass panels, while the 
loading rig was used to distribute the applied load. 
 
The initial test rig was based on a cantilever clamping system, but was altered due to its 
slenderness. The improved test rig together with the ball and socket-loading rig provided the 
correct fracture origin.  
 
During the laboratory test series, the displacement and the incremental force were measured to 
determine the elasticity modulus and ultimate bending capacity of the glass panels. The glass 
panels were loaded under different loading rates, as it was one of the purposes of the 
laboratory test series to determine the static- and dynamic material properties of toughened 
glass. Having described the geometry of the panels and the test set-up, the loading of the glass 
panels is addressed in the following section.  
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3.3 TEST LOADING  
 
Introduction 
 
Glass is a material, which exhibit an increase in strength with an increase in loading rate. Since 
balustrade is required to sustain both static- and dynamic imposed loads, it was consequently 
decided that the dynamic material properties of glass be determined. Therefore, during the 
laboratory test series, glass panels would be loaded under various loading rates.  
 
This section describes each loading rate used during the laboratory test series.  
 
The following section concerns the loading of each tested panel, and can be categorized under 
the following heading: 

• Loading rates 
 
The layout of the test set-up section is illustrated by means of a flow diagram in figure 3.21. 
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Figure 3.21. Flow diagram illustrating layout of the loading stage of the laboratory test series.  
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3.3.1 Loading Rate 
 
One of the purposes of the laboratory test series was to determine the static- and dynamic 
material properties of toughened glass. It was consequently decided that three different loading 
rates be investigated. They were a: 

• Static- 
• Quasi Static and  
• Dynamic loading rate. 
 
 

3.3.1.1 Determination of each loading rate 
 
ASTM C 158 [32] provides guidelines on the determination of the modulus of rapture in bending 
of annealed and toughened glass. 
 
Section 7.1 of ASTM C 158 [32] recommends that prestressed glasses be tested with the 
increase of maximum stress per minute between 80% and 120% of the modulus of rupture. A 
static loading rate is therefore the rate of loading which causes the panel to fail in 1 minute.  
 
The modulus of rupture of soda-lime-silica is provided in table 3.6.  
 
 
Table 3.6. Modulus of rupture for soda-lime-silica glass [Appendix C] 
 
Mean modulus of rupture  
Probability of failure (p.o.f) 50% 165 MPa toughened glass 
  
Typical design modulus of rupture  
Probability of failure (p.o.f) 0.8% 77 MPa toughened glass 
 
 
The static loading rate was determined for both panels with and without holes. The free body 
diagram (FBD) of the test set-up is illustrated in figure 3.22. 
 
 

P=Load

196.5=2.89L68=L

Support 1 

Support 2 

 
 
Figure 3.22.  Loading and support layout 
 
The equation for the end displacement of the FBD is [33]: 
 
Δend  = P*(2.89L)2*( L+2.89L)/ (3EI)                                          (3.2) 
 
 
Where: 
Δend = actual displacement  
P = applied load 
L = 68 mm 
Eglass = elasticity modulus of glass 
 = 72000 MPa 
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And I = (1/12*b*h3): 
I = 25000 mm4  (10mm thick panel) 
I = 43200 mm4  (12mm thick panel) 
I = 84375 mm4  (15mm thick panel) 
 
 
 
3.3.1.1.1 Holed panels 
 
For the panels with holes, the stress concentration around the hole for a unit load was first 
calculated as follows: 
 
Maximum stress is at hole due to stress concentration, which can be calculated by multiplying 
the stress at the hole by a stress concentration factor [34]. 
M(x) = -2.89LP 
 = -196.5P N.mm 
 
I  = 25000 mm4 

 
y  = 10/2 
 = 5 mm 
 
Sigma  = My/I 
  = -196.5 * 5/ 25000 
  = -0.039 MPa (unit load) 
  
Assume stress concentration at hole is 3 
Sigma  = 3 x -0.039 
  = -0.118 MPa (unit load) 
 
From table 3.6 mean modulus of rupture for a probability of failure of 50% 
Sigma  = 165MPa 
 
Assume for a probability of failure of 100% 
Sigma*2= 330 MPa 
 
The loading rate for increase of maximum stress per minute of 100% of the modulus of rupture: 
Sigma  = 330/60 
  = 5.5 MPa/sec 
 
Since the test series was displacement controlled, the displacement per second was calculated 
as follows: 
 
Magnitude of force 
P = 1 * 330/ 0.118 
 = 2797 N 
 
Loading rate (Deflection) 
Vend  = 10.8PL3/EI 
 = 10.8 * 2798*(68) 3/ (72000 * 25000) 
 = 5.279 mm/min 
 = 0.088 mm/sec 
 
The loading rates for the panels with holes is summarized in table 3.7. 
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Table 3.7. Loading rate descriptions WITH HOLE 
 
Designation Rate  

(mm/ min) 
Stress Rate  
(MPa/ s) 

Duration  
(s) 

Static 5.5 5 60 
Quasi Static 50 55 6 
Dynamic 500 500 1 
 
 
The dynamic loading rate was chosen based on the Zwick testing machines upper loading limit, 
and the Quasi-static- chosen as intermediate loading rate.  
 
 
3.3.1.1.2 Panel without hole 
 
The same procedure was carried out to determine the loading rate of the panels without holes.  
M   = -2.89LP 
  = -196.5P N.mm 
 
I   = 25000mm4

 
y   = 10/2 
  = 5mm 
 
Sigma  = 196.5 * 5/ 25000 
  = 0.0393 MPa 
  
From Table 3.6, Mean modulus of rupture for a probability of failure of 50% 
Sigma  = 165MPa 
 
Assume for a probability of failure of 100% 
Sigma*2 = 330MPa 
 
The loading rate for increase of maximum stress per minute  
Sigma  = 330/60 
  = 5.5MPa/sec 
 
P  = 1 x 330/ 0.0393 
 = 8397N 
 
Vend = 10.8PL3/EI 
 = 10.8 * 8397 * (68) 3/(72000 * 25000) 
 = 15.84mm/min 
 = 0.26 mm/sec 
 
The loading rates for the panels without holes is summarized in table 3.8. 
 
 
Table 3.8. Loading rate descriptions WITHOUT HOLE 
 
Name Rate  

(mm/ min) 
Stress Rate  
(MPa/ s) 

Duration 
(s) 

Static 15 5.5 60 
Quasi Static 150 55 6 
Dynamic 500 500 1 
 
 
The dynamic loading rate was chosen based on the Zwick testing machines upper loading limit, 
and the Quasi-static- chosen as intermediate loading rate. Table 3.9 presents the loading rate 
assigned to each group of glass panels.  

University of Stellenbosch  2007 



Connection Capacity of Freestanding Balustrades  70

Table3.9. Loading rates used for each group of panels 
 
    Diameter (mm) 
  No hole 15 20 25 
Thickness (mm)     
10 Dynamic - Static Dynamic 
12 Static Static Quasi-Static Dynamic 
15 Quasi-

Static 
Quasi-
Static 

Dynamic Dynamic 

 
 
To determine the influence of the panel thickness on the loading capacity of the holed glass, all 
panels with a 25mm diameter were tested at the dynamic loading rate. Further, to determine 
the influence of the loading rate on the loading capacity of the glass panel each group of panels 
that contained no holes were tested at a different loading rate. The rest of the groups were 
tested with at least one loading rate per glass thickness.  
 
 
3.3.2 Conclusion 
 
One of the purposes of the laboratory test series was to determine the static- and dynamic 
material properties of toughened glass. It was consequently decided that a Static-, Quasi Static 
and Dynamic loading rate be investigated.  
 
The static loading rate was determined as recommended in the ASTM C 158 [32]. The dynamic 
loading rate was chosen based on the Zwick testing machines upper loading rate and the 
Quasi-static- chosen as intermediate loading rate. 
 
The influence of the panel thickness and loading rate on the loading capacity of the glass 
panels were investigated. Prior to the loading of each glass panel, a number of activities were 
performed. These activities were performed to give insight into the behaviour of toughened 
glass, and are described in the following section.  
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3.4 SPECIMEN PREPERATION  
 
Introduction 
 
Prior to the destructive testing of each glass panel, a number of activities were performed.  
These activities were performed to give insight into the behaviour of toughened glass and 
ultimately predict the strength of the tested glass panels.  
 
This section describes the significance of each of the activities performed.  
 
 
The following section concerns the preparation of each tested panel, and can be categorized 
under the following heading: 

• Determination of level of prestress 
• Examination of surface flaws surrounding holes 
• Taping of compression surface 
• Taping of positioning blocks 

 
The layout of the specimen preparation section is illustrated by means of a flow diagram in 
figure 3.23. 
 

Determination of 
Prestress 

Section 3.4.1 

Surface 
Inspection 

Section 3.4.2 

Taping of 
compression surface 

Section 3.4.3 

Laboratory Test Series 

Taping of 
positioning blocks 

Section 3.4.4 

Test Set-up 
Section 3.2 

Geometry 
Section 3.1 

Loading 
Section 3.3 

Specimen 
Preparation 
Section 3.4 

Post Testing 
Analysis 

Section 3.5 

 
 
Figure 3.23. Flow diagram illustrating layout of the specimen preparation stage of the laboratory 
test series. 
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3.4.1 Determination of level of prestress 
 
The strength and performance of toughened glass are greatly affected by the surface- and 
edge stress induced during the heat-treating process [13]. It is therefore important to know the 
level of prestress in order to predict the ultimate strength of a toughened glass panel.  
 
Using Grazing Angle Surface Polarimeter (GASP) technology, the level of prestress of each 
panel was determined. ASTM C 1279 [35] describes the method for the determination of edge- 
and surface stresses in annealed, heat-strengthened, and fully tempered flat glass products. 
This non-destructive test method uses transmitted light and is, therefore, applicable to light-
transmitting glasses. Using the procedure described, surface stresses can only be measured 
on the “tin” side of float glass. Surface-stress measuring instruments are designed for a specific 
index of refraction, which is different for each measuring device. Each measuring device is 
calibrated, and has its own conversion table (see Appendix B). 
 
As a result of the thermally induced stresses, the material becomes optically anisotropic. When 
polarized light propagates through anisotropic materials, the differences in the speed of light 
rays vibrating along the maximum and minimum principal stress introduce a relative retardation 
between these rays. This relative retardation is proportional to the measured stresses, and can 
be accurately determined using a polariscope. 
 
 
3.4.1.1 Procedure 
 
During the float process (see Chapter 1.2 ), the glass is floated on a bath of molten tin, as a 
result the tin side of the sheet of glass is flat in comparison with the other side. Therefore, level 
of prestress is measured from the tin side of the glass specimen. Before the level of prestress 
was measured, the tin side of the glass panel was identified; this was performed using a 
spectroscope figure 3.24. Once the tin side was determined, a few drops of index liquid surface 
were place on the point of interest, on which the polariscope was placed (figure 3.24) and the 
reading taken.  
 

 
 
 
 
 
 Polariscope 
 
 
 
 Spectroscope 
 
 
 
 
 
 

 
Figure 3.24.  Polariscope  and Spectroscope 
 
 
The angle readings taken from the apparatus were converted into levels of prestress stress 
using the conversion table applicable to the model (see Appendix B for standard wedge 
used in GASP). The level of prestress was determined at four different locations for each glass 
panel. These readings were taken at positions where the edge or hole did not have an 
influence on the level of prestress. The averages of the four readings taken per glass panel, is 
presented in table 3.10. 
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Table 3.10. Averages of prestress measurements for panels  
 
Panel# Thickness Hole Diameter Centre of panel 
 (mm) (mm) (MPa) 
    
29,1,4,3 10 NoHole 126.13 
22, 13, 37 12 NoHole 121.03 
26, 31, 25 15 NoHole 127.04 
    
16,15,1 10 10 114.57 
27, 30, 33 10 15 106.42 
28, 8, 5 10 20 123.39 
   Average 114.79 
    
36, 11, 10 12 10 125.72 
9,12,2 12 15 133.05 
20, 19, 18 12 20 124.83 
   Average 127.86 
    
7, 34, 6 15 10 122.20 
35, 23, 24 15 15 125.99 
14, 21, 32 15 20 123.36 
   Average 123.85 
 
It is noted that none of the levels of prestress are less than 100 MPa. The highest is 133 MPa 
and the lowest 106 MPa. Comparing the averages, no common trend in level of prestress was 
found to exist among the various thicknesses of the glass.  
 
Both the 12- and 15 mm thick panels’ measured prestress was higher than that of the 10 mm 
thick glass panels. Although, the 12 mm average level of prestress (127.86 MPa) was higher 
than that of the 15 mm (123.85 MPa), an increase in level of prestress with thickness was 
noticed.  
 
3.4.2 Examination of surface flaws surrounding holes 
 
Fracture is concerned with the initiation and propagation of a crack or cracks in the material 
until the extent of cracking is such that the applied loading cannot any longer be sustained by 
the component. All components contain micro cracks or flaws. An engineer, therefore tries to 
design for non-crack propagation. For this reason, Griffith [31] who tried to explain why the 
observed strength of a material is considerably less than the theoretical strength, developed 
linear elastic fracture mechanics (L.E.F.M). He concluded that real materials must contain small 
cracks or flaws, which reduce their strength. These flaws cause the stress surrounding the flaw 
to be amplified where the magnification depends upon the orientation and geometry of the flaw. 
Stress is at a maximum at the crack tip and decreases to the nominal applied stress, with the 
increasing distance away from the crack. The stress is concentrated around the crack tip or 
flaw developing the concept of stress concentration. (The topic of stress concentration is further 
explained in chapter 4) 
 
Therefore, before the laboratory test series, each holed panel was examined using a Lica 
microscope (magnification 50-times), as illustrated in figure 3.26. Surface flaws in and around 
the chamfer of each panel (introduced by the drilling of the hole) were photographed. After 
each hole was photographed, a grid was placed over the photographed image and possible 
fracture origins were identified, corresponding to a position on the grid. (Figure 3.27) This was 
only performed on the holed panels, as the hole limited the fracture origin to the edge of the 
hole. The actual fracture origin would later be compared to the predicted fracture origin to 
establish to what extent the flaws surrounding the hole influence the bending capacity of the 
glass panel.  
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Figure 3.25. Merged hole 21                         Figure 3.26. Magnification 50x 
 
 
Table 3.11 presents predicted fracture origins as identified in the examination of the surface 
flaws, and figure 3.27 illustrates the location on the grid.   
 
 
Table 3.11. Holed glass panel predicted fracture origin 
 

 
 
 
 
 
 
 

Glass Panel # Loading rate Predicted  
Fracture  
Origin 

   
10mm Thickness   
27 Static 32 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.27. Mesh  
 grid placed over  
 hole with grid number 
 

 

33 Static 10 
28 Dynamic 32 
8 Dynamic 28 
5 Dynamic 28 
   
12mm Thickness   
36 Static 10 
11 Static 10 
10 Static 20 
9 Quasi-Static - 
12 Quasi-Static 32 
2 Quasi-Static 31 
20 Dynamic 29 
19 Dynamic 27 
18 Dynamic 12 
   
15mm Thickness   
7 Quasi-Static 28 
34 Quasi-Static 28 
6 Quasi-Static 34 
35 Dynamic 26 
23 Dynamic 12 
24 Dynamic 31 
14 Dynamic 31 
21 Dynamic 24 
32 Dynamic - 
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3.4.3 Taping of glass panels 
 
The compression side of each panel was taped with a clear 50 mm wide selotape. The tape 
kept the fractured particles together at failure and consequently made it possible to establish 
the origin of fracture. See figure 3.28. 
 
 

 
 
 Positioning blocks 
 
 
 
 
 Tapelines 
 
 
 
 
 

 
Figure 3.28. Taped glass panel 
 
 
3.4.4 Positioning blocks 
 
Together with the taping of the panels, positioning blocks were also taped to each panel before 
it was tested. In the final test set-up the glass panels were simply slid in-between the RHS’s to 
avoid the pressure introduced as apposed to when the panels where clamped. Three different 
thicknesses of 10-, 12- and 15 mm thick glass panels were tested, therefore the gap between 
the two RHS’s had to be in excess of 15 mm. Positioning blocks were taped to the top and 
bottom of each panel, according to the panel’s thickness as illustrated in figure 3.29.  
 
 

 
 Top positioning block lined with cork 
 
 Bottom positioning block lined with cork 
 
 
 
 
 
 
 
 
 
 

Figure 3.29. Positioning of positioning blocks 
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3.4.5 Conclusion 
 
Before the testing of the panels, a series of preparations were undertaken which would 
ultimately help predict and explain the capacity of the glass panels. These activities included 
the determination of level of prestress, examination of surface flaws surrounding holes, taping 
of compression surface and taping of positioning blocks. 
 
Having described the geometry of the panel, test set-up, loading and specimen preparation of 
each tested group of panels, the following chapter discusses the results obtained from the 
laboratory test series.  
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3.5 POST TESTING ANALYSIS 
 
Introduction 
 
Following the laboratory test series in which 37 toughened glass panels were tested in bending, 
a number of activities were performed. This section describes the post failure activities 
performed, and presents the laboratory test results.  
 
The section can be categorized under the following headings: 

• Specimen evaluation 
• Test Measurements 

 
 
The layout of the post failure analysis section is illustrated by means of a flow diagram in figure 
3.30. 
 
 
 

Specimen Evaluation  
Section 3.5.1 

Test Measurements 
Section 3.5.2 

Laboratory Test Series 

Geometry 
Section 3.1 

Specimen 
Preparation 
Section 3.4 

Test Set-up 
Section 3.2 

Loading 
Section 3.3 

Post Testing 
Analysis 

Section 3.5 

 
 
Figure 3.30. Flow diagram illustrating the post failure analysis stage of the laboratory test series 
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3.5.1 Specimen Evaluation 

fter the laboratory test series, each panel was closely examined. The tape applied to each 
 

 
 

.5.1.1 Fracture Pattern 

fter fracture, each panel was carefully removed and the origin of fracture was determined. The 

 
igure 3.31. Fracture origin and line of symmetry  Figure 3.32. Fracture origin and line of  

 was noted that the fracture pattern is symmetrical about a line drawn through half of the hole 

reases 

 

 Propagation of wave  

e origin 

gation of wave  

 
Figure 3.33. Propagation of fracture (Panel 19) 

 
A
panel kept the fractured glass particles together and made the examination of each fractured
panel possible.  This section describes the fracture pattern of the glass panels and highlights 
the difference between the different loading rate fracture patterns. Finally, the fracture origin is
compared to the predicted fracture origin and the effect of the loading rate on the fracture origin
described.   
 
 
3
 
A
taping of the glass panels made the fracture pattern visible, as the tape kept the fractured 
“sugar cube” pieces together. The fracture origin, illustrated by the circle in figure 3.31 and 
figure 3.32, was easily identified, for the particle size was the smallest at this point. 
 

F
(Panel 19) symmetry (Panel 21) 
 
It
starting at the origin of fracture, as illustrated in figure 3.31, 3.32.  This is true regardless of the 
position of the origin of fracture around the hole. The fracture pattern propagates through the 
rest of the panel in a shockwave format (radial), as well as in straight lines (linear) in all 
directions from the point of origin, illustrated in figure 3.33. The particle size therefore inc
as the wave moves further from it.  

 
 
 
 
 
 
 
  (Radial) 
   
  Fractur
  
  Propa
  (Linear) 
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3.5.1.2 Fracture origin 
 
Together with the examination of the fracture pattern, each panel’s origin of fracture was 

he 

 
er 

cture 

ctual fracture 

edicted fracture 

 
acture 3.34. Predicted and actual fracture origin Facture 3.35. Predicted and actual 

determined. This was only performed on the holed panels, as described in section 3.5.2. T
taping of the glass panels made the identification of the fracture origin possible. The finite 
element mesh grid was again placed over the fractured hole to compare the actual fracture
origin to that of the predicted origin. The predicted origin was marked with a permanent mark
before each panel was tested, as illustrated in figure 3.34, 3.35. Figure 3.34 and 3.35, 
illustrates the predicted and the actual fracture origin of panel #14 and panel #7. The fra
origins of all the holed panels are presented in table 3.12. Photographs of each hole before- 
and after failure is presented in Appendix A. 
 
 

 
 
 
 
A
origin 
 
 
Pr
origin 
 
 
 
 
 
 
 
 
 

F
fracture (Panel 14)     origin (Panel 7) 
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Table 3.12. Holed glass panel predicted and actual fracture origin 

lass Panel # Loading Predicted Actual origin  

 
 
G

Rate Origin on 
grid 

on grid 

    
10mm Thickness    
27 Static 2 0 3 3
33 Static 10 26 
28 Dynamic 32 11 
8 Dynamic 28 28 
5 Dynamic 28 20 
    
12mm Thickness    
36 Static 0 9 1 2
11 Static 10 32 
10 Static 20 20 
9 Quasi Static - 28 
12  Quasi Static 32 21 
2 Quasi Static 31 26 
20 Dynamic 29 20 
19 Dynamic 27 29 
18 Dynamic 12 12 
    
15mm Thickness    
7 Quasi Static 82  82  
34 Quasi Static 28 23 
6 Quasi Static 34 20 
35 Dynamic 26 31 
23 Dynamic 12 24 
24 Dynamic 31 20 
14 Dynamic 31 12 
21 Dynamic 24 15 
32 Dynamic - 15 
 
The panels not having any predicted entries did not have any significant macro flaws that could 

, 

ue 

 was consequently concluded that macro surface flaws surrounding the hole, do not 
 definite 

.5.1.3 Loading rate fracture effect 

hat appeared to be slower wave propagation (Lagging wave) was noticed to be consistent 

tes the 

lead to a predicted fracture origin. From table 3.12 it was noted that only 4 of the 23 holed 
panels fractured at the predicted fracture origin. Further, 2 of the 3 panels, panel #7 and #8
fractured at position #28 on the grid. Position #28 on the grid (figure 3.27), is located in the 
middle of the hole, the position of maximum stress (chapter 4 finite element analysis). The 
reason for the fracture at the predicted position can therefore be due to the surface flaw or d
to the position of maximum stress.  
 
It
significantly influence the fracture origin and that further research is necessary to draw
conclusions.  
 
 
3
 
W
with the dynamic loading rate. Fracture occurred at a higher position (closer to support) 
compared to the fracture origins produced by the static loading rate.  Figure 3.36, illustra
lagging wave of panel #21. This lagging wave propagation is verified in table 3.13, where the 
average quadrant fracture origin of all the holed panels corresponding to the loading rate is 
compared. 
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Location of support indicated by 
white area 
 
Fracture origin 
 
 
 
Lagging wave 
 
 
 
 
 
 
 
 
 

Figure 3.36. Dynamic fracture origin (Panel 21) 
 
 
Table 3.13. Average quadrant fracture origin corresponding to loading rate 
 
Loading rate Actual Fracture Origin  

(identified on grid) 
  
Static 27 
Quasi Static 24 
Dynamic 21 
 
 
Form table 3.13 it was noted that, as the loading rate increased, the fracture origin moved 
closer to the support. This can be seen when comparing figure 3.36, with figure 3.33.  
 
During the laboratory test series the force and the displacement of the tested panels were 
measured and recorded. The next section describes these test measurements.  
 
 
3.5.2 Test measurements 
 
To determine each panel’s bending capacity, the ultimate force of each tested glass panel was 
measured. Together with the force, the displacement of each panel was measured in order to 
determine the elasticity modulus of glass under different loading rates. 
 
This section presents the measured ultimate force of each panel, and then compares it to the: 

• Level of prestress, 
• Fracture origin and, 
• Level of prestress and fracture origin. 

This is done to determine the effect of each of the above on the loading capacity of the glass 
panels.  
 
Finally the measured displacement of each panel is presented and the elasticity modulus 
determined for the: 

• Static-, 
• Quasi Static and, 
• Dynamic loading rate. 
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3.5.2.1 Ultimate Force  
 
The force was measured using a 5kN load cell. Table 3.14, presents the ultimate force, as 
measured by the load cell, for each glass panel tested.  
 
 
Table 3.14. Ultimate force for each panel  
 
Glass Panel # Hole Diameter Loading rate Force measured 
 mm  kN 
    
10mm Thickness    
29 - Dynamic 6.348 
17 - Dynamic 6.822 
4 - Dynamic 6.118 
3 - Dynamic 6.466 
27 20 Static 3.075 
30 20 Static Fail 
33 20 Static 2.902 
28 25 Dynamic 3.47 
8 25 Dynamic 3.514 
5 25 Dynamic 3.465 
    
12mm Thickness    
22 - Static 7.984 
13 - Static 7.958 
37 - Static 8.325 
36 15 Static 4.626 
11 15 Static 5.377 
10 15 Static 4.724 
9 20 Quasi Static 4.744 
12 20 Quasi Static 5.1 
2 20 Quasi Static 5.5 
20 25 Dynamic 4.605 
19 25 Dynamic 5.639 
18 25 Dynamic 5.359 
    
15mm Thickness    
26 - Quasi Static 14.703 
31 - Quasi Static 12.864 
25 - Quasi Static 13.629 
7 15 Quasi Static 7.622 
34 15 Quasi Static 6.563 
6 15 Quasi Static 7.496 
35 20 Dynamic 7.758 
23 20 Dynamic 8.379 
24 20 Dynamic 8.29 
14 25 Dynamic 8.835 
21 25 Dynamic 7.931 
32 25 Dynamic 8.137 
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3.5.2.2 Level of prestress  
 
The compressive surface stress (prestress), introduced by the toughening process is what 
distinguishes ordinary float glass from toughened glass, and ultimately what makes toughened 
glass up to 5x stronger.   
 
The level of prestress of each panel was measured prior to the destructive test series in order 
to determine the influence of the level of prestress on the ultimate capacity of each panel.  
Table 3.15 presents the level of prestress of each panel, and compares it to the panel’s 
measured ultimate force. 
 
 
Table 3.15. Prestress of panels vs ultimate force 
 
Glass Panel # Prestress at 

centre of Panel 
Hole Diameter Loading rate Force measured 

 MPa mm  kN 
     
10mm Thickness      
29 118.64 - Dynamic 6.348 
17 133.61 - Dynamic 6.822 
4 118.64 - Dynamic 6.118 
3 133.61 - Dynamic 6.466 
27 106.42 20 Static 3.075 
30 106.42 20 Static Fail 
33 106.42 20 Static 2.902 
28 122.23 25 Dynamic 3.47 
8 122.23 25 Dynamic 3.514 
5 125.72 25 Dynamic 3.465 
     
12mm Thickness     
22 118.64 - Static 7.984 
13 122.23 - Static 7.958 
37 122.23 - Static 8.325 
36 125.72 15 Static 4.626 
11 125.72 15 Static 5.377 
10 125.72 15 Static 4.724 
9 138.04 20 Quasi Static 4.744 
12 118.64 20 Quasi Static 5.1 
2 142.46 20 Quasi Static 5.5 
20 118.64 25 Dynamic 4.605 
19 122.23 25 Dynamic 5.639 
18 133.61 25 Dynamic 5.359 
     
15mm Thickness     
26 125.72 - Quasi Static 14.703 
31 125.72 - Quasi Static 12.864 
25 125.72 - Quasi Static 13.629 
7 122.23 15 Quasi Static 7.622 
34 125.72 15 Quasi Static 6.563 
6 118.64 15 Quasi Static 7.496 
35 118.64 20 Dynamic 7.758 
23 133.61 20 Dynamic 8.379 
24 125.72 20 Dynamic 8.29 
14 125.72 25 Dynamic 8.835 
21 118.64 25 Dynamic 7.931 
32 125.72 25 Dynamic 8.137 
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The variability in strength of glass caused by surface defects [31], resulted in the testing of 
three identical panels per parameter. Table 3.15 presents the results of the three identical 
panels together. Since the panels are identical in geometry (thickness and size) and were 
tested at the same loading rate, they should theoretically have the same ultimate force. 
However, when comparing each individual panel’s ultimate force in table 3.15 to that of the rest 
of the group, a difference in strength is noticed.  
 
The difference in strength can mainly be attributed to the difference in level of prestress [13] 
and surface defects. The influence of the level of prestress on the loading capacity of the glass 
panel is noticed when comparing the highest level of prestress to the highest ultimate force of a 
group.  In 8 out of the 11groups, the panel with the highest level of prestress fractured at the 
highest ultimate force. These panels are highlighted in red in table 3.15. 
 
Surprisingly, when comparing table 3.12 (fracture prediction) with table 3.15 (level of prestress), 
all of the 3 groups, in which the highest level of prestress did not correspond to the highest 
ultimate force, the predicted origin of fracture corresponded to the actual origin of fracture.  
 
Two of the panels (#7, #8) occupying these groups fractured at position #28 on the grid. 
Position #28 on the grid (figure 3.27), is located in the middle of the hole, the position of 
maximum stress (chapter 4 finite element analysis). The reason that the panels fractured at the 
position of maximum stress can be attributed to the lack of dominant surface flaws. 
 
The other panel (#18) fractured at a position far away form the point of maximum stress, which 
on the other hand can be attributed to the presence of dominant surface flaws, which ultimately 
caused premature failure. Table 3.16 presents each panel’s level of prestress and fracture 
origin and compares it to the panel’s ultimate force.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

University of Stellenbosch  2007 



Connection Capacity of Freestanding Balustrades  85

Table 3.16 Ultimate force vs. the origin of fracture vs. level of prestress (failure stress presented 
in chapter 4) 
 
Glass 
Panel # 

Prestress at  
centre of Panel 

Force 
measured

Fracture 
origin 

Predicted origin 
of fracture 

 MPa kN   
     
27 106.42 3.075 30 32 
33 106.42 2.902 26 10 
     
28 122.23 3.47 11 32 
8 122.23 3.514 28 28 
5 125.72 3.465 20 28 
     
36 125.72 4.626 29 10 
11 125.72 5.377 32 10 
10 125.72 4.724 20 20 
     
9 138.04 4.744 28 - 
12 118.64 5.1 21 32 
2 142.46 5.5 26 31 
     
20 118.64 4.605 20 29 
19 122.23 5.639 29 27 
18 133.61 5.359 12 12 
     
7 122.23 7.622 28 28 
34 125.72 6.563 23 28 
6 118.64 7.496 20 34 
     
35 118.64 7.758 31 26 
23 133.61 8.379 24 12 
24 125.72 8.29 20 31 
     
14 125.72 8.835 12 31 
21 118.64 7.931 15 24 
32 125.72 8.137 15 -- 
 
Form table 3.16, it can be concluded that the strength of the glass panels were affected by both 
the level of prestress and presence of surface flaws. 
 
 
 
3.5.2.3 Displacement  
 
During the laboratory testing of the panels the force and displacement were measured to 
determine the elasticity modulus of the glass. The displacement of the panels was measured at 
two different locations, since the total displacement of the system is a combination of the 
rotation and displacement of the panel. One LVDT was employed to measure the displacement 
at the loaded end of the glass panel, while the other measured the rotation behind the top 
hollow steel channel.  The position of the LVDT’s is shown in figure 3.18 and 3.19 in section 
3.2.2. Figure 3.37 illustrates the displacement distribution measured by each LVDT.  
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Figure 3.37. Displacement contribution  
 
 
The rotation, behind the top hollow steel channel, can be defined in terms of the 
“actual“displacement at the loaded end of the glass panel as:  
 
ΔGlass Panel = ΔTotal – (ΔRotation/x1)*x2)                 (3.3) 
 
Equation 3.3 was used to calculate the displacement of each glass panel without holes; this 
was performed for each loading rate. The force displacement graph for the 10 mm thick glass 
panels without holes is presented in figure 3.38. These plates were tested under dynamic 
loading conditions. The graph presents the total displacement of the glass panels, together with 
the actual displacement as calculated using equation 3.3.  
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Figure 3.38. Force, displacement graph for 10mm thick, dynamically loaded glass panels   
 
 
It can be noted that the graph only becomes linear after 2 kN. This can be attributed to the 
compression of the cork and rotation of the test rig. Although the rotation of the glass kept to a 
minimum, some rotation was still possible.  
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3.5.2.4 Elasticity modulus 
 
The measured force together with the actual displacement was used to determine each panel’s 
elasticity modulus. Using equation 3.3, the elasticity modulus can be expressed in terms of the 
displacement. Figure 3.39 illustrates a simplified beam diagram of the test rig. 
 
 
 P=Load

196.5=2.89L68=L

Support 1 

Support 2 

 
 
 
 
 
 
 
 
 
 
Figure 3.39.  Loading and support layout 
 
 
 
End deflection at x = 3.89L            
Δend  = P*(2.89L)2*( L+2.89L)/ (3EI)                  (3.4) 
 
Where: 
Δend = actual displacement  
P = applied load 
L = 68 mm 
Eglass = elasticity modulus of glass 
 
And I = (1/12*b*h3): 
I = 25000 mm4  (10mm thick panel) 
I = 43200 mm4  (12mm thick panel) 
I = 84375 mm4  (15mm thick panel) 
 
Replacing all the variables, equation 3.4 reduces to  
 
E10 = 136.21* P/ Δend  (10mm thick panel)  
E12 = 78.83 * P/ Δend (12mm thick panel) 
E15 = 40.36 * P/ Δend (15mm thick panel) 
 
The linear gradient of the graph, from 2kN to failure, was used to calculate the elasticity 
modulus for each of the glass panel’s without holes, as the parabolic shape of the graph is 
indicative of the cork compressing. The elasticity modulus for all the glass panels without holes, 
as calculated using equation 3.4, is presented in table 3.17.   
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Table 3.17. Elasticity modulus for all panels without holes 
 
 
Panel number Loading rate P/ Δ Factor Eglass
  (N/mm)  (N/mm2) 
     
10mm Thickness     
29 Dynamic 553 136.21 75324 
4 Dynamic 576 136.21 78465 
3 Dynamic 564 136.21 76822 
   Average 76870 
12mm Thickness     
22 Static  852 78.83 67163 
13 Static 866 78.83 68266 
37 Static 833 78.83 65665 
   Average 67031 
15mm Thickness     
26 Quasi Static  1915 40.36 77289 
31 Quasi Static 1861 40.36 75109 
25 Quasi Static 1905 40.36 76886 
   Average 76427 
  
 
In order to determine the difference in elasticity modulus, each panel thickness was tested at a 
different loading rate; Table 3.17 presents the average elasticity modulus for each loading rate.  
 
As can be deduced from the results of the static loading rate in table 3.17, the modulus of 
elasticity of glass is extremely high (static Eglass= 67031 MPa). However, according to 
manufacturers [Appendix C] the modulus of glass is Eglass= 72000 MPa, an underestimation of 
6.9%. The discrepancy in the test result can be assigned to the unaccounted rotation of the test 
rig itself.  
 
From table 3.17, it can also be noted that there is an increase in elasticity modulus with 
increase loading rate. An increase in elasticity modulus with increase loading rate is common in 
most materials. An increase of 12.8% between the calculated static- and dynamic modulus was 
noticed.  
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3.5.3 Conclusion 
 
Specimen evaluation 
After fracture, the fractured panels were examined. The taping of the glass panels made the 
fracture pattern visible, as the tape kept the fractured pieces together. It was noticed that the 
fracture pattern propagates through the panel in a shockwave format, as well as in straight lines 
in all directions from the point of origin.  
 
Furthermore, the fracture origin of the holed panels was determined, which was made possible 
by the taping of the panel. Post failure fracture origins were compared to predicted fracture 
origins. However, only 4 out of the 24 predictions coincided. It was consequently concluded that 
macro surface flaws surrounding the hole did not influence the fracture origin, and that further 
research is thus necessary to draw definite conclusions. This conclusion should however also 
be read together with the paragraph which discusses the level of prestress.  
 
Lagging wave propagation was noticed to be consistent with the dynamic loading rate. Fracture 
occurred closer to the support compared to the fracture origins produced by the static loading 
rate. This was verified when the average quadrant fracture origin of the different loading rates 
was compared. The laboratory test series demonstrated that point of fracture origin does not 
necessarily coincide with the point of maximum tensile stress.  
 
 
Test measurements 
During the laboratory testing of the panels, each panel’s force and displacement was 
measured. The force was measured to determine each panel’s bending capacity, while 
displacement was used to determine the elasticity modulus of the glass.  
 
Prior to the testing of the panels, each panel’s level of prestress was determined using GASP 
technology. The variability in strength of glass caused by surface defects resulted in the testing 
of three identical panels per parameter. By comparing the highest level of prestress to the 
highest ultimate force of only the identical panels in a group, the influence of the level of 
prestress on the capacity of the glass panel, was noticed.  In 8 out of the 11groups, the panel 
with the highest level of prestress fractured at the highest ultimate force. It was concluded that 
the strength of the glass panels were predominantly affected by both the level of prestress and 
presence of surface flaws. 
 
The measured force together with the linear gradient of an actual displacement graph was used 
to determine each panel’s elasticity modulus. The published modulus of elasticity of glass was 
underestimated by 6.9%. The discrepancy in the test result was assigned to the unaccounted 
rotation of the test rig itself. Further, an increase of 12.8% between the calculated static- and 
dynamic modulus was noticed. 
 
As one of the purposes of the laboratory test series was to determine the influence of different 
connections (types and sizes), three different panel thicknesses together with two different 
connection types (panels with- and without holes) were investigated. Furthermore, for the 
panels that contained holes, three different hole diameters were investigated. Stress 
concentrates around holes much the same way as it does around cracks, and is addressed in 
detail in chapter 4. This stress concentration is dependent on numerous factors, including the 
size- and shape of the hole. Since different hole diameters and panel thicknesses were 
investigated, the stress concentration was different for each hole diameter and panel thickness. 
The complexity of the hole (hole with chamfer) forced a finite element analysis to be performed 
to determine each panel’s fracture stress. The following chapter describes each panel’s finite 
element model and finally presents the results.  
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CHAPTER 4 
TEST PANEL FINITE ELEMENT MODEL 
 
Introduction 
 
Due to the complex geometry of the glass panels tested (hole with chamfer), the finite 
element program DIANA [44] was employed to calculate the loading capacity of each glass 
panel. Having obtained the failure load from the laboratory test series, described in Chapter 3, 
the finite element program was used to determine each glass panel’s related fracture stress. 
This chapter describes the finite element model used. 
  
This chapter starts by explaining the basic concepts of stress concentration. Stress 
concentrates around the hole, much the same way as stress concentrates around cracks, 
developing the concept of stress concentration. Since stress concentrates around the hole, 
the fracture origin is normally located here (Section 4.1.1).  
 
Using available literature [34, 36, 37, 38] the mesh density of the finite element model is 
determined to simulate this stress concentration around a hole. This is first determined, in 2D, 
for a thin panel with a single circular hole under uniaxial tension, and then, in 3D, for the 
bending of a finite width thin panel with a single circular hole.   
 
The calibrated finite element model is then used to determine the fracture stress of each glass 
panel. Finally, the Weibull statistical model [39] is used to present the strength of glass under 
various loading rates.  
 
The layout of the chapter is illustrated by means of a flow diagram in figure 4.1.  
 

Test Panel Finite Element 
Model 

Mesh Calibration 
Section 4.1 

Presentation of Results 
Section 4.3 

Model Geometry 
Section 4.2 

 
Figure 4.1. Flow diagram illustrating the layout of the finite element model chapter 
 
 
The finite element model can be categorized into three steps. In the subsequent paragraphs 
each of these steps are addressed separately and described in detail, they are: 
 

• Mesh calibration 
The purpose of the finite element model was to determine the fracture stress 
corresponding to the applied load of each panel. However, due to a stress concentration 
around the hole, the density of the mesh of the finite element model plays a vital role in 
this stress prediction. This section describes the calibration of the mesh used to simulate 
the stress concentration surrounding the hole. 

 
• Model geometry  
This section describes the makeup of the model with reference to the elements used, 
geometry of the panels, constraints, material properties, loading conditions and mesh 
size. 
 
• Presentation of results 
Finally, the results of the finite element model are presented using the Weibull statistical 
model [39]. This section describes how the Weibull model was implemented to present 
the results obtained from the finite element analysis.  
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4.1 MESH CALIBRATION 
 
Introduction 
 
The elementary stress formula for tension (equation 4.1) and for bending (equation 4.2), used 
in the design of structural members are based on the members having a constant section. 
The presence of shoulders, grooves and most importantly, holes result in modifications of the 
simple stress distributions so that localized high stresses occur. 
 

F
A

σ =                       (4.1)

 
My
I

σ =                    (4.2)

 
This idealization of high stress is known as stress concentration, and can be represented by 
the stress concentration factor Ktn. The stress concentration factor Ktn can be defined as the 
ratio of the peak stress in the body (σmax) to a reference stress away from an edge (σnom) or 
hole influence (equation 4.3), and is based on the net cross sectional area of the panel. 
 

maxKtn
nom

σ

σ
=                      (4.3) 

 
The layout of the mesh calibration stage is illustrated by means of a flow diagram in figure 
4.2.  
 

Test Panel Finite Element 
Model 

Mesh Calibration 
Section 4.1 

Model Geometry 
Section 4.2 

In Plane Tension 
Section 4.1.1 

Out of Plane Bending 
Section 4.2.1 

2D 3D 3D

Presentation of results 
Section 4.3 

 
Figure 4.2. Flow diagram illustrating layout of the mesh calibration stage of the finite element 
model 
 
The following section describes the mesh calibration stage, and is categorized under the 
following sections: 
 

• In plane tension 
• Out of plane bending 
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4.1.1 In-Plane Tension  
 
Timoshenko (1970) [36] investigated stress distribution around a circular hole in a thin 
element, subjected to uniaxial in plane tension. Using polar coordinates, equations (equation 
4.4, 4.5) were derived to represent the stress at any point in the panel (see figure 4.4).  
 
Where: 
 a  = radius of the hole, 
 r, θ  = the polar coordinates of a point in the element. 
 

2 2 4

2 2 4

1 1 4 31 1 c
2 2r

a a a
r r r

os 2σ σ σ
⎛ ⎞ ⎛ ⎞

= − + − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

θ              (4.4) 

 
 
 

     
2 4

2 4

1 1 31 1 c
2 2

a a
r rθ os 2σ σ σ

⎛ ⎞ ⎛ ⎞
= + + +⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
θ                  (4.5) 

 
 
 

 
Figure 4.3. Infinite thin element with hole under tensile load [36] 
 
 
At the edge of the hole, where r = a, equation 4.4, 4.5 reduces to: 
 

σr = 0         (4.6) 
σθ = σ(1-2cos2θ)        (4.7) 

 
 

 
 
Figure 4.4. Stress distribution on the edge of a circular hole in an infinite thin panel element, 
at point A, θ= π/2 [36] 
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At point A, θ= π/2 
 

σθA = 3σ,         (4.8) 
 
which is the maximum stress around the hole. Therefore, the maximum stress concentration 
around the edge of a hole is 3 times the nominal stress. 
 
 
4.1.1.1 Finite-width panel with a circular hole under in plane tension 
 
The mesh element size was first determined for a finite width panel with circular hole 
subjected to in plane tension. The purpose of this step of the mesh calibration was to 
determine the size of elements (width and breadth) which would give the correct extrapolated 
stress results. Out of plane bending was calculated in a subsequent step, described further in 
section 4.1.2. The mesh was calibrated by comparing finite element results to that found in 
literature [37].  
 
Howland (1929-30) [37] developed equation 4.9 for a finite-width thin element with a circular 
hole under in plane tension. 
 
 

2 3

2 0.284 1 0.6 1 1.32 1tn
d dK
H H

⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + − − − + −⎜ ⎟ ⎜ ⎟ ⎜
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

d
H ⎟

 

tn
ircular hole [37] 

   (4.9) 

 
Where:  
d = diameter 
H = width of the plate 

Stress concentration factors for finite width thin plate under uniaxial 
tension
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Figure 4.5. Stress concentration factor K  for the tension of a finite-width thin plate with a 
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Equation 4.9 is presented in figure 4.5 for different diameters. From figure 4.5, it is evident 
is 

ess 

.1.1.1.1. 2D Finite element model 

sing quadratic flat shell elements (CQ48F) a 300x300x10 panel with 15 mm centre hole was 

that the maximum stress concentration factor (Ktn) at a hole in a finite width plate in tension 
3. This maximum stress occurs when the diameter in relation to the width of the plate is 
extremely small (ie. tends to zero).  Therefore, a larger hole leads to a smaller tensile str
concentration.    
 
 
4
 
U
modelled, using the DIANA [44] finite element software. 
 
 

 
 

igure 4.6. Quadratic flat shell element, CQ48F [44] 

he CQ48F element is an eight-node quadrilateral isoparametric flat shell element (figure 

uadratic elements were used as apposed to linear elements, due to the sensitivity of the 
 

o 

F
 
 
T
4.6). The element is based on a quadratic interpolation and numerical integration over the 
element area.  
 
Q
gradient of the stress concentration around the hole. Linear elements would underestimate
the stress gradient and ultimately the stress surrounding the hole. Due to symmetry along tw
axes, only a quarter of the panel was modelled (see figure 4.7). A unit pressure line load was 
applied to one of the 150 mm quarter edges, and both symmetry edges constrained 
accordingly. 

 

Symmetry constraint

Symmetry constraint

Load

Figure 4.7.  Quarter of model constraints and line load  
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With: 
= thickness 

H  

quation 4.9 yields: 

  = (unit line load x length) / (Area-Area of hole) 

 
he stress concentration at the hole is therefore:  

6315 x 2.86004 

sing equation 4.9, the magnitude of the stress around the hole, as produced by the stress 

the 

 

able 4.1. Mesh sensitivity of mesh  

Breadth Width Calculated Principal Stress 

d 
= 15 mm 
= 300 mm

 
E
Ktn = 2.86004 
 
σ
   = (1x300)/((300-15)x10) 

= 0.10526315 MPa 

T
σmax  = σ x Ktn
          = 0.1052
          = 0.301 MPa 
 
 
U
concentration, was calculated. Having calculated the magnitude of the stress, the density of 
the mesh of the finite element model could now be determined. Table 4.1, presents three 
different mesh sizes with their corresponding produced principal stress. The dimension 
corresponding to each mesh density refers to the dimensions of the smallest element in 
mesh, situated at the position of highest stress. It is evident that the principal stress becomes 
more accurate the denser the mesh becomes. A mesh density of 0.74x 0.62 mm quadratic flat
shell elements around the hole provided the closest answer of σmax= 0.300 MPa. 
 
 
T
 
 
 mm mm MPa 
Element Size 1  2.96 2.48 0.280
Element Size 2 1.48 1.24 0.287 
Element Size 3 0.74 0.62 0.300 
 
 

 

Figure 4.8. Density of mesh around hole           Figure 4.9. Contour levels around hole 

he size of the mesh is illustrated in figure 4.8 and the contours as a result of the stress 
ation 

 
 
 
 
 
 
 
 
 
 
 
 
  

 
 
T
concentration in figure 4.9. It can be seen in figure 4.9 that the maximum stress concentr
is found at the edge of the hole parallel to the loaded edge. Having determined the size of the 
mesh around the hole for the 2D case, the number of elements in the depth had to be 
determined for volume elements. 
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4.1.1.1.2 3D Finite element model 

s for the previous analysis, the same was performed using volume elements for the 3D 
with 

he following step of the finite element mesh calibration, focused on the out of plane bending 

.1.2 Out of plane bending  

he final step in the calibration of the finite element mesh was the determination of the mesh 

d 

ature 

or simple bending (bending around one axis) of a finite width panel with circular hole, 

 

 
A
case. Using 20 node volume elements (CHX60), a quarter of a 300 x 300 x 10 mm panel 
15 mm hole was modelled. The purpose of this step was to determine the depth of the volume 
elements. The same width and breadth of the elements determined for the 2D case were 
used. Using two elements (element size of 0.74x 0.62x 5mm) over the depth provided the 
same results as for the 2D case.  
 
T
of a finite width plate with a circular hole.  
 
 
4
 
T
element size for a finite width panel with circular hole subjected to simple bending. Having 
determined the element size for volume elements in tension, this element size could be use
as a starting point. The purpose of this step of the mesh calibration was to determine the size 
of elements (width, breadth and depth) which would give the correct extrapolated stress 
results. The mesh was calibrated by comparing finite element results to that found in liter
[38].  
 
F
Goodier (1963) [38] obtained Ktn as a function of d/H:  

 
2

1 2 3tn
d dK C C C
H H

⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                                                               (4.10) 

2

1 1.82 0.3901 0.01659h hC
d

⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠d

                                               (4.11) 

2

2 1.9164 0.4376 0.01968h hC
d

⎛ ⎞ ⎛ ⎞= − − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠d

                                       (4.12) 

2

3 2.0828 0.643 0.03204h hC
d

⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠d

                                                        (4.13) 

 
here:       W

( ) 2

6MHσ =nom H d h−
                  (4.14)

  

er of hole 
l 

  
D = diamet
h = thickness of pane
H = width of panel 
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Stress concentration factor for bending of finite width plate with 
circular hole
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Figure 4.10. Stress concentration factor for bending of finite width panel with circular hole 
(h=10) 
 
 
Equation 4.10 is presented in figure 4.10 for different hole diameters for a plate thickness of 
10mm. From the figure 4.10 it is evident that there is an increase in the stress concentration 
factor with an decrease in hole diameter.  
 
 
 
4.1.2.1 3D Finite element model 
 
Using quadratic volume elements (CHX60), a 300x200x10 mm panel with a 15 mm centre 
hole was modelled.  
 
 

 
Figure 4.11. Quadratic volume element CHX60 [44] 
 
 
The CHX60 element is a twenty-node isoparametric solid brick element (figure 4.11). It is 
based on quadratic interpolation and Gauss integration.  
 
Only a quarter of the panel was modelled (see figure 4.7). A unit pressure line load was 
applied in the vertical plane to one of the 150 mm quarter edges, and both symmetry edges 
constrained according to symmetry. 
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Determination stress concentration around hole 
 
From equation 4.10 
Ktn = 1.92047 
C1 = 2.07269 
C2 = -2.21689 
C3 = 2.49723 
 
From equation 4.14 
σnom =(6 x 1x 100 x 200)/((200-15) x 100) 
         = 6.48864 MPa 
 
Therefore: 
σmax = 6.31579 x 1.92047 
          = 12.337 MPa 
 
Having calculated the magnitude of the stress concentration around the hole using the 
information from Goodier [38], the mesh could be calibrated. The element size obtained form 
the 2D analysis was used as initial element size, and different mesh configurations were 
investigated. Table 4.2, presents the different mesh configuration together with their 
corresponding calculated principal tensile stress.  
 
 
Table 4.2. Mesh density for the bending of finite width panel with a single circular hole 
 
    Gauss 4 x 4 x 4 Gauss 3 x 3 x 3 
 Breadth Width Depth Principal Stress Principal Stress 
 mm mm mm MPa MPa 
      
Element Size 1 0.74 0.62 2 11.2 11 
Element Size 2 0.74 0.62 1 11.6 11.4 
Element Size 3 0.37 0.62 1 12.2 11.8 
 
 
The depth of the element affected the calculated stress to a noticeable degree, finally a depth 
of 1mm was chosen.  
 
Another parameter that influences the stress prediction is the integration scheme. By default, 
DIANA [44] applies a 3x3x3 Gauss integration scheme. This integration scheme ensured 3 
Gauss integration points over the width, breath and depth of the element. The position of the 
3x3x3 integration scheme can be seen in figure 4.12, and it can be noted that the integration 
points are not situated on the edge of the elements. DIANA [44] extrapolated the stress 
calculated at the integration points to the nodes situated on the edge of the element. As seen 
in table 4.2, this integration scheme underestimates the stress concentration, and can be 
attributed to position of the Gauss points. The Gauss points are situated too far from the edge 
and simply cannot follow the stress gradient, resulting in the underestimation of the principal 
tensile stress. Consequently, a 4x4x4 integration scheme (figure 4.13) was implemented for 
the element surrounding the hole, this scheme provided the best extrapolated results. In this 
integration scheme, the Gauss points are situated closer to the edge of the hole and can 
therefore follow the gradient better. Using a larger integration scheme results in an increase in 
computing time, the integration scheme was therefore only assigned to the elements in the 
vicinity of the hole. 
 
Finally, a mesh configuration of element size 0.37x 0.31x 1mm volume elements provided the 
best results. 
 
 
 
 

University of Stellenbosch  2007 



Test Panel Finite Element Model    
 

99

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.12. 3x3x3 Integration point position Figure 4.13. 4x4x4 Integration point position 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14. Element size around hole  hole 

.1.3 Conclusion 

sing existing stress concentration data, the size of the elements surrounding the hole was 

m 

 
 of the 

Figure 4.15. Contour levels around 
 
 
4
 
U
determined, by comparing results obtained from the finite element model to that found in 
literature [36, 37, 38]. The element size surrounding the hole was refined to 0.37x0.63x1m
elements and could be applied to geometries that are more complex. This mesh 
configuration, together with a 4x4x4 Gauss integration scheme, provided accurate
extrapolated principal stresses. Having calibrated the 3D model the actual geometry
glass panels could now be modelled. The geometry of the actual models used for the 
determination of each panels failure stress is addressed in the following section.  
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4.2 MODEL GEOMETRY 

troduction 

he complexity of the chamfered holes of the tested glass panels required a finite elements 

aving determined the element size and mesh density for the bending of finite width panels 

his section defines the finite element models used for the determination of each panel’s 

he layout of the model geometry is illustrated by means of a flow diagram in figure 4.16.  

he following section describes the test panel geometry, and is categorized under the 

 panels 

ties 

 

 
In
 
T
analysis to be performed to determine the fracture stress of each panel. Available literature 
[34, 36, 37, 38] covers only symmetrically loaded uniform circular holes, and could not be 
used for the determination of the failure stress of the chamfered holes.  
 
H
with a single circular hole (section 4.1.2), the actual model could now be analysed.   
 
T
corresponding failure stress, with reference to the elements used, geometry, constraints, 
material properties, loading conditions and mesh size. 
 
T
 
 

Test Panel Finite Element 
Model 

 
Figure 4.16. Flow diagram illustrating the finite element model geometry  
 
 
T
following headings: 

• Geometry of
• Constraints 
• Material proper
• Loading  

 
 
 
 
 
 
 
 
 

Mesh Calibration 
Section 4.1 

Model Geometry 
Section 4.2 

Panel Geometry  Hole Geometry 

Constraints 
Section 4.2.2 

Material properties 
Section 4.2.3 

Loading 
Section 4.2.4 

Geometry 
Section 4.2.1 

Presentation of Results 
Section 4.3 
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4.2.1 Geometry  

.2.1.1 Hole Geometry 

he geometry of the hole of the actual model differed form the previous holes in that it had a 
 

ion 

 

   
 

 

 
Figure 4.17. Hole with chamfer               Figure 4.18. CTP45 solid wedge element 

The makeup of the hole with chamfer is illustrated in figure 4.17. 

.2.1.2 Panel Geometry 

ymmetry about one axis permitted that only half of a glass panel had to be modelled, as 
ts 

he 

 
4
 
T
45 degree chamfer at the top and bottom of the hole. The hole was modelled, using the same
elements as for the bending of finite width panel with a single circular hole, 20 node brick 
elements (figure 4.11). The chamfer was modelled using fifteen-node isoparametric solid 
wedge elements, CTP45, which is based on quadratic interpolation and numerical integrat
(figure 4.18).  
 
 

 
 
  

 
 
 
 
 
 
 
 
 

      
 
 

 
 
4
 
S
illustrated in figure 4.19. The glass panels were modelled using 20 node solid brick elemen
(CHX60). The mesh was refined around the support and hole according to the element size 
determined in the previous section. The rest of the panel’s mesh was relatively coarse in 
comparison to the mesh around the hole, as the stress gradient standardized away form t
hole.  
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Figure 4.19. Half panel mesh   Figure 4.20. Refined mesh  
  

ue to the difference in panel geometry (three different thicknesses and four different hole 

able 4.3. Number of finite element models created 

Diameter (mm)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      around hole 
 
D
geometries), twelve finite element models were created (see table 4.3).  
 
 
T
 
 
Thickness 10 15 o hole  20 n
mm      
10 1     1 1 1 4
12 1 1 1 1 4 
15 1 1 1 1 4 
    Total  12
 
 
Figure 4.21, illustrates the three different hole geometries (15, 20, 25mm diameter) for the   

Figure 4.21. Diameter 15, 20, 25mm 

.2.2 Constraints 
 

 three degrees of freedom per node, each representing a translational 
degree of freedom, and consist of no rotational degrees of freedom.  Therefore, the panels 

fined mesh in Re
a ea of stress 
c ncentration 

r
o

10 mm panel thickness.  
 

 
 
4

Solid elements have

were only constrained against translation in the vertical direction at the supports and in the 
horizontal direction on one side, due to symmetry (Figure 4.22). 
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 Top support  

onstraint z-direction) 

ottom support  
onstraint z-direction) 

ymmetry support  
onstraint y-direction) 

 
Figure 4.22. Model constraint 

.2.3 Material Properties 

son ratio used in the finite element analysis is presented in 
ble 4.4 [Appendix C].  

able 4.4. Toughened glass material properties used in the finite element model 

(C
 
 
 
 B
(C
 
 
 
 
 S
(C

x

 y z
 

 
 
 
4
 
The modulus of elasticity and poi
ta
 
 
T
 
Modulus of Elasticity 72000 MPa 
Poisson ratio 0.23 
 
 
4.2.4 Loading  

ach panel was modelled, only half of each panel’s ultimate load had to be 
pplied. The load was applied in the form of a distributed load at the position at which the load 

 
As only half of e
a
was applied in the laboratory test series. The magnitude of each panel’s applied load is 
presented in table 4.5.  
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Table 4.5. Measured force and applied distributed load 

Applied 
 
Glass Panel # Diameter Force measured Force 
 mm kN N/mm 
10mm Thickness    
29 8 - 6.34 21.16 
17 - 6.822 2.74 2
4 - 6.118 20.39 
3 - 6.466 21.55 
27  20 3.075 10.25 
33  20 2.902 9.670 
28 25 3.470 3.470 
8 25 3.514 11.57 
5 25 3.465 11.55 
    
12mm Thickness    
22 .984 6.61 - 7 2
13 - 7.958 6.53 2
37 - 8.325 26.53 
36 15 4.626 15.42 
11 15 5.377 17.92 
10 15 4.724 15.75 
9 20 4.744 15.81 
12 20 5.100 17.00 
2 20 5.500 18.33 
20 25 4.605 15.35 
19 25 5.639 18.80 
18 25 5.359 17.86 
    
15mm Thickness    
26 4.70 9.01 - 1 4
31 - 12.86 2.86 4
25 - 13.63 45.43 
7 15 7.622 25.41 
34 15 6.563 21.88 
6 15 7.496 24.99 
35 20 7.758 25.86 
23 20 8.379 27.93 
24 20 8.290 27.63 
14 25 8.835 29.45 
21 25 7.931 26.44 
32 25 8.137 27.12 
 
 
Glass is a linear elastic material, as seen in the laboratory test series and shown by [5, 13]. A 
near static analysis was performed on all the finite element models. Finally, each panel's li

fracture stress was determined. 
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4.2.5 Conclusion 

 hole geometry (hole with chamfer) of the glass panels tested, a finite 
lement program DIANA [44] was used to calculate the capacity of each glass panel. Having 

 

und 
acks [31]. It is at the hole where the fracture originates, and at maximum, this stress 

 
his 

st.  

resents the results obtained from the finite element analysis.  

 
Due to the complex
e
obtained the failure load from the laboratory test series, described in chapter 3.5, the finite
element program was used to determine each glass panel’s related fracture stress. 
  
Stress concentrates around the hole, much the same way as stress concentrates aro
cr
concentration is three times larger than the stress away from the hole. In order to calculate
this stress concentration around a hole, the mesh has to be dense enough to simulate t
concentration. Using available literature [36, 37, 38] the mesh density of the finite element 
model was determined. The calibrated finite element was used to determine the fracture 
stress of each glass panel, by applying the failure load from the corresponding laboratory te
 
This section defines the finite element model of each glass panel tested. The following section 
p
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4.3 FINITE ELEMENT RESULTS 

capacity of freestanding glass balustrades the influence of the 
onnection type (point- or continuous support) and the material properties of toughened glass 

glass 

The static- and dynamic material properties of toughened glass 
 
The lysis of each glass 

anel to be performed. The finite element analysis was performed to determine the loading 
 

e element results. The calculated fracture stress of each panel 

 
Introduction 
 
To predict the loading 
c
need to be known. A laboratory test series was undertaken in which, 37 scaled down 
panels were tested in bending. The purpose of the laboratory test series was to determine 
both: 

• The loading capacity and influence of different connections (types and sizes) and, 
• 

 complexity of the hole (chamfered hole) forced a finite element ana
p
capacity and influence of different connections, as well as to determine each tested panel’s
corresponding fracture stress.  
 
This section focuses on the finit
from the finite element analysis is presented before each connection type’s loading capacity is 
determined, and compared. Finally, the results obtained from of the finite element model, are 
presented using the Weibull statistical model. 
 
The layout of the model geometry is illustrated by means of a flow diagram in figure 4.23.  

odel 

 
Test Panel Finite Element 

Model 

 
 
Figure 4.23. Flow diagram illustrating the presentation of results stage of the finite element 
m

Mesh Calibration 
Section 4.1 

Model Geometry 
Section 4.2 

Finite Element Results 
Section 4.3 

Weibull statistical model 
Section 4.3.3 

Weibull parameters 
Section 4.3.3.1 

Holed panels Panels without holes Holed panels Panels without holes 

300 x 300 panels 1000 x 1300 panels 

Connection loading 
capacity 

Section 4.3.1 

Calculated fracture 
stress 

Section 4.3.2 
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4.3.1 Connection Loading Capacity  
 
Before each panel’s fracture stress was determined, a finite element analysis was performed 
to determine the structural capacity of each connection (type and size). Two different 

 
 

.3.1.1 Point supported 

nels, three different hole diameters were tested (figure 4.2.4), 
gether with three different panel thicknesses. 

tributed line edge load

connection types were investigated: 
• Point- and 
• Continuously supported 

4
 
For the point-supported pa
to
 
Each connection type was loaded with a unit-dis , at the same position 
s was performed in the laboratory test series. A finite element analysis calculated each 

ive- but 

ses.  
n.  

 
Figure 4.24. Calculated stress concentration around hole of diameter 15-, 20- and 25mm 

l 
nsile stress calculated from each connection’s finite element model. Table 4.6 presents the 

 for a unit-line load

a
connection type’s principal tensile stress, and then compared it to predicted stress 
concentrations [36, 37, 38], the difference being due to the chamfered edge. The area of 
maximum principal tensile stress is the area of concern. Glass has a high compress
low tensile strength, and it is often the point of maximum tensile strength where failure occurs. 
Figure 4.24, presents the contour representation of the stress concentration around the 
different hole diameters, for the 10 mm plate thickness. The red contours levels are 
representative of the principal tensile stresses, while the blue is of the compressive stres
From figure 4.24, the stress concentration, which develops around a hole, can be see

 
The stress concentration factor for the chamfered holes was determined using the principa
te
principal tensile stress for each connection. 
 
Table 4.6. Connection principal tensile stress
 
Diameter Principal Stress 
mm MPa 
  
10mmThickness  
15 9.1 1
20 18.7 
25 18.5 
  
12mmThickness  
15 3.8 1
20 13.3 
25 13 
  
15mmThickness  
15 .39 9
20 8.97 
25 8.68 
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Peterson [34] defines the stress concentration factor Ktn as the ratio of peak stress to a 
rence stress far  from an edge or hole influence. Each panel’s reference stress was 

, 
oad applied 174mm from centre of hole 

= 6*300*174/ ((300-15)*(10^2)) 

 

he finite element stress concentration was calculated by dividing the calculated principal 
nsile stress for each panel by its unit-nominal stress. The calculated stress concentration 

able 4.7. Calculated and predicted stress concentration factors 

culated SCF Predicted SCF 

refe  away
calculated using equation 4.14, as follows: 
 
For a 300x300x10mm plate with 15mm hole
L
 
σnom  = 6MH/(H-d)h2

 = 10.989 MPa 

 
T
te
factor (Ktn) was compared to that obtained by Goodier (1963) [38] for simple bending of a 
finite width panel with circular hole (un-chamfered), equation 4.10. Table 4.7 compares the 
calculated and predicted stress concentration factors. 
 
 
T
 
Diameter Nominal Stress Principal Stress Cal
mm MPa MPa FEM Literature 
     
10mm Thickness     
15 0.99 9.1 .74 .97 1 1 1 1
20 11.19 8.7 .67 .88 1 1 1
25 11.39 18.5 1.62 1.82 
     
12mm Thickness     
15 .63 3.8 .81 .01 7 1 1 2
20 7.77 3.3 .71 .91 1 1 1
25 7.91 13 1.64 1.84 
     
15mm Thickness     
15 .88 .39 .92 .08 4 9 1 2
20 4.97 .97 .80 .96 8 1 1
25 5.06 8.68 1.71 1.88 
 
 
Considering only the three different hole diameters per panel thickness, it is noticed that there 

 a decrease in stress concentration with an increase in hole diameter.  

nt less than that of 
e calculated stress concentration factors. The decrease in the calculated stress 

d 
mate the 

mmended that a finite 

is
 
Further, it is evident that the predicted stress concentrations are significa
th
concentration factors is representative of an increase in capacity, between the non-chamfere
holes and holes with chamfers. The predicted stress concentration factors overesti
calculated stress concentration factors in some instances by up to 11.67%. Figure 4.25 
illustrates the calculated- and predicted stress concentration factors.  
 
These results reinforce the use of the finite element analysis. It is reco
element analysis should be performed when non-conventional connection types are used.  
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Calculated- and Predicted Stress Concentration Factors
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Figure 4.25. Calculated- and predicted stress concentration factors 
 
 
4.3.1.2 Continuously supported 
 
For the continuously supported panels three different panel thicknesses were tested. Each 
panel was loaded with a unit-distributed line edge load, at the same position as was 
performed in the laboratory test series. A finite element analysis calculated each thickness’ 
principal tensile stress, presented in table 2.8. Figure 4.26, illustrates the contour 
representation of the stress distribution for the 10 mm panel thickness.  
 

 
 
 Tension Side
  
 
 
 
 
 
 
 
 
 
 
 
 

Compression Side 

SECTION THROUGH DEPTH 

First support 

Location where load applied 

 
 
 
 
 
 

Figure 4.26. Stress distribution for   Figure 4.27. Stress distribution through 
10mm thick continuously supported                     depth                                                        
panel 
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From figure 4.26 it can be seen that the maximum principal tensile stress occur in the middle 
of the panel above the first support. Figure 4.27, illustrates the stress distribution through the 
depth of the panel. The red contour levels indicate the areas of principal tensile stress, while 
the blue indicate the areas of principal compressive stress.  
 
The magnitude of principal tensile stress of each panel thickness loaded with a unit-
distributed load is presented in table 2.8, and illustrated in figures 4.26 and 4.27. 
 
 
Table 4.8. Principal tensile stresses for each panel thickness (unit line load) 
 
Thickness  Principal Tensile stress 
mm MPa 
  
10 12.6 
12 8.83 
15 5.61 
 
 
From table 4.8, a decrease in principal tensile stress with increase thickness is noticed. The 
decrease in principal stress indicates an increase in structural capacity with thickness, which 
is to be expected.  
 
 
 
4.3.1.3 Comparison between point- and continuously supported connections 
 
Each panel, regardless of the connection type was loaded with a unit-distributed line load. 
The principal tensile stress of both the point- and continuously supported panels is 
summarized in table 4.9, and illustrated in figure 4.28.  
 
 
Table 4.9. Principal tensile stresses for each panel thickness (unit line load) 
 
Thickness  Principal Tensile stress 
mm MPa 
  
No Hole  
10 12.6 
12 8.83 
15 5.61 
  
15mm Diameter holes  
10 19.1 
12 13.80 
15 9.39 
  
20mm Diameter holes  
10 18.70 
12 13.30 
15 8.97 
  
25mm Diameter holes  
10 18.50 
12 13.00 
15 8.68 
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Principal Tensile Stress for different connection types and sizes
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Figure 4.28. Principal tensile stress for different connection types and sizes (unit line load) 
 
 
The red line in figure 4.28 represents the principal tensile stress for the different thicknesses 
of the continuously supported panels. The three lines in the top part of the figure represent 
the holed connections. It can be noted from the figure, that the principal stress lines 
connecting similar hole diameters, move closer to the continuously supported panels with an 
increase in hole diameter. As established in section 4.1.2, the stress concentration decreases 
with an increase in hole diameter.  
 
On average, there is a 34% increase in structural capacity between the continuously- and 
point-supported panels. The difference in the structural capacity is attributed to the stress 
concentration, which develops around a hole. 
 
 
4.3.1.4 Conclusion 
 
Before each panel’s fracture stress was determined, a finite element analysis was performed 
to determine the structural capacity of each connection (type and size). Point- and 
continuously supported connection types were investigated.  
 
For the point-supported panels, three different hole diameters were tested, together with three 
different panel thicknesses. Each connection type was loaded with a unit-distributed line load, 
and the corresponding principal tensile strength determined. Each panel’s calculated stress 
concentration factor (Ktn) was compared to similar stress concentration factors found in 
literature [38]. It was established that the predicted stress concentrations, from literature, were 
significant less than that of the calculated stress concentration factors. The decrease in the 
calculated stress concentration factors indicated an increase in capacity, between the non-
chamfered holes and holes with chamfers. The predicted stress concentration factors 
overestimated (no chamfers) the calculated stress concentration factors in some instances by 
up to 11.7%. The results reinforced the use of the finite element analysis. 
 
For the continuously supported panels three different panel thicknesses were tested. A finite 
element analysis was used to calculate each panel thickness’ principal tensile stress. An 
increase in structural capacity with thickness was found to exist as expected.  
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Finally, the principal tensile stress of both the point- and continuously supported panels was 
compared. An increase in structural capacity of 34% between the continuously- and point-
supported panels was noted. The finite element analysis was performed to determine the 
structural capacity and influence of different connections, as well as to determine each tested 
panel’s corresponding fracture stress.  
 
Having determined the influence and capacity of the different connection types and sizes the 
next section describes the results of the finite element analysis in which each tested panel’s 
fracture stress was determined.  
 
 
4.3.2 Calculated Fracture Stress 
 
The complexity of the hole (chamfered hole) forced a finite element analysis of each glass 
panel to be performed. This section presents the results of the finite element analysis of each 
tested panel.  
 
Symmetry about one axis enabled the modelling of only half of each tested glass panel. As 
only half of each panel was modelled, only half of each panel’s ultimate load had to be 
applied. Therefore, each panel was loaded with half of its corresponding ultimate load, and 
using the finite element program, DIANA [44], the resultant principal tensile stress calculated. 
Table 4.10 presents each panel’s principal tensile stress. 
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Table 4.10. Calculated principal tensile stress (Fracture stress) 
 
Glass Panel # Diameter  Loading rate F measured Fracture Stress 
 mm  kN MPa 
10mm Thickness     
29 - Dynamic 6.35 267.06 
17 - Dynamic 6.82 287.00 
4 - Dynamic 6.12 257.38 
3 - Dynamic 6.47 272.02 
27 20 Static 3.08 192.00 
30 20 Static Fail  - 
33 20 Static 2.90 181.20 
28 25 Dynamic 3.47 214.28 
8 25 Dynamic 3.51 217.00 
5 25 Dynamic 3.47 213.97 
     
12mm Thickness     
22 - Static 7.98 234.96 
13 - Static 7.96 234.20 
37 - Static 8.33 245.00 
36 15 Static 4.63 207.34 
11 15 Static 5.38 241.00 
10 15 Static 4.72 211.73 
9 20 Quasi Static 4.74 207.01 
12 20 Quasi Static 5.1 222.55 
2 20 Quasi Static 5.5 240.00 
20 25 Dynamic 4.61 220.51 
19 25 Dynamic 5.64 244.00 
18 25 Dynamic 5.36 231.88 
     
15mm Thickness     
26 - Quasi Static 14.70 275.00 
31 - Quasi Static 12.86 240.60 
25 - Quasi Static 13.63 254.91 
7 15 Quasi Static 7.62 232.00 
34 15 Quasi Static 6.56 199.77 
6 15 Quasi Static 7.5 228.16 
35 20 Dynamic 7.76 228.69 
23 20 Dynamic 8.38 247.00 
24 20 Dynamic 8.29 244.38 
14 25 Dynamic 8.84 258.40 
21 25 Dynamic 7.93 225.32 
32 25 Dynamic 8.14 231.17 
 
 
Glass is a material, which shows an increase in strength with increase loading rate [13, 28]. 
Since the panels were tested under three different loading rates, the calculated fracture 
stresses cannot directly be compared. The variability of the results also attributes to this. 
 
Glass has a high variability of strength, which is justified by the existence of surface flaws 
[31]. The magnitude of the applied stress that will cause fracture depends on the flaw size 
and geometry, and is therefore a matter of probability.  The following section describes the 
Weibull statistical model that is used to present the loading capacity of the glass panels 
corresponding to each loading rate.  
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4.3.3 Weibull statistical model 
 
Introduction  
 
The laboratory test series [chapter 3] demonstrated that the point of fracture does not 
necessarily coincide with the point or location of maximum principal stress. A different point of 
fracture can be attributed to the presence due to cracks and flaws in the glass and on the 
surface. 
 
When a stress is applied to a material containing a crack, the stress concentrates at the crack 
tip much the same way as stress concentrates around a hole [31]. This stress concentration 
causes the crack to propagate and finally leads to the failure of the specimen. A high 
variability in the size-, orientation- and distribution of the surface flaws between specimens in 
turn, lead to a high variability of strength in glass.  
 
A statistical model is therefore required to give a true prediction of strength of glass. This 
section describes the Weibull statistical model [39] that was used to represent the failure 
strength of the tested glass panels and finally, used to predict the capacity of full-scale glass 
balustrades.  
 
 
Why was the Weibull statistical model used? 
 
The Euro code, associated with the use of glass in buildings, recommends that the Weibull 
distribution be used when failure of glass is predicted [40]. 
 
Weibull [39] defines the cumulative probability of failure Pf as the percentage of number of 
specimens that will not survive loading to a tensile stress of σ, by: 
 

0
1- exp

m

fP σ
σ

⎡ ⎤⎛ ⎞Δ⎢ ⎥= −⎜ ⎟Δ⎢ ⎥⎝ ⎠⎣ ⎦
                                (4.15) 

 
Where; 
Pf = 1- Ps = probability of failure 
σ  = specimen fracture stress 
σ0 = 37% mean fracture stress 
m = Weibull modulus characterizing the width of the fracture stress distribution 
 
The Weibull modulus (m) is indicative of the variability in the results, where a low m is 
indicative of a high variability. For modern high quality ceramics, m varies in the range of 5-10 
and is never significantly greater than 20. For metals, it is typically in the range 50-100 [5]. 
Accordingly, the Weibull modulus describes the variability or scatter in specimen strength. 
 
Before a specimen’s strength can be predicted, according to the data obtained from a test 
series, the Weibull modulus of the data set needs to be determined first.  
 
The Weibull modulus is calculated by rearranging equation 4.15. The double exponent of 
equation 4.15 results in:  
 

( ) 0

1ln ln ln
1 f

m
P V

σ
σ

⎡ ⎤ ⎛ ⎞Δ
=⎢ ⎥ ⎜ ⎟− Δ⎢ ⎥ ⎝ ⎠⎣ ⎦

                                        (4.16) 

 
Equation 4.16 is then in the format of y = mx+c, where m (Weibull modulus) is the gradient of 
a straight line. Where: 
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y= 
( )

1ln ln
1 fP V
⎡ ⎤
⎢ ⎥
−⎢ ⎥⎣ ⎦

                                          (4.17) 

 

x = 
0

ln σ
σ

⎛ ⎞Δ
⎜ ⎟Δ⎝ ⎠

                                           (4.18) 

 
By plotting the results of a data set in this format, the Weibull modulus can be determined by 
simply calculating the gradient of the straight line.  
 
Before the data set can be presented in this format, a number of activities need to be 
performed. Listed below are the activities: 

• Firstly the fracture stress corresponding to the data set is arranged in descending 
order (Table 4.12, column 1) 

• Then, the probability of failure, Pf, for each specimen is estimated as n/(N+1), where 
n is the ordering number (weakest to strongest) and N is the total number of 
specimens (Table 4.12, column 3) 

• Finally, the x coordinate is calculated with equation 4.18, and the y by equation 4.17. 
(Table 4.12, column 5 and 6) 

 
Plotting the results, and determining the gradient of the line, yields the Weibull modulus (m) of 
the data series. σ0 is representative of 37% of the fracture strength and is calculated by 
interpolating between the arranged fracture stresses (descending order).  
 
Having determined the Weibull modulus and -mean fracture stress, equation 4.15 can be 
used to predict each specimen’s probability of failure. The following section focuses on the 
Weibull parameters, and differentiates between the panels with- and without holes.   
 
 
 
4.3.3.1 Weibull parameters 
 
Introduction 
 
The Weibull modulus (m) is indicative of the variability in the results for a given data set, and 
is not affected by the loading rate. Once the modulus is determined for a given material and 
geometry, it does not have to be calculated for the same material again [13]. Due to the 
difference in geometry between the holed panels and panels without holes, the same Weibull 
modulus could not be used. A separate Weibull modulus had to be calculated for the panels 
without holes. The results are therefore presented for glass panel with holes and glass panels 
without holes.  
 
 
 
Scale panels (300x300mm) 
 
4.3.3.1.1.1 Weibull modulus for glass panels with holes 
 
Since the largest number of specimens where tested at the dynamic loading rate, the fracture 
stresses obtained from the finite element analysis for this data set were used to determine the 
Weibull modulus. All together 12 specimens were tested at a dynamic loading rate; their 
fracture stresses are summarized in table 4.11. 
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Table 4.11. Fracture stress for holed panels tested under a dynamic loading rate 
 
Panel ## Hole  Diameter Loading rate Fracture Load Fracture Stress 
 (mm)  (kN) (MPa) 
     
10mm Thickness     
28 25 Dynamic 3.47 214.3 
8 25 Dynamic 3.51 217.0 
5 25 Dynamic 3.47 213.9 
     
12mm Thickness     
20 25 Dynamic 4.61 220.5 
19 25 Dynamic 5.64 244.0 
18 25 Dynamic 5.36 231.8 
     
15mm Thickness     
35 20 Dynamic 7.76 228.7 
23 20 Dynamic 8.38 247.0 
24 20 Dynamic 8.29 244.4 
14 25 Dynamic 8.84 258.4 
21 25 Dynamic 7.93 225.3 
32 25 Dynamic 8.14 231.2 
 
 
Using the fracture stress for holed panels tested under a dynamic loading rate, as calculated 
by finite element model, the Weibull modulus was determined. The fracture stress 
corresponding to the data set was arranged in descending order (Table 4.12, column 1), and 
the probability of failure, Pf, for each specimen was estimated (Table 4.12, column 3). Finally 
the x and y coordinates were calculated (Table 4.12, column 5 and 6), and plotted in figure 
4.29. 
 
 
Table 4.12. Weibull modulus determination 
 
Fracture Stress n Ps = n/(N+1) Pf = 1-Ps ln(ln(1/Ps)) ln(FS) 
(MPa)      
258.4 1 0.08 0.92 0.94 5.55 
247 2 0.15 0.85 0.63 5.50 
244.38 3 0.23 0.77 0.38 5.45 
244 4 0.31 0.69 0.16 5.44 
231.88 5 0.38 0.62 -0.05 5.43 
231.17 6 0.46 0.54 -0.26 5.42 
228.69 7 0.54 0.46 -0.48 5.42 
225.32 8 0.62 0.38 -0.72 5.42 
220.51 9 0.69 0.31 -1.00 5.40 
217 10 0.77 0.23 -1.34 5.38 
214.28 11 0.85 0.15 -1.79 5.37 
213.97 12 0.92 0.08 -2.53 5.37 
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Weibull modulus determination
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Figure 4.29. Weibull modulus determination 
 
 
Plotting a linear trend line through the test points, as calculated in table 4.12, reveals the 
Weibull modulus (m). From the figure 4.29, it can be seen that the Weibull modulus for holed 
panels tested under a dynamic loading rate was 16.38.  
 
The mean fracture stress (σ0) was calculated for a probability of survival of 37% (The stress 
that allows 37% of the specimens to survive). Interpolating between fracture stress of 244 
MPa and 232 MPa produced a σ0 = 234.19 MPa 
 
Having identified the apparent Weibull parameters (m, σ0), the probability distribution was 
plotted (figure 4.30), and each specimen’s probability of failure determined (Table 4.13).  
 
 
Table 4.13. Each specimen’s probability of failure 
 
Fracture Stress  Ps Pf
(MPa)   
258.4 0.01 0.99 
247 0.10 0.91 
244.38 0.14 0.86 
244 0.15 0.85 
231.88 0.43 0.57 
231.17 0.44 0.55 
228.69 0.51 0.50 
225.32 0.58 0.42 
220.51 0.68 0.32 
217 0.74 0.26 
214.28 0.79 0.21 
213.97 0.79 0.21 
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Fracture Stress Predictions with Weibull model for Dynamic 
loading rate 
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Figure 4.30. Fracture stress predictions for dynamic loading rate 

Fracture Stress Predictions with Weibull model
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Figure 4.31 Probability distribution of holed panels 
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In a similar manner, the probability distribution using the Weibull statistical model was 
determined for both the Static- and Quasi Static loading rates (chapter 3.3.1.1.1 loading 
rates). Having calculated the Weibull modulus for holed panels under a dynamic loading rate, 
only the mean fracture stress had to be determined for the different loading rates [13]. The 
probability distribution for each loading rate is presented in figure 4.31. 
 
 
Table 4.14. Strength prediction for loading rates for panels with holes 
 
m=16  
   
  50% Pf 2% Pf 0.8% Pf
Loading rate    
Static 206 165.5 155.95 
Quasi Static 224.55 180.5 169.95 
Dynamic 228.89 184 173.23 
 
 
From the graph in figure 4.31, an increase of 10% in mean strength with increase in loading 
rate is evident. A parameter that can be seen in table 4.14, is that the mean probability of 
failure of the Quasi static loading rate prediction is very close to that of the Dynamic loading 
rate, which might be a possible indication of upper limit or asymptote of the increase in 
strength of the material. However, due to limited number of tests and range of loading rate, 
more tests at increase loading rates need to be conducted to provide conclusive results. 
 
 
 
4.3.3.1.1.2 Weibull modulus for glass panels without holes 
 
As for the holed panels, the Weibull modulus was calculated for the panels without holes. 
However, only 10 panels without holes where tested as apposed to the 27 holed panels that 
were tested. Fracture stresses for panels without holes that were tested under Static-, Quasi-
static and Dynamic loading rates are presented in table 
4.15.
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Fracture stress predictions using the Weibull model
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Figure 4.32. Probability distribution of panels without holes 
 
 
A Weibull modulus of m=12 was calculated for the panels without holes. The Weibull modulus 
is representative of the variability in the results of the data set, and is illustrated in figure 4.32 
by the gradients of the graphs.  
 
 
Table 4.15. Strength prediction for loading rates for panels without holes 
 
m=12 
 
 50% Pf 2% Pf 0.8% Pf
Loading rate    
Static 233 174 160.8 
Quasi Static 257.5 192 177.6 
Dynamic 266.5 198.5 183.5 
 
 
Although only three panels were tested per loading rate with the exception of four for the 
dynamic loading rate, a common trend was found to exist between the different loading rates. 
Comparing the mean probability of failure of the different loading rates, an increase in 
strength with an increase in loading rate was noticed, reinforcing the idea of static fatigue. 
Form table 4.15, it can also be seen that the mean probability of failure of the Quasi-static 
loading rate is closer to the mean of the dynamic loading rate, as noticed from in the 
probability distribution of the holed panels. This might once again be a sign of the strength 
asymptote of the strength of the material. Results for the static loading rate are verified by 
available literature [41]. Available literature [41] predicted for tempered glass an m=11, and σ 
(0.8%) =185 MPa, for panels without holes. 
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4.3.3.1.1.3 Comparison between panels with- and without holes 
 
The difference in panel geometry resulted in a different Weibull modules being calculated for 
the panels with- and without holes. A modulus of m=16 was calculated for the holed panels 
and a modulus of m=12 for the panels without holes. The decrease in modulus between the 
holed and panels without holes indicate a greater variability in results. The hole confines the 
fracture origin to a certain area, resulting in a smaller variability of results. However, a 
decrease in mean strength is brought about by the drilling of the hole, which is noticed when 
comparing dynamic mean fracture strength of the holed panels (229 MPa) to that of the 
panels without holes (267 MPa).  
 
This section described the Weibull statistical model that was used to represent the failure 
strength of the tested glass panels (300x300). The following section focuses on the Weibull 
statistical model used to predict the capacity of full-scale glass balustrades (1300x1000).  
 
 
 
Full scale panels (1300 x 1000mm) 
 
4.3.3.1.2 Weibull modulus for glass panels with- and without holes 
 
The specimen size effect occurs because the size of the critical defect, on the average, 
increases with increasing area or volume. The glass panels tested in the laboratory test series 
were all of the same size, and therefore did not effect the strength predictions. 
 
However, the laboratory test panels (300 x 300) were scaled down from actual glass 
balustrade panels (1000 x 1300). To account for the difference in strength prediction for the 
size effect between the test- and actual balustrade panels, the size of the panels have to be 
included in the Weibull distribution equation 4.15 [39]. This section describes the alteration of 
equation 4.15, (traditional Weibull equation) to include the difference in volume between the 
test and actual balustrade panels.  
 
The volume dependence of the material can be included in the Weibull distribution [39] as 
follows: 
 

( )
0 0

1- exp
m

f
VP V
V

σ
σ

⎡ ⎤⎛ ⎞Δ⎢ ⎥= − ⎜ ⎟Δ⎢ ⎥⎝ ⎠⎣ ⎦
                           (4.19)  

 
The double exponent of both sides of the equation gives: 
 

( ) 0 0

1ln ln ln ln
1 f

V m
P V V

σ
σ

⎡ ⎤ ⎛ ⎞ ⎛ Δ
= +⎢ ⎥ ⎜ ⎟ ⎜− Δ⎢ ⎥ ⎝ ⎠ ⎝⎣ ⎦

⎞
⎟
⎠

                                       (4.20) 

 
Equation 4.20 is then of the form y=mx+c 
 
Where: 
 
m = unchanged (Panel with- and without holes) 
V0 = Test panel fracture area = 300 * 300 (See figure 3.8)  
V = Actual balustrade panel fracture area = 1300 * 1000 (See figure 6.5, 6.6) 
 
Therefore: 
 
V/V0  = (1300*1000)/ (300*300) 

= 14.4444 
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Table 4.16. Strength prediction for loading rates for panels with holes taking into account 
volume dependence 
 
 50%Pf 0.8%Pf 
Loading rate   
Static 174.35 132 
Quasi Static 190.05 144 
Dynamic 194.35 147 
 
 
Table 4.17. Strength prediction for loading rates for panels without holes taking into account 
volume dependence 
 
 50% Pf 0.8% Pf 
Loading rate   
Static 187 156.4 
Quasi Static 206.8 172.8 
Dynamic 213.6 178 
 
 
The specimen size effect occurs because the size of the critical defect, on the average, 
increase with increasing area or volume. With the increase in the size of the panels, the 
probability of failure decreased by 20%.  
 
 
4.3.3.2 Conclusion 
 
A high variability of strength in glass resulted in the employment of the Weibull statistical 
model [39] to present the failure strength of the tested glass panels. The difference in panel 
geometry resulted in different Weibull modules [39] being calculated for the panels with- and 
without holes. 
 
The increase in strength, with increase in loading rate was noticed in both probability 
distributions (panels with- and without holes). An increase of 10% in mean strength from the 
static- to dynamic load rate was noticed for the distribution of the holed panels. 
 
Another parameter common to both distributions (panels with- and without holes) was the 
grouping of the mean probability of failure of the quasi-static and dynamic loading rates, 
which could be an indication of the material strength asymptote. 
 
Comparing the two distributions, a decrease in modulus, and mean strength between the 
panels with- and without holes was noticed. Although the hole confined the fracture origin to a 
certain area, resulting in a smaller variability of results, the drilling of the hole brought about a 
decrease in mean strength.  
 
To account for the difference in strength prediction for the size effect between the test- and 
actual balustrade panels, the size of the panels was included in the Weibull distribution [39]. 
The specimen size effect occurs because the size of the critical defect, on the average, 
increase with increasing area or volume. With the increase in the size of the panels, the 
probability of failure decreased by 20%.  
 
 
With the loading capacity and influence of different hole geometries together with the material 
properties of toughened glass determined, the calibrated finite element model will now be 
employed to analyse full-scale balustrade configurations. The following chapter describes the 
finite element model in which freestanding- as well as continuous balustrades were analysed. 
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CHAPTER 5 
BALUSTRADE FINITE ELEMENT MODEL 
 
Introduction  
 
In the previous chapter the static- and dynamic material properties of toughened glass were 
determined, and presented using the Weibull statistical distribution [39]. The Weibull model 
was modified to include the specimen size difference, and consequently the static- and 
dynamic material properties for 1x1.3 m glass balustrade panels were determined.  
 
This chapter describes the modelling of actual freestanding balustrades using the determined 
material properties of toughened glass and the calibrated finite element model from chapter 4. 
The purpose of which is to determine the loading capacity of freestanding balustrades. Since 
the design of freestanding balustrades differs, varying geometry, support and loading 
parameters are investigated and their influence on the loading capacity of the freestanding 
balustrade panel quantitatively determined.  
 
The balustrade thicknesses investigated is: 

• 12 mm and  
• 15 mm thick glass panels 

 
The balustrade supports, from supplier guidelines [42] and available literature that is 
investigated can be categorized into: 

• Continuously supported and  
• Point supported systems 

 
All freestanding balustrade systems are subjected to the SABS [7] static- and dynamic 
loading requirements, and can be categorized into: 

• Concentrated point load 
• Distributed load 

 
A finite element model is used to simulate the SABS [7] required 400 J impact and 
consequently to determine the dynamic impact force to be used in a static analysis. Finally, a 
static linear analysis is employed to calculate each balustrade set-up’s static- and dynamic 
loading capacity.  
 
In the second part of the chapter, the influence of the addition of a handrail, used to connect a 
number of freestanding balustrade panels together, is investigated using the same finite 
element procedure. The influence of the number of connected panels together with the 
handrail dimension is quantitatively determined.  
 
Three different numbers of connected panels are investigated, they are: 

• 3 panels 
• 5 panels 
• 7 panels 

 
Three different handrail dimensions are investigated, they are: 

• 40x40 mm 
• 50x50 mm 
• 90x90 mm 

 
The balustrade finite element model can be divided into a freestanding- and a continuous 
balustrade model, which is illustrated in a flow diagram in figure 5.1. 
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Freestanding Balustrade FE Model 
Section 5.1 

Continuous Balustrade FE Model 
Section 5.2 

Balustrade Finite Element Model 

Balustrade  
Geometry 

Section 5.1.1 

Loading  
Capacity 

Section 5.1.3 

Loading  
Requirements 
Section 5.1.2 

Balustrade  
Geometry 

Section 5.2.1 

Loading  
Capacity 

Section 5.2.3 

Loading  
Requirements 
Section 5.2.2 

Figure 5.1. Flow diagram illustrating balustrade finite element stage 
 
 
The geometry of the balustrade finite element model can be categorized into 2 stages: 

• Freestanding balustrade finite element model 
• Continuous balustrade finite element model 

 
Each of which can further be divided into three steps. In the subsequent sections, each of 
these steps are addressed separately and described in detail, they are: 
 

• Geometry of balustrade panels  
This section describes the dimensions and thicknesses of the balustrade panels.  
The different supports based on continuous- and point-supported balustrades that were 
investigated together with the finite element model’s constraints are also addressed.  
 
• Loading requirements 
The South African loading requirements can be categorized into static- and dynamic 
loading requirements. This section describes the different static- and dynamic loading 
types applied to each balustrade set-up.  
 
 
• Loading capacity 
This section presents the static- and dynamic loading capacity for continuous- and point 
supported freestanding balustrade panels as a result of a linear finite element analysis.  

 
 
 
 
NOTE: There is a distinction between a continuous support (i.e. continuously embedded 
into a support) and a continuous balustrade, where individual freestanding panels are 
interconnected using a handrail. 
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5.1 FREESTANDING BALUSTRADE FINITE ELEMENT MODEL  
 
Introduction 
 
Since the design of freestanding balustrades differs, different geometry, support and loading 
parameters were investigated and their influence on the loading capacity of a freestanding 
balustrade panel was quantitatively determined.  
 
This section describes the geometry of the panels with reference to dimensions of balustrade 
panels, support conditions and finite element constraints. 
 
1x1.3 m balustrade panels of thicknesses 12- and 15mm thickness were chosen based on 
supplier specification. Different balustrade supports, commonly seen in practice and found in 
literature [12] was identified, and their influence on the loading capacity of freestanding 
balustrade determined. These support systems are categorized into:  

• Continuously supported and  
• Point supported systems 

 
The geometry of the point-supported panels had to be carefully chosen to avoid any 
additional stress raisers from edge of neighbouring holes. Since the stress concentrates 
around a hole (chapter 4), and can be further superimposed if a hole is placed to close to an 
edge or neighbouring hole, the influence of distance between hole and edge and distance 
between two holes was investigated prior to the design of the point supported balustrade 
panels. Finally, the geometry of the holes was chosen based on the identified guidelines.  
 
The layout of this section is illustrated in the flow diagram in figure 5.2. 
 

Support Conditions 
Section 5.1.1.2 

Continuous support 
Section 5.1.1.2.1 

Point support 
Section 5.1.1.2.2 

5 holes 7 holes 5 holes 7 holes

Dimensions 
Section 5.1.1.1 

Constraints 
Section 5.1.1.3 

Balustrade Geometry 
Section 5.1.1 

Loading Requirements 
Section 5.1.2 

Loading Capacity 
Section 5.1.3 

Freestanding Balustrade FE 
Model 

Section 5.1 

Single Row Double Row 

 
Figure 5.2. Flow diagram illustrating balustrade geometry section of the freestanding 
balustrade finite element model 
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5.1.1 BALUSTRADE GEOMETRY 
 
5.1.1.1 Dimensions of freestanding balustrade panels 
 
The dimensions of the balustrade panels were chosen based on suppliers guidelines (figure 
5.3) and the relevant SABS [17], where both require that the panel be 1m from the finished 
floor level. Continuous- or point-supported balustrades are generally attached to the outside 
of a building, and in many cases attached to the slab (figure 5.7).  A slab thickness of 300 mm 
was assumed and a balustrade length and height of 1m was chosen. Toughened glass with 
thicknesses of 12- and 15 mm were used throughout the investigation.  
 
Height  = 1000 + 300 
 = 1300 mm 
 
Length  = 1000 mm 
 
Thickness 
 = 12 and 15 mm 
 
The final dimension of the glass panels was 1 x 1.3 m glass panels of thickness 12 and 15 
mm.  

 
Figure 5.3. Supplier balustrade and handrail specifications [42] 
 
5.1.1.2 Support conditions 
 
Freestanding balustrades are typically connected using either a continuous or numerous point 
supports, as described in chapter 3. The continuous edge support system often consists of a 
glass panel placed in a steel channel that is connected to the adjacent structure, while the 
point supported balustrade is connected using numerous bolts.  
 
Since no stress concentration is introduced in continuous edge connections, it is seen as the 
best means of support. Freestanding balustrades are however, often designed with point 
supports, as seen in figure 5.7. Balustrade panels with continuous- and point supports were 
consequently modelled and their influence on the static- and dynamic capacity of the panels 
determined. 
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5.1.1.2.1 Continuous support 
 
An example of a continuously supported freestanding balustrade can be seen in figure 5.4. 
The continuously supported finite element model is presented in figure 5.5, due to symmetry 
only half of the balustrade panel had to be modelled.   
 
 

 
 
Figure 5.4. Continuously supported freestanding glass balustrade  Figure 5.5. 

Geometry of half of 
FE model 

 
5.1.1.2.2 Point support 
 
The geometry of the holed panels had to be carefully chosen to avoid any additional stress 
raisers from edge of neighbouring holes. Stress concentration around a hole (chapter 4) can 
further be superimposed if a hole is placed too close to an edge or neighbouring hole. The 
influence of distance between hole and edge and distance between two holes was 
investigated prior to the design of the point supported balustrade panels.  
 
 
5.1.1.2.2.1 The influence of distance between hole and edge 
 
For this investigation, a 3D plate model consisting of two holes of diameter 15 mm and 50 mm 
apart, were chosen. The distance between the holes was consistent for all the analyses. The 
plate was loaded out of plane with a unit-distributed load (1N/mm), which was applied to the 
edge, parallel to the edge joining the holes (figure 5.6). Due to symmetry along two edges, 
only a quarter of the plate was modelled.  
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     Edge loaded in bending 
      
 
 
     Symmetry edge 
 
 

Distance between edge of hole  
and edge of panel changed 

 
 
 
 
 
 
 
 
 
Figure 5.6. The influence of distance between hole and edge 
 
 
The distance between the holes and the number of holes remained the same throughout the 
investigation. With each analysis, the distance between the edge and the holes was altered. 
The purpose of the investigation was to determine the distance at which superposition 
between the hole and edge does not occur. The 3D calibrated finite element model from 
chapter 4 was used to determine the maximum principal stress around the holes for five 
different distances. 
 
 
Table 5.1. Influence of distance of hole from edge 
 
Distance from edge to edge of hole Max Principal Stress 
mm MPa 
35 135 
85 128 
125 126 
135 125 
145 125 
 
 
From table 5.1, it is determined that superposition between the edge and hole only disappear 
at a distance greater than 135 mm. It was concluded that, to avoid superposition between 
edge and hole, holes should not be place closer than 135 mm from the nearest edge (edge to 
edge) or 9 diameters.
 
 
5.1.1.2.2.2 Influence of position of holes relative to each other 
 
The number of bolts, in a point supported balustrade panel, used to connect the panel to the 
structure is decided by the designer, and ultimately depends on the capacity of the bolts used.  
Using a weaker bolt would result in the use of more bolts. At some point, the relative distance 
starts to superimpose the stress increase from one another. 
 
The same procedure that was used to determine the edge influence was applied to determine 
the influence of the position of holes relative to each other. However, this time the distance 
between the edge and hole was kept constant while the distance between holes changed with 
each analysis.  For this investigation, a 3D plate model consisting of two holes of diameter 15 
mm where chosen at an initial distance 35 mm from each other. The plate was loaded in 
bending with a unit-distributed load (1N/mm), which was applied to the edge parallel to the 
edge joining the holes. Due to symmetry along two edges, only a quarter of the plate was 
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modelled. With each analysis, the distance between the two holes was altered. The purpose 
of the investigation was to determine the distance at which superposition between the two 
hole does not occur. The 3D calibrated finite element model from chapter 4 was used to 
determine the maximum principal stress around the holes for four different distances. 
 
 
Table 5.2. Influence of position of holes relative to each other 
 
Distance from edge to edge Max Principal Stress 
mm MPa 
  
35 120 
65 117 
85 114 
100 113 
125 113 
 
 
From table 5.2, it is determined that superposition between the two holes only disappear at a 
distance in greater than 100 mm. It was concluded that to avoid superposition between holes, 
the distance between holes should not be closer than 100 mm (centre to centre) or 7 
diameters.  
 
 
5.1.1.2.2.3 Single and double horizontal rows of holes 
 
The most common type of point support is the double horizontal row system, as seen in figure 
5.7, in which the balustrade panel is connected to the structure along two horizontal rows of 
holes. 
 
 

 
 
Figure 5.7. Glass balustrade with a double row of horizontal holes 
 
 
Geometry of the double row systems was chosen based on the guidelines determined in the 
previous section 5.1.1.2.2.  
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Vertical placement  
 
The diameter of the holes was chosen as 15 mm, as it was assumed that it would allow 
enough room for the use of M12 bolts. The slab thickness of 300 mm allows the holes to be 
placed 100 mm apart, however limits the distance between hole and edge to  
 
100-15/2 = 92.5 mm,  
as apposed to the recommended minimum distance of 135 mm of section 5.1.1.2.2.1.  
 
 
Horizontal placement 
 
For a 1m wide balustrade, the number of bolts per horizontal row was determined as follows: 
Diameter of hole   = 15 mm 
Distance between hole centre and edge = 135 + 15  
     = 150 mm 
Distance between hole centre  = 100 + 15 
     = 115 mm 
Determination of number of holes 
Distance from edge 150 x 2  = 300 mm 
Distance between bolts 1000-300 = 700 mm 
Number of bolts  700/115 = 6 spaces 
 
The maximum number of bolts that can be used in a balustrade of 1m width is therefore 7 
bolts. The number of holes per row was chosen as 7- and 5 bolts, both placed at a distance of 
150 mm from the edge. In the row containing 7 bolts the holes were placed at a distance of 
115 mm apart (figure 5.9), and the row containing 5 bolts (figure 5.8) placed 175 mm apart 
(centre to centre). 
  

 
 
 
 
 
 
 
 
 
 

 
Figure 5.8. Double row of horizontal rows (5) Figure 5.9. Double row of horizontal rows (7) 
 
A new proposed point supported system, based on a single row of horizontal holes was 
investigated (figure 5.10, 5.11). The proposed system relies on the fact, that when the 
balustrade is place on the outside of the structure (figure 5.7) only the top horizontal row of 
holes supports the balustrade in the case of static- or impact loading. Placement of holes was 
the same as for the double row of horizontal holes.  
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.10. Single row of horizontal holes (5) Figure 5.11. Single row of horizontal holes (7) 
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5.1.1.3 Constraints of Finite element model 
 
Over the years, Pilkington Glass has played a large role in not only the development of the 
toughened glass but has also had a significant influence in the development of connection 
types for structural glass systems. One of the mayor breakthroughs in glass connections, 
primarily used in façade design, was the spider system [43]. The spider system has formed 
the basis of various other connection types. An example of such a connection type commonly 
used in freestanding balustrades is the 444 planar fitting [43] as seen in figure 5.12. This type 
of connection clamps the glass surface to the adjacent structure, while still allowing some 
rotation of the glass. The top and bottom end of the connector (button), consists of a ball and 
socket joint (see figure 5.13), which allows the glass to rotate while the glass is held in 
position. A rubber lining is usually placed in-between the steel and glass to ensure smooth 
support conditions. 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.12. Typical glass point support   Figure 5.13. Ball and socket joint (Button)  
 
 
The finite element modelling of such a connection, which is employed to predict the local 
behaviour, was performed and is described in the following section. Different materials and 
contact between numerous components forced the employment of a nonlinear analysis.  
 
 
Nonlinear analysis  
 
A nonlinear model was conducted to investigate the local connection behaviour (contact 
between washer and glass surface). A nonlinear analysis is necessary, since contact 
elements separate the washer form the glass surface.  
 
The purpose of the analysis was to determine the behaviour and identify the point of stress 
concentration of the bolt connection in bending. A few assumptions were made to avoid the 
weakening of the hole and make the modelling of the bolted connection possible. They were: 
  

• The bolts do not to weaken the hole due to the induced pressure of the steel button 
on the glass. (Pressure induced fracture, seen in laboratory test series chapter 3) 

 
• Fracture occurs at position of maximum stress concentration around hole, which is 

caused by the out of plane bending of the glass and not by the localized stress 
concentration between steel button and glass. For the fracture origin to be located at 
the edge of the hole, the connection has to allow for enough rotation of the balustrade 
panel. Rotation is a combination of rotation of ball and socket joint and compression 
of the rubber lining. 

 
The 3D finite element model consisted of two 15mm diameter holes placed 100mm apart. 
Rubber washers of diameter 20mm were placed on top and bottom of the holes to allow the 
rotation of the glass plate (figure 5.14). Contact surface elements were assigned to the 
outside of the hole and washer to allow contact and separation between the two surfaces. 
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The plate was loaded in bending with a distributed unit displacement load at one edge, which 
was increased incrementally.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.14. Nonlinear contact model 
 
 

 
 
 
 
Maximum stress concentration at hole 
(Possible fracture origin) 
 
Separation from top rubber washer due to 
bending 
 
 
 
Compression of bottom washer 
 
 

Rubber washer

Loaded edge 

 
 

 
Figure 5.15. Stress concentrations at hole 
 
From figure 5.15, it is evident that the rubber washer alone permits enough rotation of the 
glass panel to ensure the stress concentration at the hole. The total rotation (ball socket 
connection + rubber washer) would therefore be sufficient to avoid any additional localized 
stress concentration arising at the connection. 
 
The nonlinear finite element modelling of such a connection is a time consuming endeavour, 
and was consequently replaced by a static linear analysis, which is described in the following 
section. 
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Linear static analysis 
 
Since it had been determined that the local behaviour of the connection itself was not of 
concern, a linear static analysis was sufficient to determine the static- and dynamic loading 
capacity of the balustrade panels. The only criterion of the linear static analysis was that it 
portrays the behaviour of a point-supported connection of a balustrade panel.  
 
From the nonlinear analysis, it was noted that only the front bottom half of the first support 
was in contact with the rubber washer. Linear spring elements (SP1TR) were added to the 
front quarter of the glass panel to represent the compression of the rubber washer and allow 
the necessary rotation. A rubber thickness of 3.5mm was chosen and the stiffness of the 
linear springs was calculated as follows: 
 
k.Δ=P 
 
where: 
k = AE/L (stiffness) 
Δ = displacement (mm) 
P = force (N) 
Erubber  = 2800 (N/mm2) 
L  = thickness (mm) 
 
To determine the area of an individual spring, 
  
kindividual = AE/L/A 
  = E/L 
 = 2800/3.5 
 = 800 N/mm 
 
A spring stiffness of 800N/mm together with this set-up provided the corrected potential 
fracture origin, and dramatically reduced the computing time as apposed to a nonlinear 
analysis. The position of the linear springs is illustrated in figure 5.16. This type of support 
condition was used for all point-supported balustrades and avoided the use of a nonlinear 
analysis (contact elements).  
 
 

 
 
 
 
 
 
 
 
 
Area to which spring elements were 
attached 
 
 
 
 

 
Figure 5.16. Linear spring position at bottom of glass panel 
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5.1.1.3.1 Single horizontal row of holes 
 
Spring elements were only used at the holed supports, while the continuous support at the 
back was constraint against vertical translation (figure 5.16). Spring elements were applied to 
the bottom quarter of the holes closest to the holes, as seen in figures 5.16 and 5.17. This 
position of the springs provided enough rotation of the glass panel to ensure the fracture of 
the glass panels at the hole. 
  
 
     Load 
 

Spring  
 
 
 
 
 
 
 
 
 
 
 
 
 
Constraint 
 
 
 
 
Figure 5.17. Spring position  Figure 5.18. Maximum principal stress around hole 
 
 
5.1.1.3.2 Double horizontal row of holes 
 
Springs were added to the front bottom quarter of the first support and to the top of the back 
quarter of the second support, for the panels that contained double horizontal holes.  
 
    Load 
 
  
                                                                
                                                  

           Spring 

 
 
 
 
 
 
 
 
 
 
 
 
      Spring 
    
 
 
Figure 5.19. Spring position  Figure 5.20. Maximum principal stress around hole 
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5.1.1.4 Conclusion 
 
The conclusions are made and categorized under the geometry and constraint of the finite 
element model.  
 
Geometry 
Based on suppliers guidelines and the relevant SABS standards [19], glass balustrade panels 
of dimensions 1 x 1.3 m together with two thickness of 12- and 15 mm were chosen as 
representative of actual freestanding balustrade panels. 
 
Although the continuous support system is the best means of support, the point-supported 
system is often used. Therefore, balustrade panels with continuous- and point supported 
systems were chosen to be modelled, as described in the following section. Before the 
geometry of the point supported panels could be chosen, the placement of the holes as to the 
influence of distance between hole and edge, and the influence of position of holes relative to 
each other was investigated. It was concluded that a hole should not be placed closer than 
135 mm (9 diameters) from the nearest edge or be placed closer than 100 mm (7 diameters) 
from another hole.  
 
With the identified guidelines, two different point supported systems where modelled. 
One of which is commonly used, consisting of a double row of horizontal holes and the other, 
a new proposed system, consisting of a single row of horizontal holes. Together with the two 
types of point support systems, a different number of holes per horizontal row was also 
investigated.  
 
Constraints 
A nonlinear model was constructed to investigate the local point supported connection 
behaviour. The purpose of the analysis was to determine the amount of rotation needed to 
ensure the fracture at the point of maximum stress concentration due to bending. Since the 
local behaviour of the bolted connector was found not to be of concern, it was established that 
a linear static analysis could subsequently be performed to determine the static- and dynamic 
loading capacity of the balustrade panels (described in section 5.1.3). Linear spring element 
were used to represent the rubber compression. A spring stiffness of 800 N/mm together with 
this set-up provided the corrected potential fracture origin, and dramatically reduced the 
computing time apposed to a nonlinear analysis where surface contact elements were used.  
 
In the following section loading requirements and the static- and dynamic loading of the 
balustrade panels is described.  
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5.1.2 LOADING REQUIREMENTS  
 
The South African loading requirements are detailed in chapter 3.3, and can be categorized 
into static- and dynamic loading requirements. This section describes the different loading 
types applied to each balustrade set-up.  
 
Due to the variety in application of a balustrade, there is a difference in required static loading 
capacity of the balustrade. Therefore, static loads appropriate to the type of occupancy for the 
building or structure are generally categorized according to application and position. Together 
with the application of the balustrade, two types of load applications were considered: 

• Horizontal line load (N/m) 
• Point load (N) 

 
The South African [7] loading code also requires that an impact of 400 J be delivered by 
means of a 30 kg sand bag, where human impact is of concern. An impact based on the 
SABS guidelines was simulated using a finite element model. In this document it is shown 
how a static force was used to simulate the dynamic impact force. 
 
 
The loading requirements phase is summarized in a flow diagram presented in figure 5.21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Balustrade Geometry 
Section 5.1.1 

Loading Requirements 
Section 5.1.2 

Loading Capacity 
Section 5.1.3 

Static loading 
Section 5.1.2.1 

Dynamic loading 
Section 5.1.2.2 

Point Load Distributed Load 

Freestanding Balustrade FE 
Model 

Section 5.1 

Impact 
Calibration 

Freestanding 
Balustrade 

 
 

Figure 5.21. Flow diagram illustrating loading requirements of the freestanding balustrade 
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5.1.2.1 Static Loading 
 
As described in chapter 2, the SABS 0160 [7] requires that balustrades be loaded in 
accordance to application and position. Together with the application of the balustrade, two 
types of loading types have to be considered: 

• A uniformly distributed line load (N/m), and 
• A concentrated or point load (N) 

 
Each balustrade set-up was loaded with both a unit distributed and point load. The following 
section describes the point and distributed load applied to each balustrade set-up.   
 
 
Point load 
 
Section 5.2.1 of SABS 0104[19] requires that freestanding balustrades are positioned not to 
permit the passage of a ball of diameter 100 mm between adjacent panels. Therefore, two 
connected panels have to be place closer than 100 mm from each other, and consequently 
both balustrade panels would absorb an edge load. The dominant load case is therefore the 
centre point load. The edge point support was not applied. 
 
A unit point load (1N) was applied to the top in the centre of each balustrade set-up. Due to 
symmetry of the panel and loading conditions, only half of the balustrade panel was modelled.  
 
 
Distributed load  
 
Similarly, a unit-distributed load (1N/mm) was applied to the top edge of each of the 
balustrade set-ups. As for the centre point load, only half of the panel had to be modelled.  
 
 
 
5.1.2.2 Dynamic loading  
 
Each balustrade set-up was loaded with a unit point load applied to the top centre of each 
panel (Position of impact); using each set-up’s corresponding material properties, the 
dynamic capacity could be determined.  
 
The South African loading code requires that an impact of 400 J be delivered by means of a 
30 kg sand bag, where human impact is of concern. An impact based on the SABS [7] 
guidelines was simulated using the finite element software Abaqus [46]. This was performed 
by applying an equivalent static load to simulate the dynamic impact load. By applying an 
equivalent static force unique to each balustrade set-up, the results could be compared to its 
dynamic loading capacity. This comparison is described in section 5.1.3.2.  
 
This section describes the following two topics: 

1. the calibration of the finite element model that was used to determine the equivalent 
static load which would simulate the dynamic impact force for each balustrade set-up; 

2. It also describes the method in which each balustrade set-up’s equivalent static 
impact load was determined.  
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5.1.2.2.1 Calibration of four side supported model 
 
Before impact tests on freestanding balustrades could be modelled using finite elements, the 
model had to be calibrated. The experiments by Foss (1999) were used to calibrate the 
Abaqus [46] model. Foss [11] performed impact tests on 4 side supported glass panels of 
dimensions 864 x 1930 x 5 mm using the lead shot impactor. The stiffness of the lead shot 
bag was determined by a quasi-static (50 mm/min) compression loading response 
experiment, and linear elastic shot bag properties were assumed (Table 5.3).  
 
 
Table 5.3. Lead shot impactor material properties (Foss [11]) 
 
Elasticity modulus 4.9MPa 
Poisson  0.3 
 
 
Foss [11] modelled the lead shot impactor as a 250 mm diameter sphere, which he then 
verified by means of a dynamic stress response experiment. All impact tests by Foss [11] 
were performed based on a drop height of 31.87 cm; corresponding test data is given in table 
5.4. 
 
Table 5.4. Impact data (Foss [11]) 
 
Applied Energy Impactor mass Impact velocity 
Joule kg m/s 
140.6 45 2.5 
 
 
The input data from Foss [11] was used and a similar model was calibrated to be used in this 
project, using the finite element package Abaqus [46]. Due to symmetry only a quarter of the 
864 x 1930 x 5 mm glass panel and impactor was modelled. The panel was continuously 
supported along two edges, and constrained according to symmetry (see figure 5.22). The 
material properties of the glass panel and impactor, used in the model, are presented in table 
5.5.  
 
 
Table 5.5. Material properties (Foss [11]) 
 
 Density Elasticity modulus Poisson  
 Kg/m3 N/m2  
Glass panel 2500 7.2e10 0.23 
Impactor 3915 4.9e6 0.3 
 
 
In the Abaqus [46] analysis, the impactor (sphere) was given an initial velocity of 2.5 m/s. 
Contact surfaces were defined for the glass panel and the impactor, which insured that the 
impactor made contact with the panel instead of moving through it. A soft elastic collision was 
assumed between the objects, this allows separation of the two objects after collision. Solid 
elements were used for both the impactor and the glass panel. 
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igure 5.22. Calibration test set-up 

he average cycle time and the maximum dynamic impact force (figure 5.23), calculated 
sing Abaqus [46] is compare to that obtained from Foss in table 5.6. 

able 5.6. Comparison between results from literature and Abaqus 

Cycle Time  Dynamic Force 

  Symmetry constraints 

     Continuous edge support 
 

  
 

 
 
 
 
 
 
 
F
 
 
T
u
 
 
T
 
 
 
 ms kN 
Foss 44.2 8.010 
Abaqus 41.7 8.056 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
Figure 5.23. Dynamic impact force response calculated using Abaqus 
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Figure 5.24. Impact at time = 0 sec  Figure 5.25. Impact at time = 0.0167sec 
 
 
Good agreement among the results indicated that the model could be used to evaluate 
different drop heights and balustrade set-ups. The calibrated finite element model could now 
be used to determine the dynamic impact force produced by the 400 J impact-loading 
requirement, for each balustrade set-up. The following section describes the freestanding 
balustrade models used to determine each panel’s dynamic impact force.  

.1.2.2.2 Freestanding balustrade Method (equivalent static load) 

his section describes the method

 
 
 
5
 
T  used to determine the equivalent static impact load for 
ach balustrade set-up. Once the method had been established, the application and results 
re presented in the following section. Section 5.2.3.4.3.1 describes and presents the results 
ased on the method described here for continuous supported freestanding balustrades, and 
ection 5.2.3.4.3 for the point supported balustrades, all determined using this method.  

he purpose of the freestanding balustrade impact model was to determine the dynamic 
pact force produced by the 400 J impact-loading requirement for each balustrade set-up. 
stead of modelling each balustrade’s geometry in Abaqus [46] only two continuously 

upported balustrades were modelled, one for each glass thickness (12, 15 mm). It is 
escribed in section 5.1.3.2.1 how the dynamic impact force was determined for each of the 
ifferent set-ups, which were considered, by altering the stiffness of the models described 
ere. To calculate each set-up’s dynamic impact force, the stiffness of the generic models 
as altered accordingly (section 5.1.3.2.1). 
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try 

 
 
Continuous 
edge support 
 
 

or illustration purposes, only the 12 mm model is presented. Due to symmetry, only half of 

ss of 

gh = 1/2mv
0 J = 1/2mv2

  = 30 kg 
 = sqrt(2*400/45) 
 = 4.216 m/s 

 

 
 
Symme
constraint 

 
 

 
Figure 5.26. Freestanding impact model 
 
F
the balustrade and impactor is modelled. The bottom edge was constrained against all 
translation degrees of freedom, and symmetry conditions accordingly. All the balustrades 
were tested against the impact loading as required by SABS: 0160 [7]. Knowing the ma
the impactor, the impact velocity was determined as follows: 
 
From chapter 2: 
Potential energy at top = Kinetic energy at bottom 
 

2m
40
m
v
v
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Dynamic Impact Response of a Freestanding Balustrade
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Figure 5.27. Dynamic impact response of freestanding balustrade (velocity 4.216m/s) 
 
 
From figure 5.27, the total dynamic impact force can be seen. It is noted that the dynamic 
force produced is almost the same as that of the four side supported glass panels (Foss [11]) 
even though the initial velocity of the impactor has almost doubled. The reduction in the 
number of edge supports from 4 to 1, made the panel less stiff and consequently less 
susceptible to the impact load, resulting in a smaller dynamic impact force.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.28. Impact at t=0.00867sec, t=0.024sec and t=0.038sec 
 
 

the first 
pact, the impactor transfers all of its own kinetic energy into the panel, almost pushing it 

way.  The second impact is a result of the panel impacting the sphere; the magnitude of this 

Further, a second impact at 0.038 seconds can be noticed (figure 5.28). At the time of 
im
a
impact is much less than the initial impact, represented by the second peak in figure 5.27. 
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5.1.2.3 Conclusion 
 
Static loading  
Each balustrade set-up was loaded with both a unit distributed and point load. The distributed 

ad was applied in accordance with SABS [7] at the top edge of the balustrade, and the point 
load at the top centre of ea  pa
lo

ch nel.   
 
Dynamic loading  
A dynamic impact finite element model was calibrated using literat
in section 2.3.2, the lead shot impactor was used for the calculatio
force, instead of the sand b g (used by SABS 0160 [7]) which is more variable in results. 
 
Finally, an impact based on the SABS [7] guidelines was simulated on a freestanding 
balustrade using the calibrated finite element software Abaqus [46]. The equivalent static 
force was determined to simulate the dynamic impact force. In the next section, the equivalent 
static force for each balustrade set-up is determined, and compared to its dynamic loading 
capacity.   
 

orce for balustrades with 
andrails, and is described in detail in section 5.2. 

ure [11].  As recommended 
n of the equivalent impact 

a

The same method is also used to determine the equivalent static f
h
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.1.3 LOADING CAPACITY  

troduction 

or the static loading conditions, each balustrade set-up was loaded with a unit point- and -
istributed load, as required by the SABS [7]. For the dynamic loading conditions, each 
alustrade set-up was only loaded with a unit point load, representing the dynamic impact 
ad.   

he linear elastic material behaviour that glass exhibits (chapter 3), allowed the execution of a 
near analysis.  Consequently, a linear static analysis was performed on all loaded balustrade 
et-ups, and the maximum principal stress and displacement, corresponding to each panel’s 
pplied load, were determined.  

he following section presents the static- and dynamic loading capacity for continuous- and 
oint supported freestanding balustrade panels, as determined using the finite element 
oftware DIANA [44]. The layout of the loading capacity stage of the freestanding balustrade 
odel is presented in the flow diagram in figure 5.29.   

 

ting the layout of loading capacity stage 

A linear static analysis was performed and the maximum principal stress corresponding to 
ach panel’s applied unit load was determined. Having calculated the maximum principal 
tress resulting from a unit load, the unit load was extrapolated until the maximum principal 
tress was equal to that of the material, hence the loading capacity was determined for the 
articular balustrade set-up. The linear elastic material behaviour of glass allows for the linear 
xtrapolation of the maximum principal stress in order to determine the ultimate loading 
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Figure 5.29. Flow diagram illustra

Static loading Impact loading 
Capacity 

Section 5.1.3.2 
Capacity 

Section 5.1.3.1

 
 
 
 
5.1.3.1 Static loading capacity 
 

e
s
s
p
e
capacity of each of the panels.  

sing the static material properties as determined in chapter 4, the balustrade loading 
apacity, corresponding to the loading type, was determined for the panels with- and without 
oles. The static loading capacity was determined for a 0.8% probability of failure, as 
commended by Pilkington [Appendix C]. The static material properties used, are presented 
 table 5.7 for the panels without holes and for the panels with holes.  

 
U
c
h
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Table 5.7. Static material properties of glass panels with- and without holes 

 
50% P 0.8% P

 
 
 f f
   
Without holes 187 MPa 156 MPa 
With holes 174 MPa 132 MPa 
 
 
The following section presents the static loading capacity for continuous- (Table 5.8 and 5.9) 

y 

of 

 
strades 

strade panels are 
resented in figure 5.30, and figure 5.31 respectively.  

 
 

 
 

 
 

 

he minimum stress (blue contour) can be seen in the bottom of the figure, as the bottom 300 
m of the balustrade panels were fixed against translation to simulate a typical continuous 

steel channel connection.  
 
The stress distribution and point of maximum stress concentration is similar for the point- and 
distributed loaded panels. The stress distribution at the connection for the distributed loaded 
panels tends to be more spread out along the connection.  
 
 

and point supported (Table 5.10 and 5.11) freestanding balustrade panels, as determined 
using the finite element software DIANA [44]. Together with the quantitative loading capacit
predictions, the qualitative stress distribution for each balustrade set-up and loading type is 
illustrated. This is performed to show the areas of maximum principal stress. Glass consists 
a high compressive strength and relatively low tensile strength; it is in tension that glass 
usually fails. The area of maximum tensile stress is therefore of concern.  
 
 
5.1.3.1.1 Continuous support 
 
Table 5.8 presents the static capacity of the continuously supported balustrades loaded with a
point load and table 5.9 presents the static capacity of the continuously supported balu
loaded with a distributed load. The contours of the maximum principal stress of the point 
loaded and distributed loaded continuously supported freestanding balu
p
 
 

 
 
 
 

 
 
 
 
 
 
 

 

 
 

Figure 5.30. Point loaded                                      Figure 5.31. Distributed loaded  
 
 
T
m
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Table 5.8. Static loading capacity of continuousl alustrade loaded with 
a concentrated centre load

y supported freestanding b
  

 
 
Thickness Displacement  0.8% Pf  

  

mm mm kN 
12 200 2.6 
15 156 4.0 
 
 
Table 5.9. Static loading capacity of continuousl alustrade loaded with 
a distributed load

y supported freestanding b

  
Thickness ment 0.8% Pf  Displace
mm mm kN/m 
12 98.72 2.69 
15 77.11 4.08 
 
 
 
5.1.3.1.2 Point support 

ingle row  

 
ed with a distributed load.  

 
 

 

 
 
 
 

 
 

 
 
 
 

igure 5.32. Point load   Figure 5.33. Maximum stress concentration at hole
   

rom figure 5.32, it can be seen that the stress concentrates around the holes. The maximum 
tration is at the hole in the centre of the hole and can be seen in figure 5.33. 

he stress concentration at the centre of the panel (stiffer vertical sides), is magnified by the 

 
S
 
Table 5.10 presents the static capacity of the single row of point-supported balustrades 
loaded with a point load and table 5.11 presents the static capacity of the single row of point
supported balustrades load
 
 

 
 

 
 

 
 

 
 

 

F
 
 
F
stress concen
T
introduction of a hole, where further stress concentration takes place.  
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From figure 5.33, the stress concentration at the edge of the hole can be seen. The point of 
maximum stress is located n the edge of the chamfer in the centre of the half circle. This 

s that the bending of the panel brought about the maximum stress and 
r  the connection behaviour.  

 
Table 5.10. Static loading capacity of point supported freestanding balustrade loaded with a 
concentrated centre 

 o
particular point indicate
that the linear springs cor ectly simulated

load
 
Thickness Holes  Displacement 0.8% Pf  
mm  mm kN 
12 5 130 1.59 
12 7 142 1.66 
15 5 98 2.32 
15 7 99 2.4 
 

atic loading capacity of point supp standing balustrade loaded with a 
distributed load

 
Table 5.11. St orted free

 
Thickness Holes Displacement 0.8% Pf  
mm  mm kN 
12 5 64 1.54 
12 7 66 1.61 
15 5 4 2.25 8 
15 7 49 2.34 
 
 
It is evident from tables 5.10 and 5.11 that the balustrade panels containing 7 holes provide a 
better means of support compared to the panels with only 5. An increase of 4% is noted, 
which is attributed to the increase in number of supports (holes). 
 
Double row 
 
Table 5.12 presents the static capacity of the double row of point supported balustrades 
loaded with a point load and table 5.13 presents the static capacity of the double row of point 
upported balustrades loaded with a distributed load.  s

 
 
 

 

 

 

Figure 5.34. Point load   Figure 5.35. Maximum stress concentration at hole 
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As for the panels containing a single horizontal row of holes, it can be seen (figure 5.34) that 
the stress concentrates around the holes for the panels with a double row of holes. The 
maximum stress concentration is in the centre of the hole and can be seen in figure 5.35.  

able 5.12. Static loading capacity of point supported freestanding balustrade loaded with a 

 
 
T
concentrated centre load
 
Thickness Holes Displacement 0.8% Pf  
mm  mm kN 

5 127.9 1.54 12 
7 135.2 1.64 12 
5 96.6 2.26 15 
7 101.3 2.38 15 

 
 

 capacity of point ded with a 
distributed load
Table 5.13. Static loading  supported freestanding balustrade loa

 
 
Thickness Holes Displacement 0.8% Pf  
mm  mm kN/m 
12 5 63.3 1.50 

7 66.36 12 1.58 
15 5 47.7 2.19 

7 49.5 2.29 15 
 
As mentioned before (singl  row of horizontal holes), the panels containing 7 holes provide a 
better means of support co pared to the panels with only 5 holes, which can be attributed to 
the increase in number of supports. 
 

p city f the p

he 

 on n  element results as compared to the 
n ra oading, deflection]. The calculated deflection and 

polated static loadi city of both oint- and continuously supported balustrades 
compare  the cor ding SABS uirements. The results are compared under 
 
• SAB tatic loa quirements 
• SABS deflection requirements  

uidelines for the static load that balustrades must be able to sustain are given in SABS 0160 
. T f the guidelines is divided into the: 

c  lo
 Distri ed loading requirements  

TE: SABS 60 [7] r  a static loading factor of 1.6. All the SABS requirements are 
ented wit and with e loading fa

e
m

Comparing the loading ca o anels containing a single row of horizontal holes to a
the panels containing only a double row of horizontal holes, a slight decrease in capacity is 
noticed. The decrease in loading capacity of the panels containing a double row of horizontal 
rows can be attributed to the influence of the edge, since the slab limited the placement of t
oles (see chapter 5.1.1.2.2.1). h

 
 
5.1.3.1.3 Comparison to SABS 0160 [7] requirements 
 
This section

h Africa
focuses 

Structu
 the interpretatio

gn codes [l
of the finite

Sout
ra

 l Desi
ext ng capa  the p
are 
the:

d to respon  [7] req

S s ding re and, 

 
 
5.1.3.1.3.1 SABS Static loading requirements 
 
G
[7], and chap

• Con
ter 2.3.1

ntrated
he summation o

- and, e ading
• but

 
NO  01 equires
pres h- out th ctor. 
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Concentrated loading requirements 
 
Concentration of 1 kN acting horizontally inward or outward over a 100x100 mm area for plate 

lements at the top of the guard or the most severe position; ( factored 1.6 kNe ) 

Distributed horizontal force of 0.5 kN/m applied at the top of the guard and acting 
outward; (factored 0.75 kN/m

 
 
Distributed loading requirements 
 
Domestic application 

) 

laces of public assembly 
 
P

Distributed horizontal force of 1.5 kN/m applied at the top of the guard and acting 
outward; (factored 2.25 kN/m) 

 
Grandstands 

Distributed horizontal force of 3.0 kN/m applied at the top of the guard and acting 
outward; (factored 4.5 kN/m) 

 

able 5.14. Freestanding balustrade concentrated- and distributed loading capacity for a 

Row 
ad Capacity 

 
T
0.8% Pf
 
Panel Thick No of Rows No of 

Holes per 
Concentrated 
Load Capacity 

Distributed 
Lo

 

mm kN kN/m     
      
12mm Thickness      
12 - - 2.63 2.69 D, P 
12 1 5 1.59 1.54 D 
12 1 7 1.66 1.61 D 
12 2 5 1.54 1.50 D 
12 2 7 1.64 1.58 D 
      
15mm Thickness      
15 - - 4.00 4.08 D, P 
15 1 5 2.32 2.25 D, P 
15 1 7 2.40 2.34 D, P 
15 2 5 2.26 2.19 D 
15 D, P 2 7 2.38 2.29 
 
 
The SABS 0160 [7] requires that all balustrades, irrespective of the location, have to be ab

 a 
le 

to resist 1.6 kN applied concentrated force. From table 5.14 it is noticed that all the 15 mm
estanding balustrade set-ups, re

 
ick fre gardless of connection type, adhered to the SABS 

ntrated loading requirement. 

Togethe  
et-up’s gether with the satisfied SABS requirements. The 
ABS 0160 [7] distributed loading requirements can be divided into three categories, 

d 

4, it can a of the stra to the
ired dis g n y, o ck

panels adhere to both the domestic- is qui

th
0160 [7] conce
 

r with the concentrated loading capacity, table 5.14 also presents each balustrade
 distributed loading capacity tos

S
Domestic (D), Public (P) and Grandstands (G). Next to each balustrade set-up’s distribute
loading is indicated which SABS 0160 [7] category is satisfied.  
 
Form table 5.1
SABS [7] requ

 be noticed th
tributed loadin

t none 
 for grandsta
and public d

freestanding balu
ds. Predominantl
tributed loading re

des, adheres 
nly the 15 mm thi
rements.  
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5.1.3.1.3.2 SABS Deflection requirements 

tion 4.6 of SABS 0 4 [19] limits  maximum tion of any (required loading 1.5
ed balustrade to 100 mm

 
Sec 10 the  deflec A) 
load , regard s of locatio ading type.   

ere: 
 nominal accidenta ad as descr d in SABS 

 th  calculated deflection for ea h balustrade set-up as calculated for the 
egories.  

le 5.15. Freestand  balustrade culated deflection for each of the SABS [7] require
ing categories 

ment 
nds 

les n or lo
 
Wh
A = l lo ibe 0160 
 
Table 5.15 presents

erent loading cat
e c

diff
 
 
Tab ing cal d 
load
 
 
Panel Thickness No of 

Rows 
No of Holes 
per Row 

Displacement 
Domestic 

Displacement 
Public  

Displace
Grandsta

mm   mm mm mm 
      
12mm Thickness       
12 - - 32.4 97.3 195 
12 1 5 58.1 174 348 
12 1 7 58.4 175 350 
12 2 5 60.6 182 363 
12 2 7 56.6 170 340 
      
15mm Thickness      
15 - - 10.9 32.9 65.4
15 1 5 20.7 62.0 124 
15 1 7 19.3 57.8 116 
15 2 5 21.3 64.0 128 
15 2 7 20.1 60.5 121 
 
Each balustrade panel was loaded with each SABS 0160 [7] required loading category. Table 
.15, presents the calculated displacement for each balustrade set-up. As SABS 0160 [7] 

 displacement to 100 mm, it can be noticed form table 5.15, that only the 15 mm 
ABS 160 [7] deflection 

quirements for the grandstand loading category. The rest of the 15 mm point- and 

e, if a glass balustrade is to be designed according to the SABS 
160 [7] static loading- and deflection requirements, none of the balustrade set-ups would be 
ble to be used for a grandstand application.  

.1.3.1.4 Conclusion 

- a tribu p u  
accordance with the SABS loading requirements. tic an s perfor

aximum principal stress corresponding to ea nel’s applie t load was 
etermined. Having calculated the maximum prin pal stress resulting from a unit load, the 

o ed and the static loading acity of the particular balustrade set-up 
ed.  

 static loading cap ity and d ction of each de set-u culated, using the 
ic material propert  corresp to the balustrade geometry els with- and without 
s). The static load  capacity was determined for a 0.8% prob  of failure, a

ommended by Pilkington.  

5
limits the
continuously supported balustrade panel adhered to the S
re
continuously supported panels adhere to the deflection requirements for both the public- and 
domestic categories. Therefor
0
a
 
 
5
 
A unit concentrated nd -dis ted load was a plied to each bal

A linear sta
strade set-up, in
alysis wa med and 

the m ch pa d uni
d ci
unit load was extrap lat cap
was determin
 
The ac efle  balustra p was cal
stat ies onding  (pan
hole

c
ing ability s 

re
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Finally, the calculated static loadi  capacity and ch balustrade set-u s 

pared to the SAB 7] loading requirements.  noticed tha he 15 mm th
standing balustrad set-ups, regardless of connection type, adhered to the SABS 0160 [7] 
centrated loading requirement. Although all the balustrade panels adhered to the SABS 
centrated loading requirements, none of the freestanding balust s, adhered to the 

ABS [7] required distributed loading for grandstands. Predominantly, only the 15 mm thick 

e 

 the 

aving determined the static capacity of each balustrade panel and compared it to the SABS 
ext section focuses on the dynamic capacity of each balustrade panel. 

of each balustrade panel is compared to the SABS [7] impact 

el was loaded with a unit concentrated load in the top middle of the 

d in chapter 4. These panel-loading capacities are further 

ng  deflection of ea p wa
com S [ It was t all t ick 
free e 
con
con rade
S
panels adhered to both the domestic- and public distributed loading requirements.  
 
From the SABS deflection requirements, only the 15 mm continuously supported balustrad
panel adhered to the SABS 160 [7] deflection requirements for the grandstand-loading 
category. The rest of the 15 mm point- and continuously supported panels adhered to
deflection requirements for both the public- and domestic categories. It was concluded that, if 
a glass balustrade was to be designed according to the SABS 0160 [7] static loading- and 
deflection requirements, none of the balustrade set-ups would be able to be used for a 
grandstand application.  
 
H
[7] requirements, the n

inally, the dynamic capacity F
requirements.  
 
 
 
5.1.3.2 Dynamic loading capacity 
 

ach balustrade panE
panel. A linear static analysis was performed and the maximum principal stress 
corresponding to each balustrade panel’s applied unit load was determined. Having 
calculated the maximum principal stress resulting from a unit load, the unit load was 
extrapolated and each panel’s dynamic loading capacity was determined, using the dynamic 

aterial properties as determinem
compared to the stress generated by the codified loads.  
 
The balustrade dynamic loading capacity was determined for a 0.8% probability of failure for 
the panels with- and without holes. The dynamic material properties for panels with- and 
without holes used in the analysis, are presented in table 5.16. 
 
 

able 5.16. Dynamic material properties of glass panels with- and without holes T
 
 50% Pf 0.8% Pf
   
Without holes 213 MPa 178 MPa 
With holes 194 MPa 147 MPa 
 
 
The dynamic loading capacity of each balustrade panel, loaded with a concentrated load in 
the top middle of the panel, is presented in table 5.17. Both point- and continuously supported 
balustrade panels are presented together. 
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Table 5.17. Freestanding balustrades dynamic loading capacity for a 0.8% Pf 
 
 
Thickness Rows Holes  Point loading capacity 0.8%Pf
mm   kN 
    
12mm Thickness    
12 - - 2.97 
12 1 5 1.77 
12 1 7 1.85 
12 2 5 1.72 
12 1.83 2 7 
    
15mm Thickness    
15 - - 4.52 
15 1 5 2.58 
15 1 7 2.67 
15 2 5 2.51 
15 2 7 2.65 
 
 
In the following section the dynamic capacity of the freestanding balustrade panels are 
ompared to the SABS [7] impact requirements.  

.1.3.2.1 Comparison to SABS [7] requirements 

his section focuses on the interpretation of the finite element results when subjected to the 
outh African design standards. The calculated dynamic loading capacity of both the point- 
nd continuously supported balustrades are compared to the corresponding SABS 

mic load uirem

se ion 5.4.5.5: rces on wall  balustrades and glazing material; requires 

An impact of 400 J delivered by means o  mm diameter bag filled with dry sand 
to a mass of 30 kg will represent the most severe condition likely to occur. 

ach panel’s corresponding impact force was determined, by means of a transient nonlinear 
ini  element so re Abaqus [46], as described in section 5.1.2.2. The 

ose of the nonlinear analysis w  to determine the magnitude (equivalent static force) of 
400 J impact on e  balustrade panel. The s agnitude would then be 
pared to the dyna c capacity of each panel.

y two continuously supported ba trades wer qus [46], one for each 
lass thickness (12, 15 mm). These two models would be used as reference models when 
tiffness is compared to other balustrade set-ups. Using each balustrade panel’s stiffness, as 

 A stiffness factor was calculated by 
ividing each balustrade panel’s calculated displacement by the displacement of the 
ference model of the corresponding thickness. Finally, the elasticity modulus of the 

ffness factor and changed accordingly. 
d elasticity modulus used in the finite 

element model.  

c
 
 
5
 
T
S
a
requirements. The results are compared under the: 

• SABS dynamic (impact) loading requirements  
 
 

S DynaSAB ing req ents 
 
SABS 0160 [7] sub
that: 

ct fo s,

 
f a 250

 
 
E
analysis using the f te ftwa
purp as
the ach tatic force m
com mi   
 
Onl lus e modelled in Aba
g
s
obtained in the previous section (5.1.3.1.1), the stiffness of each panel relative to the 
reference model (12- or 15 mm) could be determined.
d
re
reference model was multiplied by the equivalent sti

able 5.18 presents each panel’s stiffness factor, anT
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Table 5.18. Equivalent stiffness factors and elasticity modulus 
 
No of Rows No of Holes  

per Row 
Unit  
Displacement 

Equivalent stiffness Elastic
factor  

ity  
modulus 

  N/mm2  mm 
     
12mm Thickness     
- - 0.0758 1.00 72000 
1 5 0.0821 0.92 66240 
1 7 0.0792 0.95 68400 
2 5 0.0829 0.91 65520 
2 7 0.0825 0.92 66240 
     

     
- - 0.039 1.00 72000 
1 5 0.0426 0.92 66240 
1 7 0.0411 0.95 68400 
2 5 0.0428 0.91 65520 
2 7 0.0426 0.92 66240 
 
 
The displacements of the Abaqus [46] modelled balustrades are highlighted in red, in table
5.18, and the elasticity modulus used for each balustrade panel presented.  
 
The magnitude of the equivalent static impact force of the SABS [7] required 400 J was 
calculated for each configuration using the procedure in section 5.1.2.2.2. The resulting 
impact force for each configuration is compared in Table 5.19, to each balustrade panel’s 
dynamic loading capacity for a 0.8% P

 

su

f.  
 
 
Table 5.19. Comparison between freestanding balustrades dynamic loading capacity for a 
0.8% Pf and impact load 
 
 
No of Rows 

No of Holes  
per Row 

Loading 
Capacity 

Pf 0.8%

Static 400J  
Impact force 

Re lt 

  kN kN  
     
12mm Thickness     
- - 2.97 8.8 fail 
1 5 1.77 8.1 fail 
1 7 1.85 8.4 fail 
2 5 1.70 8.0 fail 
2 7 1.83 8.1 fail 
     
15mm Thickness     
- - 4.52 9.2 fail 
1 5 2.58 8.5 fail 
1 7 2.67 8.7 fail 
2 5 2.51 8.4 fail 
2 7 2.65 8.5 fail 
 
From table 5.19 it is evident that no single freestanding balustrade can withstand the 400 J 
impact loading for a 0.8% probability of failure. Even the continuously supported panels 
annot withstand the required impact loading. With the increase in capacity between the 12 c

mm and 15 mm panels, an increase in dynamic impact force can be noticed; this can be 
attributed to the increase in stiffness, as the increase in stiffness is directly related to dyn
impact force.  Figure 5.36 presents the impact force of 400 J vs the equivalent stiffness of 

amic 

each balustrade panel for each panel thickness.   
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 Impact force vs Equivalent stiffness
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 fo e vs Equivalent stiffness of frees nding balustrades 

m figure 5.36, a linear increase of t force with p stiffness is evident. Using figure 
6, the impact force sulting from the 400 J impact ca ny other type of 
lustrade panel (ie. 4 or 6 connection r a panel thic  of 12- or 15 mm. 

Having determined the dynamic capacity of each balustrade pane, the calibrated finite 
element model was used to simulate the SABS [7] required 400 J impact. Instead of 
modelling each panel’s geometry, two continuously supported balustrades were modelled in 
Abaqus, one for each glass thickness (12, 15 mm). Each panel’s equivalent stiffness was 
calculated and the elasticity modulus of the modelled panel modified accordingly. Finally, the 
equivalent dynamic impact force produced by the simulated impact was calculated for each 
balustrade panel and compared to its dynamic loading capacity.  
 
From the calculated results, it was noticed that no balustrade panel, continuous- or point-
supported, was able to resist the SABS [7] 400 J impact-loading requirement. Further, a trend 
between the stiffness of a panel and the magnitude of the impact force was identified. 
Consequently, a figure illustrating this relationship was presented.  
 
Since none of the freestanding balustrade panels was able to resist the SABS [7] required 
impact loading, alterations to the existing set-up was necessary. Consequently, a handrail 
was suggested to connect a number of panels together to increase the dynamic loading 
capacity of the system. The next stage investigates the influence of the introduction of a 
handrail on the dynamic loading capacity of the glass balustrade. 

Figure 5.36. Impact rc ta
 
 
Fro impac anel 
5.3  re n be determined for a
ba s), fo kness
 
 
5.1.3.3 Conclusion 
 
Each balustrade panel was loaded with a unit concentrated load in the top middle of the 
panel. A linear static analysis was performed and each panel’s dynamic loading capacity was 
determined, using the dynamic material properties. The balustrade dynamic loading capacity 
was determined for a 0.8% probability of failure for the panels with- and without holes.  
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5.2 CONTINUOUS BALUSTRADES 

troduction  

, was 
ble to resist the impact-loading requirement.  

c loading 

de.  

 
nt. Three different 

teel handrail dimensions were investigated: 

he layout of this section is illustrated in the flow diagram in figure 5.37. 

 
In
 
In the previous section, different balustrade panel geometries and connection types were 
investigated and their influence on the loading capacity of the glass balustrade capacity 
determined. None of the freestanding balustrade panels, point- or continuous supported
a
 
This section investigates the influence of the introduction of a handrail on the dynami
capacity of a freestanding glass balustrade. With the introduction of a handrail, the 
freestanding balustrade is not “freestanding” anymore, and becomes a continuous balustra
 
By connecting a balustrade panel to one or two of its adjacent panels, the handrail increases
the global capacity of the glass panel while providing post failure containme
s

• 40x40 mm 
• 50x50 mm 
• 90x90 mm 

 
Together with the different handrail dimensions, the influence the number of connected 
panels has on the loading capacity was also investigated. The number of continuously 
connected panels investigated, were: 

• 3 panels  
• 5 panels 
• 7 panels  

 
T
 
 Continuous Balustrade FE 

Model 
Section 5.2 

 
 
 
 
 
 
 
 
Figure##. 
 
 
 

Balustrade Geometry 
Section 5.2.1 

Loading Requirements 
Section 5.2.2 

Loading Capacity
Section 5.2.3 

 

Figure 5.37. Flow diagram illustrating balustrade geometry section of the freestanding 
balustrade finite element model 
 
 
NOTE: There is a distinction between a continuous support (i.e. continuously embedded 
into a support) and a continuous balustrade, where individual freestanding panels are 
interconnected using a handrail. 
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5.2.1 BALUSTRADE GEOMETRY 

he only difference is the addition of a handrail.  

.2.1.1 Handrail 

 steel handrail was added to increase the dynamic loading capacity of a balustrade set-up.  
he three different solid steel handrail dimensions investigated were: 

• 40x40 mm 
• 50x50 mm 
• 90x90 mm 

ifferent handrail dimensions were investigated in order to determine the influence of the 
tiffness of the handrail on the dynamic loading capacity of the balustrade set-up. The 

anels.  

nsions, the influence of the number of connected 
anels on the loading capacity was also investigated. The number of connected panels 

he handrail was modelled using quadratic beam elements (L13BE), which was tied to the 
p of the balustrade panels, illustrated in figures 5.39 and 5.40.  The L13BE element (figure 
.38) is a two-node, three-dimensional class-II beam element. 

 
 
 
 

] 

 only half of the continuous balustrade system was modelled. 3 connected 

 
 
 

 
 
 

 
 

 
The geometry of the balustrade panels remained the same as for freestanding balustrades. 
T
 
5
 
A
T

 
D
s
stiffness of the handrail is important as it determines the contribution of the connected p
 
Together with the different handrail dime
p
investigated, were: 

• 3 panels  
• 5 panels 
• 7 panels  

 
T
to
5
 
 
 

 
 

 
Figure 5.38 Quadratic beam element (L13BE) [44
 
Due to symmetry,
balustrade panels are illustrated in figure 5.39, and 5 connected balustrade panels in figure 
5.40.  
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igure 5.39. Three connected balustrade panels  Figure 5.40. Handrail section detail 
ith handrail         (40 x 40mm) 

 

ported balustrade panels  

ned the same, althou rt 
balustrade systems was not included. From the sis of the freestanding balustrade, it was 
noted that the single row of horizontal holes ha  a larger capacity than the double row of 
horizontal holes. For the continuous balustrade , only the single row of horizontal holes was 
analysed.  
 
The balustrade supports were reduced to the c ntinuous- and single row of horizontal holes. 
For the horizontal row of holes, 5 and 7 holes where investigated.  
 
5.2.1.3 Constraints  

st the axis of symmetry, an

onstrained against rotation in x- and z direction, and translation in the y direction. 
 
The following section, describes the static- and dynamic loading of the continuous balustrade 
set-ups.  

 

 

 
 

 
F
w
 

 
Figure 5.41. Five connected continuously sup
 
 
5.2.1.2 Support conditions 
 
The supports of the balustrade systems remai gh one of the point suppo

 analy
d
s

o

 
The centre balustrade panels were constrained again d against 
translation at the supports as necessary. The holed panels were constrained using linear 
spring elements, as described in section 5.1.1.3.  Due to symmetry, the handrail was 
c
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5.2.2 LOADING REQUIREMENTS 
 
5.2.2.1 Static loading requirements 
 
For the static loading conditions, a unit point load was applied in the top centre of the panel, 
as described in section 5.1.2.1.  
 
The handrailing and balustrading code [19] requires that the distributed load be applied 
across the length of the panel or the length of the handrail. As the distributed loading capacity 
of each panel was determined for each balustrade set-up in the previous section, it was not 
calculated again.  
 
 
5.2.2.2 Dynamic loading requirements  
 

ach panel’s corresponding impact force was determined, by means of a transient nonlinear 
ection 5.1.2.2. The 
alent static force) of 

e 400 J impact on each balustrade panel. The static force magnitude would then be 
acity of each panel.  

 

nt of the reference model of the corresponding thickness. Finally, the elasticity 
 

E
analysis using the finite element software Abaqus [46], as described in s

urpose of the nonlinear analysis was to determine the magnitude (equivp
th
compared to the dynamic cap
 
Only two continuously supported balustrades were modelled in Abaqus, one for each glass 
thickness (12, 15 mm). These two models would be used as reference models when stiffness 
is compared to other balustrade set-ups. Using each balustrade panel’s stiffness, the stiffness 
of each panel relative to the reference model (12- or 15 mm) could be determined. A stiffness
factor was calculated by dividing each balustrade panel’s calculated displacement by the 

isplacemed
modulus of the reference model was multiplied by the equivalent stiffness factor and changed
accordingly. 
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5.2.3 LOADING CAPACITY  
 
The dynamic loading capacity of the different balustrade set-ups was determined and 
compared to the corresponding dynamic impact force. The dynamic impact force was 
calculated in the same way as for the freestanding balustrades, described in section 5.1.3
 
The following section presents the dynamic loading capacity for point- and continuous 
supported continuou

.2.  

s balustrade set-ups, as determined using the finite element software 
IANA [44]. Before the dynamic loading capacity was determined, the influence of the 
ddition of the handrail was investigated. The different parameters investigated were: 

• Handrail stiffness (Table 5.20) 
• Number of connected panels (Table 5.20) 

.2.3.1 Handrail influence 

able 5.20 presents the influence of the handrail dimension on the stiffness of the set-up. The 
anels without holes are used, and the influence is determined by comparing the equivalent 
tiffness of the continuous balustrade set-up to that of one panel. Consequently, the number 
f panels contributing to the stiffness of the set-up can be determined. Since, three balustrade 
anels are connected, the maximum number of panels contributing to the stiffness is three. 

able 5.20. Handrail dimension

D
a

 
 
5
 
T
p
s
o
p
 
 
T  influence on dynamic capacity of continuous balustrades 

o. of Panels Thickness Handrail  Displacement Equivalent Stiffness  
Factor 

 
N

 mm mm x mm mm  
     
1 15 - 0.039 1 
3 15 40x40 0.0144 2.71 
3 15 50x50 0.0135 2.89 
3 15 90x90 0.0125 3.00 
 
 
Where: 

quivalent stiffness factor 
= displacement single panel/ displacement connected balustrade set-up 

de set-
 

 
ay 

5.2.  

able 5.21 presents the influence of the number of panels on the dynamic loading capacity of 
drail connects the balustrades and three different 

tigated. 

E
 
 =∆panels 1/∆ panels 3
 
From table 5.20, the influence of the handrail dimension on the stiffness of the balustra
up is evident. An increase of the equivalent stiffness factor with an increase in handrail
dimension is noted, which is explained by the increase in stiffness of the handrail.  As the 
ontinuous balustrade set-up consists of three connected balustrade panels, the maximum c

equivalent stiffness is therefore 3.0. From table 5.20, it is noted that only the 90x90 mm
handrail enforces the contribution of all three-balustrade panels. The 90x90 mm handrail m
in practise however be an impractical arrangement.  
 
 

3.2 Number of connected panels 
 
T
the balustrade set-up. A 40x40 mm han
balustrade set-ups are inves
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Table 5.21. Number of panels’ influence on dynamic loading capacity of continuous 

alustrades 

o. of Thickness Handrail  Displacement Equivalent 
if

Contribution  

b
         
N
Panels St fness factor factor 
 mm mm x mm mm   
      
1 15 - 0.039 1 100 
3 15 40x  0.0144 2.71 90.28 40
5 15 40x 0.0117 3.33 66.67 40 
7 15 40x 0.0107 3.65 52.07 40 
 
The contribution factor represents the percentage of the connected number of panels 
ontributing to the stiffness of the set-up, and is presented in table 5.21. A decrease in 

ion with increase number of connected panels is noted. With a 40x40 mm handrail, 
te to the stiffness of the set-up when three panels are connected. 

he con e 
ion of number of connected panels can be attributed to the 

lenderness of the handrail. Using a larger handrail will lead to a larger contribution of number 

els 
 

c
contribut
90% of the panels contribu
T tribution of the balustrade set-up decline to 52% when 7 panels are connected. Th
decrease in the contribut
s
of connected panels.  
 
Figure 5.42, summarizes table 5.20 and 5.21, and illustrates the number of connected pan
vs the number of panels contributing to the stiffness of the set-up, for three different handrail
dimensions.  
 

Number of Connected Panels vs Number of Contributing Panels
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Figure 5.42. Connected number of panels vs number of contributing panels  
 
From figure 5.42, the number of connected panels contributing to stiffness of the overall set-
up, when using a particular handrail, can be established.  
 
The following section presents the dynamic loading capacity for point- and continuous 
supported continuous balustrade set-ups, as determined using the finite element software 
DIANA [44]. 
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5.2.3.3 Static capacity  

 
5.2.3.4 Dynamic capacity 
 
The dynamic capacity was calculated for 3 balustrade systems connected by a handrail. 
Different handrail systems were investigated and their influence on the loading capacity 
determined. The results are categorized under: 

• Continuous- and  
• Point supported balustrade set-ups 

 
Finally, in section 5.2.3.4.3, each balustrade set-up’s determined loading capacity is 
compared to the SABS 0160 [7] loading requirements. 
 
 
5.2.3.4.1 Continuously supported 
 
The results for the continuously supported balustrades are presented in table 5.22, and are 
categorized according to handrail dimension. The contours of the maximum principal stress of 
continuously supported freestanding balustrade panels connected with a 40x40 mm and 
90x90 mm handrail are presented in figures 5.43 and 5.44 respectively. 
 

 

re 5.43. 40x40mm Handrail                         Figure 5.44. 90x90mm Handrail 

gure 5.44, the difference in stiffness between the two handrails is 
vident. The red contours indicate the areas of principal tensile stress (ie. Fracture origin). 

the 
g 

 
Fro ig eased stiffness of the 90x90 mm handrail evenly 

istribute the applied point load over the length of the loaded- and neighbouring panels. The 
d panels 

uous balustrade system.   

 
The static capacity of the various continuous balustrade systems are presented in Appendix 
D. 
 

 
Figu
 
 
From both figure 5.43 and fi
e
The concentration of the contours in the corner closest to the loaded panel indicates that 
slenderness of the 40x40 mm handrail utilizes only a small percentage of the neighbourin
panel’s stiffness.  

m f ure 5.44, it can be seen that the incr
d
increase in stiffness of the 90x90 mm handrail, combine the stiffness of the connecte
and therefore increase the loading capacity of the contin
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Table 5.22 Dynamic loading capacity of continuous supported glass balustrade with handrail
 
Handrail  Equivalent stiffness  

factor 
Loading capacity   
0.8% P

  

f
mm x mm                kN 
   
12mm Thickness   
40x40 2.84 6.50 
50x50 2.98 9.10 
90x90 3.15 9.42 
   
15mm Thickness   
40x40 2.71 12.30 
50x50 2.89 13.49 
90x90 3.12 14.77 
  
 
 
5.2.3.4.2 Point supported 
 
The results of the point supported balustrade set-ups are presented in table 5.23 (12- an

m), and are categorized according to the handrail dimension. The contours of the principal 
nnected with 

 40x40 mm and 90x90 mm handrail, is presented in figure 5.45, and figure 5.46 respectively. 

m Handrail  Figure 5.46 90x9 drail 

ring panels were only needed to simulate the st s of the balustrade 
hey were modelled using quadrat te elements as appo  volume elements. 

ss concentration aro e holes could not accurately be predicted and 
seen in the figures. 

ndrail stiffness can be seen between figure 5.4 , and figure 5.46. The 
andrail, figure 5.46, distributes th  across the length of the panels as apposed to 
der handrail. The calculated dyn oading capacity of e tinuous balustrade 
s presented in table 5.23 for the  thick panels and for the 15 mm thick panels.  

d 15 
m
tensile stress (red contours) of point supported freestanding balustrade panels co
a
 
  
 

Figure 5.45 40x40m  0mm Han
 
 
Since the neighbou iffnes

sed topanel, t ic pla
As a result, the stre und th
are not 
 
The difference in ha 5
stiffer h e load
the slen amic l ach con
set-up i 12 mm
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Table 5.23 Comparison of dynamic loading capacity of point supported glass balustrade with 
handrail, with impact load 
 
No. of Holes  Handrail Equivalent stiffness  Loading Capacity 

factor  0.8% Pf
 mm x mm  kN 
    
12mm Thickness    
5 40x40 2.47 4.70 
5 50x50 2.60 4.92 
5 90x90 2.72 5.16 
7 40x40 2.47 4.87 
7 50x50 2.59 5.09 
7 90x90 2.71 5.33 
    
15mm Thickness    
5 40x40 2.35 6.60 
5 50x50 2.5 6.98 
5 90x90 2.69 7.52 
7 40x40 2.34 6.77 
7 50x50 2.484 7.17 
7 90x90 2.674 7.69 
  
 
In the following section the dynamic loading capacity of the continuous balustrade set-ups are 

ABS Dynamic loading requirements 

act of 400 J delivered by means ba  
to a mass of 30 kg will rep  m re condition likely . 

ach set-up’s corresponding impact force (stati force) was determined, by means of a 
analysis using the finite element software Abaqus [46], as described in 

ction 5.1.2.2.  

e interpretation of the results of the continuo ustrade set-ups, are orized under: 
• Continuously supported a
• Point supported 

compared to the SABS [7] impact requirements.  
 
 
5.2.3.4.3 Results compared to SABS requirements 
 
This section focuses on the interpretation of the finite element results as compared to the 
South African Design standards [dynamic loading]. The calculated dynamic loading capacity 
of both the point- and continuously supported continuous balustrade set-ups are compared to 
the corresponding SABS requirements. The results are compared under the: 

• SABS dynamic (impact) loading requirements  
 
 
S
 
SABS 0160 [7] subsection 5.4.5.5: forces on walls, balustrades and glazing material; requires 
that: 
 

An imp  of a 250 mm diameter g filled with dry sand
resent the ost seve  to occur

 
E c 
transient nonlinear 
se
 
Th us bal  categ

nd  
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5.2.3.4.3.1 Continuously suppor

ach continuously supported set-up’s calculated impact force (400 J 
pact force) and compares it to the particular set-up’s dynamic loading capacity for a 0.8% 

able 5.24 Comparison of dynamic loading capacity of continuous supported glass balustrade 

t 

ted 
 
Table 5.24 presents e
im
probability of failure. 
 
 
T
with handrail, with impact load  
 
Handrail dimension Equivalent 

Stiffness factor 
 

Loading Capacity 
0.8% Pf

Static 400J   
Impact force 

Resul

mm x mm  kN kN  
     
12mm Thickness     
     
40x40 2.84 6.50 8.20 fail 
50x50 2.98 9.10 8.97 pass 
90x90 3.15 9.42 9.20 pass 
     
15mm Thickness     
40x40 2.71 12.30 9.60 pass 
50x50 pass 2.89 13.49 10.28 
90x90 3.12 14.77 10.50 pass 
 
 

ll continuously sA upported balustrades connected by handrail, with the exception of the 12 

balu he freestanding balustrade panels was able to sustain 
he    

.2.3.4.3.2 Point supported 

able 5.25 presents each point supported set-up’s calculated impact force (impact force) and 
ompares it to the particular set-up’s dynamic loading capacity for a 0.8% probability of 

 

 

mm thick balustrade connected by 40x40 mm handrail, passed the required impact test for 
the 8% uence of the handrail on the capacity of the continuous 0.  probability of failure. The infl

strade set-up is clear, as none of t
t
 

required impact loading.

 
5
 
T
c
failure. 
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Table 5.25 Dynamic loading capacity of point supported glass balustrad with handrail 

oles  Handr Equivalent St   
factor 

Loading 
capacity  
0.8%Pf 

00J 
pact 

force 

lt 

es 
 
No. of H ail iffness Static 

4
Im

Resu

 mm x mm  kN kN  
      
12mm Thickness      
5 40x40 2.47 4.70 7.8 fail 
5 50x50 2.60 4.92 8.6 fail 
5 90x90 2.72 5.16 8.8 fail 
7 40x40 2.47 4.87 7.8 fail 
7 50x50 2.59 5.09 8.6 fail 
7 90x90 2.71 5.33 8.8 fail 
      
15mm Thickness      
5 40x40 2.35 6.59  9.6 fail 
5 50x50 2.5 6.98 10.0 fail 
5 90x90 2.69 7.52 10.2 fail 
7 40x40 2.34 6.77  9.8 fail 
7 50x50 2.48 7.17 10.2 fail 
7 90x90 2.67 7.70 10.2 fail 
      
Laboratory Test 

eries 2 
     

S
Set-up 1 50x50 2.39 11.16 9.50 pass 
Set-up 2 50x50 2.15 10.05 8.6 pass 
 
 
Comparing the dynamic loading capacity (0.8%Pf) of each balustrade set-up to the SABS [7] 

quired impact loading, it is clear that none of the point supported balustrades could sustain 
e impact loading, for a 0.8% probability of failure. 

able 5.25 also presents the loading capacity of two identified balustrade set-ups to be tested 

re
th
 
T
in a verification laboratory test series (chapter 6). The configuration of the set-ups is 
described in detail in the following chapter.  

 fre d  tha f the 
balustrade panels could sustain the requirements as s  Sou n 
loading code [7]. It was consequently decided that similar impa e per n 
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.2.3.5 Conclusion 5
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ir tly influenced the capacity of continuo s balustrades. They were: 
• Number of co  pane
• Stiffness of ha

city. 
 
Be e set-up namic s dete f 
th ra re
investigated which d ec u

nnected ls 
ndrail 

University of Stellenbosch  2007 



Balustrade Finite Element Model     
  

166

  
 
 
Stiffness of handrail  

ree different solid s drail d ions were investiga determine the influence
e stiffness of the ha rail on the dynamic loading capacity of the continuous alustrade set-

 the quivalent stiffness factor with an incre se in handrail mension was 
d to the increase in stiffness of the handrail. Further, it was noted 

he 90x90 m ail en  the total contributio three-ba e pane

nnected pa

Th teel han imens ted to  of 
th nd  b
up. An increase of
noted, which was attribute

 e a di

that only t m handr forces n of all lustrad ls. 
 

umber of coN nels 
hree different numbers of connected panels together with three different handrail dimensions 

connected number of panels contributing 

alustrade set-ups was determined and 
ompared to the corresponding SABS [7] impact loading requirements. The SABS [7] 
quired 400 J impact was simulated using the finite element software Abaqus, and 

ant impact force determined. The dynamic loading capacity was 
nt balustrade set-ups consisting of three connected balustrades for 12-

 
 

strades could 
ss or 

T
were investigated to determine the influence of the number of connected panels on the 
dynamic loading capacity of the continuous balustrade set-up. The influence of the number of 
panels and handrail stiffness was presented by means of a contribution factor. The 
ontribution factor represents the percentage of the c

to the stiffness of the set-up, and was found to be directly related to the stiffness of the 
handrail.  A decrease in contribution with increase number of connected panels was noted.  
 

inally, the dynamic loading capacity of the different bF
c
re
consequently a result

etermined for differed
and 15 mm thicknesses.  
 
Comparing the dynamic loading capacity (0.8%Pf) of each balustrade set-up to the SABS
required impact loading [7], it was found that only the continuously supported balustrades

ere able to sustain the required loading. None of the point-supported baluw
sustain the impact loading, for a 0.8% probability of failure, regardless of handrail stiffne
panel thickness.  
 
Two balustrade set-ups were identified to be tested in a verification laboratory test series 
(chapter 6), the configuration of which is described in detail in the following chapter.  
 

he next chapter presents T the second and final laboratory test series. The purpose of the 
laboratory test series was to verify the finite element results of this chapter.  
.  
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CHAPTER 6 
VERIFICATION LABORATORY TEST SERIES 
 
Introduction 
 
In the previous chapter the static- and dynamic loading capacity of different balustrade set-ups 
was determined using the finite element software package DIANA [44].  The static- and dynamic 
material properties, determined in chapter 4, was used to calculate the loading capacity of each 
freestanding balustrade. From the finite element analysis, it was concluded that none of the 
freestanding balustrades, point- or continuous supported, was able to resist the SABS [7] 
required impact loading. As a result, the influence of an introduction of a handrail, on the capacity 
of a freestanding balustrade was investigated. In conclusion, different continuous balustrade set-
ups which could sustain the required SABS [7] impact loading, were identified (see table 5.25).    
 
This chapter describes the laboratory test series in which 4 full-scale balustrade panels are 
impact loaded as required by the SABS [7]. Panel geometry, as identified in the finite element 
analysis of the previous stage, is tested against the impact loading requirements of the SABS [7] 
loading code. The purpose of the test series is to verify the finite element analysis, and ultimately 
conclude the investigation into the loading capacity of glass balustrades.  
 
The layout of the chapter and the manner in which the laboratory test series was undertaken is 
illustrated by means of a flow diagram in figure 6.1. 
 
 

Verification Laboratory Test 
Series 

Geometry 
Section 6.1 

Test Results 
Section 6.4 

Test Set-up 
Section 6.2 

Loading 
Section 6.3 

 
Figure 6.1. Flow diagram illustrating the layout of the laboratory test series 
 
 
The laboratory test series can be categorized into four steps. In the subsequent paragraphs each 
of these steps are addressed separately and described in detail, they are:  

• Geometry of the balustrade panels 
This paragraph describes the geometry of each panel as identified in the finite element 
analysis. 

 
• Design of test set-up  
This paragraph describes the test set-up and test rig in which the full-scale balustrade panels 
where tested.  
 
• Loading of balustrade panels 
This paragraph describes the loading of each glass panel, as identified for each balustrade 
set-up.    
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6.1 BALUSTRADE GEOMETRY  
 
Introduction 
 
The geometry of the full-scale balustrade panels were chosen based on the results obtained in 
the previous chapter 5, balustrade finite element model (see table 5.25). Since none of the 
freestanding balustrade panels was able to resist the required SABS [7] impact load, the 
laboratory verification test series only included continuous balustrade set-ups.  
 
The following section describes the test panel geometry, and is categorized under the following 
headings: 

• Test panel thickness 
• Test panel supports  
• Test panel geometry 

 
 
The layout of this section is illustrated in the flow diagram in figure 6.2. 

Test panel geometry 
Section 6.1.3 

Test handrail detail 
Section 6.1.1 

Test panel supports 
Section 6.1.2 

Verification Laboratory Test 
Series 

Geometry 
Section 6.1 

Test Results 
Section 6.4 

Test Set-up 
Section 6.2 

Loading 
Section 6.3 

Test panel set-up 
Section 6.1.4 

 
Figure 6.2. Flow diagram illustrating layout of the geometry stage of the laboratory test series. 
 
 
 
6.1.1 Test handrail detail 
 
The finite element analysis, of the previous chapter, identified the full-scale balustrade panels 
which could resist the SABS [7] required impact loading (see table 5.25), based on the glass 
static- and dynamic material properties determined in chapter 4. From table 5.19, it was 
concluded that none of the freestanding balustrade panels, point- or continuous supported, could 
resist the required dynamic loading. As a result, a handrail was added which connected 3 
freestanding balustrade panels, thus increasing the loading capacity. For the laboratory test 
series a handrail of dimension 50x50 mm was chosen. Although the finite element analysis was 
based on a solid square 50x50 mm handrail, a different handrail section was used in the test 
series. However, since both handrails had the same stiffness, the influence on the loading 
capacity remained the same. The dimensions of the new proposed handrail were determined as 
follow: 
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Determination of stiffness of original handrail 
 
Description: 
Square solid section (figure 6.3) 
 
Dimensions: 
50x50 mm 
 
Second moment of inertia: 
 = 1/12*(50)4

 = 520 833 mm4

 
 
Stiffness of proposed handrail 
 
Description: 
2 x L-section connected back to back (figure 6.4) 
 
Dimensions: 
2x 50x50x5 mm L-section 
 
Second moment of inertia of one angle section about mass centre: 
 = 110 000 mm4

 
Parallel-Axis Theorem 
I = I + Ad2

 = 110 000 + 480(14+7.5)2

 

50
 m

m

50 mm

 = 331 880 mm4

 50 mm

5 
m

m
45

 m
m

 
2 x Angles 

= 2 x 331880 
 = 663 760 mm4

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.3. 50x50 Square solid handrail              Figure 6.4. Handrail used in laboratory test series 
 
 
The support conditions of the 12- and 15 mm thick balustrade panels used in the laboratory test 
series is described in the following section. 
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6.1.2 Test panel supports 
 
As it was the purpose of the laboratory test series to verify the finite element analysis, and not to 
determine the dynamic loading capacity of the balustrade set-ups, it was consequently decided 
that both point supported balustrade panels be tested. Although none of the point supported 
balustrade set-ups were able to resist the SABS 0160 [7] required impact loading, a set-up (see 
table 6.3 for set-up description) incorporating both point- and continuous supported panels was 
introduced to be tested (table 5.25 and 6.1). The point supported balustrade panels consisting of 
one row of horizontal holes, as determined in the previous chapter, was chosen.   
 
 
Table 6.1. Dynamic loading capacity of identified glass balustrades with handrail 
 
Laboratory Test Series 2 Handrail Loading capacity   

0.8%Pf

Static 400J 
Impact force 

Result 

 mm x mm kN kN  
Set-up 1 50x50 11.16 9.50 pass 
Set-up 2 50x50 10.05 8.6 pass 
 
 
The panel thickness for each connection type is described in the following section.  
 
 
6.1.3 Test panel geometry 
 
The size and layout of the full-scale balustrade panels were the same as used in the finite 
element analysis (1300 x 1000 panels).  
 
For the continuously supported balustrade panels, two 15 mm thick panels- and for the point 
supported balustrade panels, one 12- and two 15 mm balustrade panel were chosen. All the 
holes were 20 mm in diameter. 
 
The description of each balustrade panel used in the laboratory test series is presented in table 
6.2. The layout of a point supported balustrade panel is illustrated in figure 6.5, and the layout of 
a continuous supported balustrade panel in figure 6.6. 
 
 
Table 6.2. Balustrade panel geometry 
 
Designation Panel  

Thickness 
No of  
holes 

Hole 
Diameter 
inside 

Hole 
Diameter 
outside 

Dimension of 
panel 

 mm  mm mm mm x mm 
      
Panel 1 12 5 20 22 1300 x 1000 
Panel 2, 15 5 20 22 1300 x 1000 
Panel 3,4 15 No hole - - 1300 x 1000 
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Figure 6.5. Point supported balustrade panel   Figure 6.6. Continuous supported balustrade panel                       
 
Having described the geometry each of the balustrade panels used in the laboratory test series, 
the following section presents the make up of the various continuous balustrade set-ups. 
 
 
6.1.4 Test panel set-up 
 
In the laboratory test series, 2 different continuous balustrade set-ups were tested. However, only 
4 panels were used, as only 1 panel was impact loaded at a time. Each continuous balustrade 
set-up consisted of one point supported balustrade panel, and two continuously supported 
balustrade panels (table 6.3). In each balustrade set-up the point supported panel, was the panel 
that was impact loaded, while the two continuously supported panels were always used as the 
neighboring panels. The increase in loading capacity of the continuously supported panels would 
ensured the fracture of only the loaded point supported panel, as apposed to all three.  
 
The description of each laboratory tested balustrade set-up is given in table 6.3. 
 
 
Table 6.3. Balustrade set-ups 
          
Designation No. of 

panels 
Panels used No. of loaded panel 

(See table 6.2)  
 

Equivalent 
Handrail 
dimension 

    mm 
     
Set-up 1 3 1,3,4 1 50 x 50 
Set-up 2 3 2,3,4 2 50 x 50 
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6.1.5 Conclusion 
 
The finite element analysis, of the previous chapter, identified the full-scale balustrade panels 
which could resist the SABS [7] required impact loading. However, since none of the freestanding 
balustrade panels was able to resist the required SABS [7] impact load, the laboratory verification 
test series only included continuous balustrade set-ups. 
 
An equivalent handrail of dimension 50x50 mm was chosen to connect the different balustrade 
panels. The geometry of the balustrade panels included two 15 mm thick continuously supported 
balustrade panel and two point supported balustrade panels, one 12- and one 15 mm thick.  
 
Two different continuous balustrade set-ups were identified to be tested. However, only 4 panels 
would be required, as only 1 panel would be impact loaded at a time.  
 
The next step of the laboratory verification test series, describes the test set-up in which the 
continuous balustrade panels were impact tested.  
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6.2 TEST SET-UP  
 
Introduction  
 
The test set-up was designed in accordance with the corresponding SABS 1263 [21] testing 
procedures and can be divided into the test- and loading rig. 
 
The test rig, which describes the rig in which the continuous balustrade set-ups were tested, had 
to be multipurpose as to make the testing of both point- and continuous balustrade panels 
possible.  
 
The loading rig, which describes the impactor which was used to simulate human impact, was 
designed in accordance with SABS [21] instead of the recommended SABS 0160 [7] impact 
loading requirements. Consequently, the stiffness of the lead shot impactor was used instead of 
the recommended sand bag impactor. 
 
The following section concerns the test set-up, and can be categorized under the following 
headings: 

• The test rig  
• The loading rig 

 
The layout of the section is presented by means of a flow diagram in figure 6.7. 
 

Test Rig 
Section 6.2.1 

Loading Rig 
Section 6.2.2 

Verification Laboratory Test 
Series 

Geometry 
Section 6.1 

Test Results 
Section 6.4 

Test Set-up 
Section 6.2 

Loading 
Section 6.3 

 
 

Figure 6.7. Flow diagram illustrating layout of the test set-up stage of the laboratory test series. 
 
 
6.2.1 Test Rig 
 
Typically, point supported balustrade panels are connected to the adjacent structure using bolts, 
as illustrated in figures 6.8 and 6.9. Fracture of the balustrade panel occurs in out-of-plane 
bending, due to a stress concentration at the hole as described in chapter 4. For the simplification 
of the test set-up, the point-supported balustrade panels were not tied to the supporting structure 
using bolts, as illustrated in figures 6.10 and 6.11. 
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Force 

 
 
 
 
 
 
 Hole
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.8. Balustrade Slab Connection  Figure 6.9. Balustrade Connection Detail  
 
 

 
Force  

 
 
 
 
 

Hole  
 

Cork placed  
between steel and 
glass 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.10. Balustrade Test Connection  Figure 6.11. Test Set-up Connection Detail 
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Instead, the balustrade panels were continuously supported along the top bolt location line, as 
illustrated in figure 6.10. The continuous support allows rotation about the bolt location line as if 
the panels were fixed using bolts. Consequently, the loading capacity of the point supported 
balustrade panels is not altered.  
 
This type of test set-up would allow the testing of both point- and continuous supported 
balustrade panels.  
 
 

 

Continuous supported 
panel 

Point supported panel 

Bolt line 

 
Figure 6.12. Bolt line of point supported balustrade  
 
The physical set-up of the laboratory testing procedure is illustrated in figure 6.13. 
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Impactor 

Balustrade panels 

Handrail 

Supporting frame 

Connecting rope 

C-Channels 
 
 
 

Figure 6.13. Laboratory verification test set-up 
 
 
The following section, described the loading rig which was used to simulate human impact.  
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6.2.2 Loading rig 
 
The guidelines for the testing procedure for simulating human impact on glass balustrades are 
given in SABS [7] paragraph 5.4.5 forces on walls, balustrades and glazing. The standard 
requires that an impact of 400 J be delivered by means of a 250 mm diameter bag filled with dry 
sand to a mass of 30 kg. 
 
After consideration of various international loading standards [21, 22, 23] in chapter 2, it was 
recommend that the sand bag impactor be replaced by the lead shot impactor. The reason for the 
replacement of the existing sand bag impactor was due to its variability in construction. The 
vague construction guidelines of the sand bag impactor, results in a variability in stiffness 
between tests. Where as, the lead shot impactor provide sufficient guidelines to enable 
reproducible construction of the impactor. The reproducibility of the lead shot impactor is 
attributed to the taping of the impactor, which results in the compaction of the material and 
consequently in a constant stiffness.  
 
Due to the ease in construction, the sand bag impactor was used in the laboratory test series, but 
with the stiffness of the lead shot impactor as for the finite element analysis of section 5.1.2.2. 
The sand bag was constructed in accordance with paragraph 5.4.5 of SABS [21], but was tightly 
taped to the required stiffness of the lead shot impactor. After each round of tape, the test 
impactor was compressed in the Zwick 250 kN compression machine, illustrated in figure 6.14. 
The impactor was placed with its long axis parallel to ground.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.14. Determination of stiffness of test impactor 
 
 
The stiffness of the test impactor was compared to that of the available lead shot impactor 
stiffness determined by Foss [11], and was taped until the required stiffness was reached. Figure 
6.15 illustrates the stiffness of the taped and non-taped test impactor, and compares it to the 
stiffness of the lead shot impactor. 
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Figure 6.15. Static shot bag response model 
 
 
The increase in “stiffness” (force/ displacement) with the taping of the test impactor can be seen 
in figure 6.15. With the taping of the impactor the required stiffness was obtained.  
 
Consequently, the tightly taped sand bag impactor was used to simulate human impact on the 
glass balustrades during the laboratory verification test series.   
 
 
6.2.3 Conclusion 
 
The test set-up was designed in accordance with the corresponding SABS 1263 [21] testing 
procedures.  
 
The test rig, in which the balustrade panels were placed, had to be multipurpose as to make the 
testing of both point- and continuous balustrade panels possible. For the simplification of the test 
set-up, the point-supported balustrade panels were not tied to the supporting structure using 
bolts, instead, they were continuously supported along the top bolt location line. This type of test 
set-up allowed the testing of both point- and continuous supported balustrade panels. 
 
Due to the ease of construction, the sand bag impactor was used in the laboratory test series, 
however with the verified stiffness of the lead shot impactor. The sand bag was tightly taped to 
achieve the required stiffness of the lead shot impactor. After each round of tape, the test 
impactor was compressed in the Zwick 250 kN compression machine, and the stiffness of the 
impactor determined. The stiffness of the test impactor was compared to that of the available lead 
shot impactor stiffness, and was taped until the required stiffness was reached. Consequently, 
the tightly taped sand bag impactor was used to simulate human impact on the glass balustrades, 
during the laboratory verification test series.   
 
Having described the loading rig that was used to simulate human impact on glass balustrades, 
the next section presents the drop heights and impact energy applied to each balustrade set-up.  
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6.3 TEST LOADING 
 
Introduction 
 
The impact loading of the SABS [7] loading standard requires that an impact of 400 J be 
performed on glass balustrade. For verification purposes balustrade panel geometry was chosen 
consisting of both point- and continuous supports. From the finite element analysis of chapter 5, it 
was concluded that none of the continuous balustrade set-ups consisting only of point supported 
balustrade panels was able to resist the SABS [7] required impact loading. Consequently two 
balustrade set-ups consisting of both point- and continuous supported panels were identified to 
be tested in a verification laboratory test series.  
 
This section describes the loading of each tested balustrade set-up. 
 
The layout of the section is presented by means of a flow diagram in figure 6.16. 
 
 
 

Impact loading 

Verification Laboratory Test 
Series 

Geometry 
Section 6.1 

Test Set-up 
Section 6.2 

Loading 
Section 6.3 

Test Results 
Section 6.4 

 
 
Figure 6.16. Flow diagram illustrating layout of the loading stage of the laboratory verification test 
series.  
 
 
 
6.3.1 Impact loading  
 
 
The finite element models of the balustrade set-ups, described in the previous chapter, consisted 
of three identical balustrade panels connected by means of a handrail. A finite element analysis 
determined each balustrade set-up’s dynamic loading capacity and compared to the 
corresponding SABS [7] impact loading requirements. The required impact loading was simulated 
using the finite element software Abaqus [46], and consequently the magnitude of the impact 
force determined. As a result, balustrade set-ups which could sustain the required impact loading 
were identified. 
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Two balustrade configurations consisting of both point- and continuous supported balustrade 
panels were identified to be tested. The finite analysis of chapter 5 determined the loading 
capacity of the identified balustrade set-ups and compared it to the equivalent static impact force 
(see Table 5.25). It was concluded that both balustrade set-ups would be able to sustain the 400 
J SABS 0160 [7] required impact force.  
 
Having identified the impact energies the equivalent drop height was determined using the 
principals of conservation of energy. The drop height corresponding to an impact energy of 400 J 
was determined as follows: 
 
Potential energy is defined as: 
 
Ep = mgh               (6.1) 
 
Where: 
m = mass of impactor 
g = gravitational acceleration  
h = drop height 
 
therefore: 
400 J = 30 x 9.81 x h 
h = 1360 mm 
 
Table 6.4 presents the drop height of each tested balustrade setup 
 
 
Table 6.4. Balustrade set-up impact force and impactor drop height 
 
Designation No. of panels Panels used Impact energy 

(Joule) 
Impactor drop 
height (mm) 

     
Set-up 1 3 1,3,4 400 1360 
Set-up 2 3 2,3,4 400 1360 
 
 
No measurements other than the impactor drop height were taken during the impact testing of the 
balustrade set-ups, as it was the sole purpose of the laboratory test series to verify impact force 
calculations, of the previous chapter. 
 
 
6.3.2 Conclusion 
 
The finite element procedure, of the previous chapter, was used to determine the dynamic 
loading capacity of the balustrade set-ups identified for the verification laboratory test series. 
Using the dynamic loading capacity of each balustrade set-up a sustainable impact force was 
determined, and consequently an impactor drop height.  
 
The previous sections of this chapter concerned the geometry of the balustrade set-ups, test rig 
and the loading applied to each balustrade set-up. The following section presents the findings 
and test results of the verification laboratory test series.  
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6.4 TEST RESULTS  
 
Introduction 
 
The previous section determined the dynamic loading capacity of each balustrade set-up, and 
consequently the corresponding impact force that the set-up can resist. From the impact force an 
equivalent drop height was determined.  
 
This section describes findings results of the testing of balustrade set-up.  
 
The layout of the section is presented by means of a flow diagram in figure 6.17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Verification Laboratory Test 
Series 

Geometry 
Section 6.1 

Test Set-up 
Section 6.2 

Loading 
Section 6.3  

Test Results 
Section 6.4 

 
 

Figure 6.17. Flow diagram illustrating layout of the test results stage of the laboratory verification 
test series. 
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6.4.1 Test Results 
 
Each balustrade set-up was loaded with the identified drop height, as described in the previous 
chapter. The drop height was monitored by means of a surveyor’s measuring staff, positioned 
next to the impactor, as illustrated in figure 6.18.  
 

 
 

Impactor  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Drop height 

Measuring staff 
 
 
 
 

 
Figure 6.18. Impact of 15 mm balustrade set-up 
 
 
The first balustrade set-up, presented in table 6.5, was the point supported 15 mm thick panel 
connected to the two continuous balustrade panels. Although the identified drop height was 1360 
mm, the particular balustrade set-up was loaded in increments of 100 mm starting at 1 m. The 
increment loading was performed to enable the determination of the dynamic loading capacity in 
case of premature failure. However, since the first tested set-up reached the determined drop 
height, the rest of the balustrade test set-ups were loaded in one increment.  
 
Following the first balustrade set-up, the second test set-up, which consisted of the point 
supported 12 mm thick panel connected to the two 15 mm continuous balustrade panels, was 
performed. The second balustrade set-up was loaded with its identified drop height in one 
increment.  
 
 
Table 6.5. Balustrade set-up impact force and impactor drop height 
      
Designation No. of panels 

  
Panels used Calculated drop 

height  
Tested drop 
height 

   mm mm 
Set-up 1 3 1,3,4 1360 1360 
Set-up 2 3 2,3,4 1360 1360 
 
 
From table 6.5, it can be noted that each balustrade set-up was able to resist the finite element 
identified drop height. As the first balustrade set-up reached the identified drop height, the second 
set-up was not tested. Therefore, only two continuous balustrade set-ups were tested in the 

University of Stellenbosch  2007 



Verification Laboratory Test Series  
   

182

laboratory test series, both of which were able to resist the identified drop height. Consequently, 
the finite element impact force calculations, of the previous chapter, were verified.  
 
 
6.4.2 Conclusion  
 
Each balustrade set-up was loaded with the identified drop height. The first balustrade set-up was 
loaded in increments of 100 mm starting at 1 m. The increment loading was performed to enable 
the determination of the dynamic loading capacity in case of premature failure. As the first tested 
set-up reached the determined drop height, the rest of the balustrade set-ups were loaded in one 
increment.  
 
Both of the impact tested balustrade set-ups were able to resist the identified drop height, and 
consequently, the finite element impact force calculations were verified.  
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CHAPTER 7 
IMPLICATIONS OF EXPERIMENTAL AND NUMERICAL RESULTS 
 
Introduction  
 
The implications of experimental and numerical results are discussed in this section. This 
section focuses predominantly on the test results obtained from the second laboratory test 
series, which consisted of both a finite element analysis and verification test series.   
 
 
7.1 SATISFYING THE SABS REQUIREMENTS  
 
This section discusses the results of both freestanding- and continuous balustrades under the 
following headings: 

• Satisfying the SABS deflection requirements 
• Satisfying the SABS static loading requirements 

• Concentrated loading  
• Distributed loading 

• Satisfying the SABS dynamic loading requirements 
 
 
7.1.1 Freestanding balustrades 
 
A freestanding balustrade is a barrier where there are no vertical or horizontal supporting 
members, or balusters. Each glass panel is fixed to the structure along its bottom edge.  
 
 
7.1.1.1 Satisfying the SABS Deflection requirements 
 
Section 4.6 of SABS 0104 limits the maximum deflection of any (required loading 1.5A) 
loaded balustrade to 100 mm, regardless of location or loading type.   
 
Where: 
A = nominal accidental load as described in SABS 0160 
 
 
From the SABS deflection requirements, only the 15 mm continuously supported balustrade 
panel adhered to the SABS 160 [7] deflection requirements for the grandstand-loading 
category. The rest of the 15 mm point- and continuously supported panels adhered to the 
deflection requirements for both the public- and domestic categories  
 
 
7.1.1.2 Satisfying SABS Static loading requirements 
 
Guidelines for the static load that balustrades must be able to sustain are given in SABS [7], 
and chapter 2. The summation of the guidelines is divided into the: 

• Concentrated loading- and, 
• Distributed loading requirements  

 
 

Concentrated loading requirements 
 

Concentrated force of 1 kN acting horizontally inward or outward over a 100x100 mm 
area for plate elements at the top of the guard or the most severe position; 
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Distributed loading requirements 
 

Domestic application 
Distributed horizontal force of 0.5 kN/m applied at the top of the guard and acting 
outward; 

 
Places of public assembly 

Distributed horizontal force of 1.5 kN/m applied at the top of the guard and acting 
outward; 

 
Grandstands 

Distributed horizontal force of 3.0 kN/m applied at the top of the guard and acting 
outward; 

 
 
It was noticed that all the 15mm thick freestanding balustrade set-ups, regardless of 
connection type, adhered to the SABS 0160 [7] concentrated loading requirement. Although 
all the balustrade panels adhered to the SABS concentrated loading requirements, none of 
the freestanding balustrades, adhered to the SABS [7] required distributed loading for 
grandstands. Predominantly, only the 15 mm thick panels adhered to both the domestic- and 
public distributed loading requirements. . It was concluded that, if a glass balustrade was to 
be designed according to the SABS 0160 [7] static loading- and deflection requirements, none 
of the balustrade set-ups would be able to be used for a grandstand application.  
 
 
7.1.1.3 Satisfying SABS Dynamic loading requirements 
 
The guidelines set by the SABS [7] design standard in accordance with the testing 
procedures for the dynamic impact testing in glass balustrades requires that: 
 

An impact of 400 J delivered by means of a 250 mm diameter bag filled with dry sand 
to a mass of 30 kg. 

 
From the finite element analysis it was established that no 12- or 15 mm thick freestanding 
balustrade can withstand the 400 J impact load for a 0.8% probability of failure, regardless of 
connection type.   
 
Between the South African handrailing and balustrading [19] - and South African loading 
standards [7], a glass balustrade has to adhere to deflection-, static loading and impact 
loading requirements. Only when all three of these requirements are satisfactory met, is a 
glass balustrade “safely” designed. 
 
Comparing the result of the finite element analysis, in which different full scale freestanding 
balustrades were analysed, to the SABS requirements it was found that no freestanding 
balustrades was able to meet all the requirements. Although some freestanding balustrades 
were able to meet both the deflection- and static loading requirement, none of the balustrades 
was able to meet the SABS [7] impact loading requirement. The impact loading requirement is 
therefore the dominant load case.    
 
As none of the freestanding balustrades was able to meet the South African loading 
requirements, a handrail connecting 3 panels was introduced. The purpose of the handrail 
was to increase the loading capacity of the balustrade setup in order to meet the SABS [7] 
impact loading requirement.  
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7.1.2 Continuous balustrade 
 
A continuous balustrade is a balustrade setup in which two or more freestanding balustrades 
are connected to one another by means of a handrail. From the freestanding balustrade 
results it was established that the SABS 0160 [7] impact loading requirement is the dominant 
load case. Therefore only the impact (dynamic) loading requirement is described for 
continuous balustrades.  
 
7.1.2.1 Satisfying SABS Dynamic loading requirements 
 
The introduction of the handrail, which connected 3 panels, dramatically increased the 
dynamic loading capacity of the balustrade setup. As a result, balustrade set-ups which could 
sustain the SABS [7] impact loading requirement were identified. It was concluded that both 
12- and 15 mm thick continuously supported freestanding glass balustrades can only sustain 
the SABS [7] required impact load, when a minimum of three panels are connected by 
handrail with sufficient rigidity.  
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CHAPTER 8 
CONCLUSIONS 
 
 
Introduction  
 
The present study was undertaken in order to investigate the behaviour of freestanding glass 
balustrades. A break down of the study is presented in figure 8.1. The study consisted of two 
laboratory test series, each playing a vital role. The first laboratory test series comprised of 
both a destructive test series and finite element analysis, the main purpose of which was to 
determine the material properties of toughened glass. The second laboratory test series 
focused on the determination of the loading capacity of various freestanding balustrade set-
ups. A test series at the end of the investigation, verified the finite element results.  
 
The objectives of the study were to: 
 

1. Determine the static- and dynamic material properties of toughened glass.  
2. Determine the static- and dynamic loading capacity of freestanding glass balustrades, 

which includes the influence of the following parameters: 
• Connection types and sizes 
• Addition of a handrail  

 
3. To make recommendations to the existing design standards based on the results 

obtained from the study 
 
The method used to attain these objectives is described in the following paragraphs, in which 
an overview is presented of each laboratory test series.   
 

Laboratory Test Series 1 

Literature Study 

Finite Element Model  

Parameter Test Series 

Laboratory Test Series 2 Finite Element Model 

Verification Test Series 

Design Standards  

Recommendations 

 
Figure 8.1 Breakdown of study  
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8.1 LITERATURE STUDY 
 
The literature study identified the three standards vital to proper design and construction of 
freestanding glass balustrades. The three standards were: 

• Standard for handrailing and balustrading  
• Standard for safety glass classification and the 
• Standard for loading requirements 

 
As part of the literature study, each standard was compared to its British [12, 20, 22] and 
American [18, 23] counterpart. The conclusions of the literature study are presented under the 
respective standards. 
 
 
8.1.1 Handrail and balustrading standard [SABS: 0104] 
 
The handrailing and balustrading standard concerns the overall design of a balustrade, which 
is necessary to ensure the correct installation and construction thereof. Several standards 
including the South African [19], British [12] and American [18] were summarized and 
compared under their respective design-, handrail- and deflection requirements. 
 
Comparing the South African handrailing and balustrading standard to its international 
counterparts, a lack of sufficient guidelines to ensure the safe design and construction of 
glass balustrades were established. The following topics, which require attention, were 
identified:  

• Connection type to use with glass balustrade 
• Handrail use and details (containment) 
• Glass type to use 
• Minimum glass thickness 

  
It was further noted that most of the provided information is for informational purposes only, 
and as a result are left to the designer’s discretion.  
 
 
8.1.2 Material classification standard [SABS: 1263] 
 
The classification of safety glass and its performance under accidental human impact has 
been undertaken since the development of the standard using a pendulum impact test set-up.  
A lead shot impactor has been used to represent the impulse generated by a human body 
impact. Since the development of the material classification standards, a new impactor based 
on a twin tyre set-up has been introduced internationally. From various investigations [8, 9, 
10], it was determined that the twin tyre impactor does not impart as much energy onto the 
test sample, and it is recommended here that the lead shot impactor, as used by the South 
African standard [21], be left unchanged.  
 
Another parameter that influenced the introduced impact energy is the drop height of the 
impactor. Numerous standards were investigated and consequently, the origin of the drop 
height and impact energies was identified. It was established that the drop heights originated 
from a human engineering chart, which was developed by safety experts [21]. Three different 
drop heights were initially introduced. It was noted that most of the standards retained these 
drop heights. Only the South African [21] and Australian [27] material classification standards 
use a single drop height.  
 
In case the specimen fractures upon impact, the material classification standard requires the 
specimen to adhere to the safe breakage criterion. Breakage criterion from several standards 
was compared.  It is established that the breakage requirements of South Africa [21] is 
identical to that of the American [22] and that of the British [23] with the exception of the 
particle count. As the particle count is an indication of the specimen’s strength, it is 
consequently recommended that it be included into the South African material classification 
standard [21].  
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8.1.3 Loading standard [SABS: 0160] 
 
When designing a glass balustrade the material need to be classified in accordance with 
SABS 1263 [21] and the balustrade needs to be able to resist both static- and impact loads as 
required by SABS 0160 [7].  
 
The South African material classification design standards were originally adopted form its 
American counterpart. The initial purpose of the standard was the classification of brittle 
materials when impact tested.  A human impact was simulated using a pendulum impact test 
performed by a lead shot bag dropped from an identified height, based on a typical impact 
scenario. The material was classified as safety material if 1) the material did not break or 2) 
when broken adhered to the breakage requirement.  
 
The purpose of the standard later evolved to include impact-loading requirements. Using the 
same procedure and impactor, different drop heights were introduced. These drop heights 
were introduced to represent different impact speeds at which a 45 kg teenager could strike a 
balustrade. Balustrades are therefore classified according to application and position. These 
classifications are part of the loading requirement and the balustrade needs to be designed to 
resist these loads. Most of the international standards [22, 23, 24] integrated the impact 
loading- and material classification requirement. Therefore, avoiding separate testing 
procedures.  
 
The South African [21] standards failed to recognize this, and consequently introduced 
another impactor. The new impactor consists of a 250 mm diameter bag filled with sand to the 
weight of 30 kg. No evidence could be found that this impactor has ever been investigated 
with regards to reproducibility, repeatability or the magnitude of impulse generated.  
 
With the introduction of the sand bag impactor, the South African [21] standards now require 
two separate tests to be performed when designing a glass balustrade. The two separate 
tests are: 

• Pendulum impact using a lead shot bag for the material classification of the material 
and a 

• Pendulum impact test using the sand bag impactor for the impact loading 
requirements 

 
 
 
8.2 LABORATORY TEST SERIES 1 
 
The first laboratory tests series comprised both a destructive test series, and a finite element 
analysis. The test series consisted of 37 scaled down toughened glass panels tested in out of 
plane bending, until failure. Four different connection types and three different panel 
thicknesses was investigated.  Following the destructive test series, a finite element analysis 
determined each glass panel’s fracture stress.  
 
The laboratory test series was undertaken to determine: 

• The loading capacity and influence of different connection configurations  (hole size 
and thickness) and, 

• The static- and dynamic material properties of toughened glass. 
 
The results of the laboratory test series was used to determine the static- and dynamic 
loading capacity of full scale balustrade panels tested in laboratory test series 2. 
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8.2.1 Parameter test series 
 
Specimen evaluation 
 
After fracture, the fractured panels were examined. The taping of the glass panels on the 
compression side made the fracture pattern visible, as the tape kept the fractured pieces 
together. It was noticed that the fracture pattern propagates through the panel in a shockwave 
format, as well as in straight lines in all directions from the point of origin.  
 
 
Wave propagation 
 
Slower wave (lagging) propagation was noticed to be consistent with the dynamic loading 
rate. Fracture occurred closer to the support compared to the fracture origins produced by the 
static loading rate, which was verified when the average quadrant fracture origin of the 
different loading rates was compared.  
 
 
Test measurements 
 
During the laboratory testing of the panels, each panel’s force and displacement was 
measured. The force was measured to determine each panel’s bending capacity, while 
displacement was used to determine the elasticity modulus of the glass.  
 
 
Level of Prestress 
 
Prior to the testing of the panels, the level of prestress of each panel was determined using 
GASP technology. The variability in strength of glass caused by surface defects resulted in 
the testing of three identical panels per parameter. By comparing the highest level of 
prestress to the highest ultimate force of only the identical panels in a group, the impact of the 
level of prestress has on the capacity of the glass panel was noticed.  In 8 out of the 
11groups, the panel with the highest level of prestress fractured at the highest ultimate force. 
The other group’s failure was attributed to the presence of surface flaws. It was concluded 
that the strength of the glass panels were predominantly affected by both the level of 
prestress and presence of surface flaws. 
 
 
Elasticity modulus 
 
The measured force together with the linear gradient of actual displacement graph was used 
to determine each panel’s elasticity modulus. The modulus of elasticity of glass was 
underestimated by 6.9% when compared to published values. The discrepancy in the test 
result was assigned to the unaccounted rotation of the test rig itself. Furthermore, an increase 
of 12.8% between the calculated static- and dynamic modulus was noticed. 
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8.2.2 Finite element analysis 
 
Connection capacity 
 
Before each panel’s fracture stress was determined, a finite element analysis was performed 
to determine the structural capacity of each connection (type and size). Point- and 
continuously supported connection types were investigated.  
 
For the point-supported panels, three different hole diameters were tested, together with three 
different panel thicknesses. Each connection type was loaded with a unit-distributed load, and 
the corresponding principal tensile strength determined. Each panel’s calculated stress 
concentration factor (Ktn) was compared to similar stress concentration factors found in 
literature [38]. It was established that the predicted stress concentrations, from literature, were 
significant less than that of the calculated stress concentration factors. The decrease in the 
calculated stress concentration factors indicated an increase in capacity, between the non-
chamfered- and chamfered holes. The predicted stress concentration factors overestimated 
the calculated stress concentration factors in some instances by up to 11.7%. The results 
reinforced the use of the finite element analysis. 
 
For the continuously supported panels three different panel thicknesses were tested. A finite 
element analysis calculated each thickness’ principal tensile stress. An increase in structural 
capacity with thickness was found to exist.  
 
Finally, the principal tensile stress of both the point- and continuously supported panels was 
compared. An increase in structural capacity of 34% between the continuously- and point-
supported panels was noted. The finite element analysis was performed to determine the 
structural capacity and influence of different connections, as well as to determine each tested 
panel’s corresponding fracture stress.  
 
Having determined the influence and capacity of the different connection types and sizes the 
next section describes the results of the finite element analysis in which each tested panel’s 
fracture stress was determined. The Weibull statistical model was used to represent the 
failure strength of the tested glass panels and finally, used to predict the capacity of full-scale 
glass balustrades.  
 
 
Loading rate effect 
 
A high variability of strength in glass resulted in the employment of the Weibull statistical 
model to present the failure strength of the tested glass panels. The difference in panel 
geometry resulted in different Weibull modules being calculated for the panels with- and 
without holes. 
 
The increase in strength, with increase in loading rate was noticed in both probability 
distributions (panels with- and without holes). An increase of 10% in mean strength from the 
static- to dynamic load rate was noticed for the distribution of the holed panels. 
 
Another parameter common to both distributions (panels with- and without holes) was the 
grouping of the mean probability of failure of the quasi-static and dynamic loading rates, 
which could be an indication of the material strength asymptote. 
 
Comparing the two distributions, a decrease in modulus, and mean strength between the 
panels with- and without holes was noticed. Although the hole confined the fracture origin to a 
certain area, resulting in a smaller variability of results, the drilling of the hole brought about a 
decrease in mean strength.  
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Volume effect 
 
To account for the difference in strength prediction for the size effect between the test- and 
actual balustrade panels, the size of the panels was included in the Weibull distribution. The 
specimen size effect occurs because the size of the critical defect, on average, increases with 
increasing area or volume. With the increase in the size of the panels, the probability of failure 
decreased by 20%.  
 
 
8.3 LABORATORY TEST SERIES 2 
 
The second laboratory tests series comprised of both a finite element analysis, and a 
verification laboratory test series. The finite element analysis was undertaken to determine 
and identify the: 

• The loading capacity of freestanding- and continuous balustrades and , 
• Balustrade set-ups which could sustain the SABS [7] loading requirements. 

 
Two different panel thicknesses together with three different connection types were 
investigated, and the influence of each quantified. The outcome of the finite element analysis 
identified the balustrade set-ups that were tested in a second laboratory test series.   
 
 
8.3.1 Finite element analysis 
 
Using the static- and dynamic material properties, determined in the first laboratory test 
series, the loading capacity of freestanding balustrade panel’s was determined and compared 
to the SABS [7] loading requirements. From the dynamic impact analysis, on freestanding 
glass balustrades, it was noted that none of the balustrade panels could sustain the impact 
requirements as set out in the South African loading code [7]. It was consequently decided 
that similar impact tests be performed on continuous balustrades (handrail connected 
freestanding balustrades). 
 
From the freestanding balustrade impact analysis, it was clear that the dynamic impact-
loading requirement was the dominant load case, and that a balustrade set-up has to be 
designed to sustain the 400 J South African impact loading requirements [7]. Consequently, 
all continuous balustrade set-ups were loaded with a unit point load applied to the middle 
panel in the top centre of the panel. A linear static analysis determined each balustrade set-
up’s stiffness and dynamic loading capacity. 
 
Before the dynamic loading capacity of each balustrade configuration was determined, the 
influence of the addition of a handrail on continuous balustrades was investigated. Two 
parameters were investigated which directly influenced the capacity of continuous 
balustrades. They were: 

• Number of connected panels 
• Stiffness of handrail 

 
 
Stiffness of handrail  
 
Three different handrail dimensions were investigated to determine the influence of the 
stiffness of the handrail on the dynamic loading capacity of the continuous balustrade set-up. 
An increase of the equivalent stiffness factor with an increase in handrail dimension was 
noted, which was attributed to the increase in stiffness of the handrail.  Furthermore, it was 
noted that only the 90x90 mm handrail enforces the total contribution of all three balustrade 
panels (unpractical). 
 
 
 
 

University of Stellenbosch  2007 



Conclusions                                         192

Number of connected panels 
 
Three different numbers of connected panels together with three different handrail dimensions 
were investigated to determine the influence of the number of connected panels on the 
dynamic loading capacity of the continuous balustrade set-up. The influence of the number of 
panels and handrail stiffness was presented by means of a contribution factor. The 
contribution factor represents the percentage of the connected number of panels contributing 
to the stiffness of the set-up, and was found to be directly related to the stiffness of the 
handrail.  A decrease in contribution with increase number of connected panels was noted.  
 
Finally, the dynamic loading capacity of the different balustrade set-ups was determined and 
compared to the corresponding SABS [7] impact loading requirements. The SABS [7] 
required 400 J impact was simulated using the finite element software Abaqus [46], and 
consequently a resultant impact force determined. The dynamic loading capacity was 
determined for different balustrade set-ups consisting of three connected balustrades for 12-
and 15 mm thicknesses.  
 
Comparing the dynamic loading capacity (0.8%Pf) of each balustrade set-up to the SABS [7] 
required impact loading, it was found that only the continuously supported balustrades were 
able to sustain the required loading. None of the point supported balustrades could sustain 
the impact loading, for a 0.8% probability of failure, regardless of handrail stiffness or panel 
thickness. In addition, 2 set-ups consisting of both point- and continuous supported 
balustrade panels were identified, for verification testing purposes.  
 
 
 
8.3.2 Verification test series 
 
The purpose of the second laboratory test series was to verify the finite element analysis, and 
ultimately conclude the investigation into the loading capacity of glass balustrades. 
 
The finite element analysis, of the previous chapter, identified the full-scale balustrade panels 
which could resist the SABS [7] required impact loading. However, since none of the 
freestanding balustrade panels were able to resist the required SABS [7] impact load, the 
laboratory verification test series only included continuous balustrade set-ups. A handrail of 
dimension 50x50 mm was chosen to connect the different balustrade panels. The geometry of 
the balustrade panels included two 15 mm thick continuously supported balustrade panel and 
two point supported balustrade panels, one 12- and one 15 mm thick.  2 different continuous 
balustrade set-ups were tested.  
 
Due to the ease of construction, the sand bag impactor was used to simulate the required 
human impact; however the stiffness was altered to be the same as that of the lead shot 
impactor. 
 
The finite element procedure, of the previous chapter, was used to determine the dynamic 
loading capacity of each of the balustrade set-ups. Using the dynamic loading capacity of 
each balustrade set-up a sustainable impact force was determined, and consequently an 
impactor drop height.  
 
Each balustrade set-up was loaded with the identified drop height. The first balustrade set-up 
was loaded in increments of 100 mm starting at 1m. The increment loading was performed to 
enable the determination of the dynamic loading capacity in case of premature failure.  
 
Both of the impact tested balustrade set-ups were able to resist the dynamic impact load, and 
consequently, the finite element results were verified.  
 
 
 
 

University of Stellenbosch  2007 



Recommendations   193

CHAPTER 9 
RECOMMENDATIONS 
 
 
On the basis of the foregoing conclusions, the following recommendations are made. 
 
 
9.1 DEVELOPMENT OF SABS GUIDELINES 
 
The literature study of chapter 1 identified the areas of the standards, relevant to the design of 
freestanding glass balustrades, which required further attention. This section addresses each 
of these areas. 
 
 
9.1.1 Standard for handrailing and balustrading  
 
9.1.1.1 Connection type to use with glass balustrade 
 
The South African handrail and balustrading standard fails to provide any guidelines to which 
connection type to use. 
 
It is therefore recommended that guidelines in the form of a typical technical drawing be 
provided in the South African handrailing and balustrading standard. The drawings should be 
as informative as possible and should include both continuous- and point support systems. It 
is recommended that a finite element analysis should be performed when non-conventional 
connection types are used. The purpose would be to draw the attention of designers to the 
importance of connection design.  
 
 
9.1.1.2 Handrail use and details 
 
The handrail requirement is addressed under the following headings.  

• Loading requirement  
• Containment requirement  

 
 
9.1.1.3 Loading requirement 
 
The results of the finite element analysis in which freestanding glass balustrades were 
analysed indicated that freestanding balustrades are unable to resist the SABS [7] required 
impact loading. Consequently a handrail which connected 3 freestanding balustrades was 
added. It was concluded that freestanding glass balustrades can only sustain the SABS 
required impact load, when a minimum of three panels are connected by a sufficiently rigid 
handrail. 
 
Therefore, the recommendation of the use of a handrail of Section 5.5.5 of SABS [17] should 
be altered so that the use of a handrail connecting a minimum of 3 panels is mandatory. The 
handrail stiffness should be defined as a function of the balustrade stiffness to guarantee load 
transfer to adjacent panels.    
 
While, at the same time, the required impact loads are considered to be conservative. 
Relaxing the current impact loading requirements, can result in freestanding balustrades 
meeting the impact loading strength requirements. However, the inclusion of a handrail into a 
glass balustrade system can not be only based upon only loading requirements. Therefore 
the containment of balustrades is recommended.  
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9.1.1.4 Containment requirement  
 
The primary function of a balustrade is to prevent persons or objects from passing through or 
over the balustrade onto an adjacent lower level, which indicates that balustrades are usually 
situated in areas where human safety is of concern. Balustrades should therefore be able to 
provide containment at all times, before or even after failure. Since toughened glass fractures 
into small glass cubes, the material in itself provides no containment. A freestanding 
balustrade made of toughened glass will provide no means of containment once it has 
fractured. Containment should therefore come from the balustrade system.  
 
A handrail, connecting a minimum of three balustrades, will provide containment even in the 
case of fracture. It is therefore recommended that a handrail requirement be introduced into 
the South African handrailing and balustrading design standard. The handrail should connect 
a minimum of three balustrade panels and should be stiff enough to incorporate the loading 
capacity of the adjacent panels. The introduction of the handrail will address both: 

• Impact loading requirement and 
• Post failure containment requirement  

 
9.1.1.5 Glass type and thickness 
 
Toughened glass is inherently five times stronger than ordinary annealed glass. In addition, 
when toughened glass fails, it fractures into small relatively harmless “sugar cubes”. 
 
For strength and safety reasons, it is recommended that toughened glass be used in glass 
balustrades. This is to meet the SABS 0160 [7] loading requirements and ensure the safety of 
the person impacting a glass balustrade.  
 
It is also recommended that glass be laminated when used in a balustrade at a dangerous 
height. Upon impact, the toughened glass fails and fractures into small pieces; however, it 
does not stop the falling glass from injuring people below. Laminated glass will ensure that 
the fractured glass pieces remain together and at the same time provide post failure 
containment. 
 
 
9.1.2 Standard for loading requirements and material classification 
 
9.1.2.1 Integration of material classification and loading requirements 
 
The South African material classification design standards were originally adopted form its 
American counterpart. The initial purpose of the American [18] standard was the classification 
of brittle materials when impact tested. The purpose of the standard later evolved to include 
impact-loading requirements. Using the same procedure and impactor, different drop heights 
were introduced. Balustrades are therefore classified according to application and position. 
These classifications are part of the loading requirement and the balustrade need to be 
designed to resist these loads. Most of the international standards [22, 23, 24] integrated the 
impact loading- and material classification requirement. Therefore, avoiding separate testing 
procedures.  
 
The South African [21] standards failed to recognize this, and consequently introduced a 
brand new impactor. The new impactor consists of a 250 mm diameter bag filled with sand to 
the weight of 30 kg. Although the ease and low cost of construction of the sand bag makes it 
a user friendly impactor, the reproducibility and repeatability of the impactor is questioned. No 
two sand bag impactors would deliver the same amount of energy, as the fabrication thereof 
is too variable of nature. At the same time, two different impact tests are required with two 
different impactors in different standards.  
 
It is therefore, recommended that the lead shot bag be used for both the material 
classification and impact loading requirements of glass balustrades. This would eradicate the 
need for two destructive tests and at the same time integrate these two requirements into a 
single test.  
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9.1.2.2 Impact loading requirements 
 
The impact loading requirement is addressed under the following headings.  

• Differentiation of balustrade application 
• Human engineering chart 
• Movement Space  

 
 
9.1.2.2.1 Differentiation of balustrade application 
 
The application of glass balustrades vary over a wide spectrum and the current use of a 
single specification of 400 J is an over generalization and considered to be conservative. It is 
recommended that some form of differentiation be made which recognizes different 
balustrade applications as for the static loading requirements. The specifications for the static 
load on balustrades are divided into the following applications: 

• Domestic-  
• Places of public assembly and  
• Grandstands 

 
The implication of the project results is that similar criteria should be developed for balustrade 
designs in terms of dynamic impact on balustrades. Therefore, differentiation of the load 
conditions can be made for glass balustrades used in the domestic, public places of assembly 
and grandstands. Each category would be accompanied by an identified drop height and 
corresponding impact energy using the standard lead shot impactor.  
 
 
9.1.2.2.2 Inclusion of human impact engineering chart  
 
Together with the generation of different applications, the human engineering data graph 
(figure 9.1) must be included in either the loading or material classification standard. This 
would enable a designer to decide on the loading requirement at a specific location.  
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Human Engineering Data
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Figure 9.1 Human engineering data 
 
 
9.1.2.2.3 Movement space 
 
The investigation into quantifying the value of the dynamic human impact that the glass 
balustrades must be able to sustain in the above mentioned locations must incorporate 
various external factors.  
 
While some balustrade panels might be at risk to human impact in a certain application, 
others might not. It is therefore, unnecessary for all panels to be subjected to the same design 
requirements. For example, a balustrade guarding the side of a 2 m wide passage is unlikely 
to be impacted throughout its lifetime, as apposed to a balustrade guarding the end of a 10m 
passage. 
 
Situations should be identified in which: 

• Limited acceleration path exists  
• Unlimited acceleration path exists 
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9.2 FURTHER RESEARCH 
 
From the results of the project it was concluded that no 12- or 15 mm thick freestanding glass 
balustrade is able to resist the SABS 0160 [7] impact loading. A new set-up based on a 
number of freestanding balustrade panels connected by handrail was investigated, and found 
to have increased the loading capacity. Since not all possibilities were covered by this study, 
further work is necessary to: 
 
HANDRAIL 

• Investigate the influence of different handrail connection types on the loading 
capacity of a continuous balustrade set-up  

• Investigate the influence of different handrail end connection types (i.e. tied to 
structure) 

 
LOADING 

• Investigate the influence of side balustrade panel impact on the loading capacity of a 
continuous balustrade set-up 

• Investigate the influence of various impact forces on balustrades  
 
CONNECTION 

• Investigate intelligent connection types. (i.e. ductile impact absorbing connections) 
• Investigate the influence of clamping forces (localized pressure) arising from point 

fixings on the loading capacity of glass balustrades.  
 
In order to extend the scope, it would be interesting to consider the influence of using 
laminated glass (annealed and toughened) balustrade panels. The lamination of different 
thicknesses glass would increase the loading capacity of the balustrade and provide post-
failure material containment upon fracture.  
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APPENDIX A 
 
This section illustrates each tested panel’s hole, fracture origin and magnified fracture origin. 
Illustrations are arranged according to test. 
 
Test 1, Panel#16 
 

 
 
Figure A1.1 Panel#16                                                           Figure A1.2 Hole in panel 
 

 
  
Figure A1.3 Fracture origin                                                  Figure A1.4 Magnified  
 
 
Test 2, Panel#1 
 

 
 
Figure A2.1 Panel#1                                                         Figure A2.2 Hole in panel 
 

 
 
Figure A2.3 Predicted fracture origin                                Figure A2.4 Actual fracture origin 
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Test 3, Panel#15 
 

 
 
Figure A3.1 Panel#15                                                            Figure A3.2 Hole in panel 
 

 
 
Figure A3.3 Predicted fracture origin                                       Figure A3.4 Actual fracture origin 
 
Test 4, Panel#30 
 

 
 
Figure A4.1 Panel#30                                                             Figure A4.2 Hole in panel 
 

 
 
Figure A4.3 Predicted fracture origin                                   Figure A4.4 Actual fracture origin 
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Test 5, Panel#33 
 

 
 
Figure A5.1 Panel#33                                                          Figure A5.2 Hole in panel 
 

 
 
Figure A5.3 Predicted fracture origin                                   Figure A5.4 Actual fracture origin 
 
Test 6, Panel#27 
 

 
 
Figure A6.1 Panel#27                                                          Figure A6.2 Hole in panel 
 

 
 
Figure A6.3 Predicted fracture origin                                   Figure A6.4 Actual fracture origin 
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Test 7, Panel#5 
 

 
 
Figure A7.1 Panel#5                                                            Figure A7.2 Hole in panel 
 

 
 
Figure A7.3 Predicted fracture origin                                   Figure A7.4 Actual fracture origin 
 
Test 8, Panel#8 
 

 
 
Figure A8.1 Panel#8                                                            Figure A8.2 Hole in panel 
 

 
 
Figure A8.3 Predicted fracture origin                                   Figure A8.4 Actual fracture origin 
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Test 9, Panel#28 
 

 
 
Figure A9.1 Panel#28                                                          Figure A9.2 Hole in panel 
 

 
 
Figure A9.3 Predicted fracture origin                                   Figure A9.4 Actual fracture origin 
 
Test 10, Panel#10 
 

 
 
Figure A10.1 Panel#10                                                        Figure A10.2 Hole in panel 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure A10.3 Predicted fracture origin                                 Figure A10.4 Actual fracture origin 
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Test 11, Panel#11 
 

 
 
Figure A11.1 Panel#11                                                        Figure A11.2 Hole in panel 
 

 
 
Figure A11.3 Predicted fracture origin                                 Figure A11.4 Actual fracture origin 
 
Test 12, Panel#36 
 

 
 
Figure A12.1 Panel#36                                                        Figure A12.2 Hole in panel 
 

 
 
Figure A12.3 Predicted fracture origin                                 Figure A12.4 Actual fracture origin 
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Test 13, Panel#18 
 

 
 
Figure A13.1 Panel#18                                                        Figure A13.2 Hole in panel 
 

 
 
Figure A13.3 Predicted fractured origin                               Figure A13.4 Actual fractured origin 
 
Test 14, Panel#19 
 

 
 
Figure A14.1 Panel#19                                                        Figure A14.2 Hole in panel 
 
 

 
 
Figure A14.3 Predicted fracture origin                                 Figure A14.4 Actual fracture origin 
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Test 15, Panel#20 
 

 
 
Figure A15.1 Panel#20                                                        Figure A15.2 Hole in panel 
 

 
 
Figure A15.3 Predicted fracture origin                                 Figure A15.4 Actual fracture origin 
 
Test 16, Panel#2 
 

 
 
Figure A16.1 Panel#2                                                          Figure A16.2 Hole in panel 
 

 
 
Figure A16.3 Predicted fracture origin                                 Figure A16.4 Actual fracture origin 
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Test 17, Panel#12 
 

 
 
Figure A17.1 Panel#12                                                        Figure A17.2 Hole in panel 
 

 
 
Figure A17.3 Predicted fracture origin                                 Figure A17.4 Actual fracture origin 
 
Test 18, Panel#9 
 

 
 
Figure A18.1 Panel#9                                                          Figure A18.2 Hole in panel 
 

 
 
Figure A18.3 Predicted fracture origin                                 Figure A18.4 Actual fracture origin 
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Test 19, Panel#34 
 

 
 
Figure A19.1 Panel#34                                                        Figure A19.2 Hole in panel 
 

 
 
Figure A19.3 Predicted fracture origin                                 Figure A19.4 Actual fracture origin 
 
Test 20, Panel#6 
 

 
 
Figure A20.1 Panel#6                                                          Figure A20.2 Hole in panel 
 

 
 
Figure A20.3 Predicted fracture origin                                 Figure A20.4 Actual fracture origin 
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Test 21, Panel#7 
 

 
 
Figure A21.1 Panel#7                                                          Figure A21.2 Hole in panel 
 

 
 
Figure A21.3 Predicted fracture origin                                 Figure A21.4 Actual fracture origin 
 
Test 22, Panel#24 
 

 
 
Figure A22.1 Panel#24                                                        Figure A22.2 Hole in panel 
 

 
 
Figure A22.3 Predicted fracture origin                                 Figure A22.4 Actual fracture origin 
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Test 23, Panel#23 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A23.1 Panel#23                                                        Figure A23.2 Hole in panel 
 
 
 
 
 
 
 
 
 
 
 
Figure A23.3 Predicted fracture origin                                 Figure A23.4 Actual fracture origin 
 
Test 24, Panel#35 
 

 
 
Figure A24.1 Panel#35                                                        Figure A24.2 Hole in panel 
 

 
 
Figure A24.3 Predicted fracture origin                                 Figure A24.4 Actual fracture origin 
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Test 25, Panel#21 
 

 
 
Figure A25.1 Panel#21                                                        Figure A25.2 Hole in panel 
 

 
 
Figure A25.3 Predicted fracture origin                                 Figure A25.4 Actual fracture origin 
 
Test 26, Panel#14 
 

 
 
Figure A26.1 Panel#14                                                        Figure A26.2 Hole in panel 
 

 
 
Figure A26.3 Predicted fracture origin                                 Figure A26.4 Actual fracture origin 
 

University of Stellenbosch  2007 



Appendix A   211

Test 27, Panel#32 
 

 
 
Figure A27.1 Panel#32                                                        Figure A27.2 Hole in panel 
 

 
 
Figure A27.3 Predicted fracture origin                                 Figure A27.4 Actual fracture origin 
 
Test 28, Panel#37 
 

 
 
Figure A28.1 Panel#37                                                        Figure A28.2 Actual fracture origin 
 
Test 29, Panel#22 
 

 
 
Figure A29.1 Panel#22                                                        Figure A29.2 Actual fracture origin 
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Test 30, Panel#13 
 

 
 
Figure A30.1 Panel#13                                                        Figure A30.2 Actual fracture origin 
 
Test 34, Panel#17 
 

 
 
Figure A34.1 Panel#17                                                        Figure A34.2 Actual fracture origin 
 
Test 35, Panel#4 
 

 
 
Figure A35.1 Panel#4                                                          Figure A35.2 Actual fracture origin 
 
Test 36, Panel#3 
 

 
 
Figure A36.1 Panel#3                                                          Figure A36.2 Actual fracture origin 
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Test 37, Panel#29 
 

 
 
Figure A37.1 Panel#29                                                        Figure A37.2 Actual fracture origin 
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APPENDIX B 
 

B.1 WEDGE FACTORS 
 
The following table presents the standard wedge used in the GASP measurements  

 
 

Table B.1. Standard wedge  
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APPENDIX C 
 
 

C.2 TOUGHENED GLASS MATERIAL PROPERTIES 
 
The following table presents the static material properties of soda-lime-silica float glass for 
annealed-, heat strengthened- and tempered glass, as provided by Pilkington. 
 
 
Table C.2 Toughened glass material properties 
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APPENDIX D 
 

D.1 STATIC LOADING CAPACITY OF CONTINUOUS BALUSTRADE SETUPS 
 
The following tables present the static loading capacity of continuous balustrade setups for a 
probability of failure of 0.8%. 
 
Table D.1 Static loading capacity (0.8Pf) for continuous balustrades setups connected by 
40x40mm handrail
Designation No of Panels No of Holes per Row Static loading capacity  
   kN 
    
12mm Thickness    
12ttcc 3 - 7.73 
HS12t5tcc 3 5 4.19 
HS12t7tcc 3 7 4.34 
    
15mm Thickness    
15ttcc 3 - 11.49 
HS15t5tcc 3 5 5.87 
HS15t7tcc 3 7 6.04 
 
 
Table D.2 Static loading capacity (0.8Pf) for continuous balustrades setups connected by 
50x50mm handrail
Designation No of Panels No of Holes per Row Static loading capacity 
   kN 
12mm Thickness    
12ttcc 3 - 8.11 
HS12t5tcc 3 5 4.39 
HS12t7tcc 3 7 4.53 
    
15mm Thickness    
15ttcc 3 - 12.19 
HS15t5tcc 3 5 6.22 
HS15t7tcc 3 7 6.39 
 
 
Table D.3 Static loading capacity (0.8Pf) for continuous balustrades setups connected by 
90x90mm handrail
Designation No of Panels No of Holes per Row Static loading capacity 
   kN 
12mm Thickness    
12ttcc 3 - 8.53 
HS12t5tcc 3 5 4.60 
HS12t7tcc 3 7 4.75 
    
15mm Thickness    
15ttcc 3 - 13.17 
HS15t5tcc 3 5 6.7 
HS15t7tcc 3 7 6.86 
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