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Summary 

A glass-steel column is a novel design where a slender steel column is laterally supported by glass panes to prevent 
flexural buckling. Both materials are positioned such that the steel column has proper structural performance and an 
appreciable transparency. The potential of a glass-steel column was recognized at Eindhoven University of 
Technology which culminated in a design by Roebroek in 2009. He showed that it is possible to test a full scale 
slender steel column with one glass pane. His design possessed some drawbacks. The glass panes were more or less 
rigidly connected by steel strips to the steel column. They not only supplied lateral support to the steel column, but 
they were also activated to carry vertical loading. Due to the use of mild steel S235 Roebroek had to select a relatively 
large steel cross-section of 50 mm x 50 mm to arrive at a reasonable failure load, thereby reducing the transparency 
of the design. The present study is focussed on an improved design of Roebroeks glass-steel column. It is tried to 
enhance the transparency of his design by selecting high strength steel and using a different glass-steel connection. In 
addition it was aimed to fully utilize the steel column’s squash load and thereby fully suppressing column buckling. 

A high strength steel Dywidag-bar with a diameter of 32 mm and a length of 3600 mm a was selected for the steel 
column. Stainless steel cuffs provided the connection between glass panes and steel column. The layout of the 
preliminary design of the glass-steel column was based on a stability unity check according to Eurocode 3. Small 
scale tests on coupons removed from one Dywidag-bar were performed to obtain the material properties and to 
examine its buckling behaviour. These tests revealed that the material displayed different yield stress under 
compression and tension. This was caused by the production process of the Dywidag-bars. As the glass-steel column 
was subjected to compression, the stress-strain curve from tension tests could not be used to define the material 
response to loading, and instead, the stress-strain curve of a compression test was used. The preliminary design of 
the glass-steel column was fine tuned with finite element (FE) simulations to a refined and then a final glass-steel 
column design. FE simulations revealed that the end supports greatly influence the failure behaviour of the glass-
steel column. A pin-ended column buckled before the steel column’s squash load could be reached. Clamped 
supports fully suppressed column buckling, thereby fully utilizing the squash load. Therefore in the full scale 
experiments clamped supports were used. 

The experimental program consisted of one glass-steel column which was tested four times. Differences were made 
in the number of glass panes. In experiment 1 the glass-steel column was laterally supported by all four glass panes 
and was able to carry the steel column’s squash load of 525 kN. In experiment 2 one glass pane was removed. At a 
load of 499 kN the second highest stainless steel cuff seized at the column’s threaded end and one glass pane locally 
cracked at the top glass-cuff connection, after which the test was terminated. In experiment 3 the locally cracked 
glass pane from experiment 2 was removed and the removed glass pane in advance of experiment 2 was put back 
into place. At a load of 314 kN one glass pane cracked unexpectedly at several glass-cuff connections. Loading was 
continued up to 520 kN. It was judged to be irresponsible to further proceed with loading. In experiment 4 all glass 
panes were removed to assess the flexural buckling response of the single Dywidag-bar. The buckling load of 35 kN 
was similar to the Euler buckling load for a clamp-ended column. It was concluded that the end supports were true 
clamped supports.  

A FE model was validated against the experiments. The FE model was able to replicate the load-displacement curves 
of the experiments with sufficient accuracy. No good agreement between the experimental and FE principal stresses 
in the glass panes was found. The main reason was that the FE principal stresses depended to a large extent on the 
element size and the simplifications made for the glass-strip connections. Glass pane cracking, which happened in 
experiment 2 and 3, was not found in the FE model. 

From experiments 1 and 3 it was concluded that the current improved glass-steel column enhanced the transparency 
of Roebroeks design, but at the same time gave equal structural performance. Moreover it was possible to laterally 
support a high strength steel column by glass panes and utilize the steel column’s squash load. A steel column with 
three glass panes as lateral support will most likely reach the squash load as well. From experiment 3 it can be 
concluded that the steel column required little lateral support to fully suppress flexural column buckling. 
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Samenvatting 

Een glas-staal kolom is een recent ontwerp waarbij een slanke stalen kolom doormiddel van glazen ruiten als laterale 
steun tegen knik wordt gesteund. Beide materialen zijn zo gepositioneerd dat de stalen kolom goede constructieve 
response vertoond en daarbij een aanzienlijke transparantie verwezenlijkt. De potentie van een glas-staal kolom werd 
voor het eerst erkend op de Technische Universiteit Eindhoven wat resulteerde in een ontwerp door Roebroek in 
2009. Hij toonde aan dat het mogelijk was een full-scale experiment uit te voeren op een slanke stalen kolom 
gesteund door één glazen ruit. Zijn ontwerp was echter voor verbetering vatbaar. Zo werd niet alleen de stalen 
kolom, maar door de glas-staal bevestigingsmethode, ook het glas geactiveerd om een drukkracht te dragen. Door 
gebruik te maken van staalsoort S235 was een aanzienlijke kolomdoorsnede van 50 mm x 50 mm nodig om een 
aanvaardbare draagkracht te halen. Dit kwam de transparantie niet ten goede. De nadruk van dit vervolgonderzoek 
ligt op het verbeteren van Roebroek’s ontwerp. Er is getracht de transparantie te verhogen door gebruik te maken 
van hoge sterkte staal en een andere glas-staal verbinding. Tevens is geprobeerd de volledige plastische capaciteit van 
de staaldoorsnede te benutten en daarbij knik geheel te onderdrukken. 

Een hoge sterkte stalen Dywidag staaf met een diameter van 32 mm en een lengte van 3600 mm is gebruikt als stalen 
kolom. Roestvast stalen manchetten verzorgden de verbinding tussen glazen ruit en stalen kolom. De lay-out van het 
voorlopig ontwerp was gebaseerd op de stabiliteittoets volgens Eurocode 3. Kleinschalige proeven op coupons uit 
één Dywidag staaf verzorgden materiaaleigenschappen en onderzochten het knikgedrag. Uit deze proeven is 
gebleken dat het materiaal verschillende vloeispanningen vertoond onder druk en trek. Dit kwam door het 
productieproces van de Dywidag staaf. Omdat de glas-staal kolom door een drukkracht werd belast kon de 
spanning-rek curve van de trekproeven niet worden gebruikt om het materiaal response tegen belasting te 
beschrijven. In plaats daarvan is de spanning-rek curve van een drukproef gebruikt. Met eindige elementen (EE) 
simulaties is het voorlopig ontwerp verbeterd tot een definitief ontwerp. Uit de EE simulaties bleek dat de 
randvoorwaarden grote invloed hadden op het bezwijkgedrag van de glas-staal kolom. Bij scharnierende 
kolomuiteinden trad knik op voordat de plastische capaciteit van de staaldoorsnede was bereikt. Bij ingeklemde 
kolomuiteinden werd knik onderdrukt waardoor de plastische capaciteit kon worden benut. Daarom is bij de full-
scale experimenten gekozen voor ingeklemde kolomuiteinden. 

Het testprogramma bestond uit één glas-staal kolom die viermaal werd beproefd. Variatie zat in het aantal glazen 
ruiten. In experiment 1, waarbij de stalen kolom door vier glazen ruiten lateraal werd gesteund, werd de plastische 
capaciteit van de staaldoorsnede van 525 kN gehaald. Experiment 2, waarbij één glazen ruit was verwijderd, behaalde 
een kracht van 499 kN. De één na hoogste glijdverbinding liep vast waarna één ruit bij de bovenste glas-staal 
verbinding lokaal bezweek. Na lokaal bezwijken werd het experiment beëindigd. Bij experiment 3 werd de lokaal 
bezweken ruit uit experiment 2 verwijderd en de verwijderde ruit van experiment 2 teruggeplaatst. Ditmaal bezweek 
bij 314 kN door een onbekende oorzaak één ruit bij meerdere glas-staal verbindingen. Na bezwijken werd de 
belasting verhoogd tot 520 kN. Verder belasten was niet verantwoord. In experiment 4 werden alle glazen ruiten 
verwijderd om inzicht te krijgen in het knikgedrag van enkel de Dywidag staaf. De experimentele knikkracht van 35 
kN kwam overeen met de theoretische Eulerse knikkracht voor een kolom met ingeklemde kolomuiteinden. Hieruit 
werd geconcludeerd dat de kolomuiteinden werkelijke ingeklemde kolomuiteinden waren. 

Een EE model werd gevalideerd met de experimenten. Het gevalideerde EE model was in staat de experimentele 
kracht-verplaatsing curven met voldoende nauwkeurigheid te reproduceren. Geen goede overeenkomst werd 
gevonden tussen de experimentele hoofdspanningen in het glas. De belangrijkste reden was dat de EE 
hoofdspanningen voor het grootste deel afhankelijk waren van de gekozen elementgrootte en de gemaakte 
vereenvoudigingen voor de glas-strip verbinding. Het bezwijken van de glazen ruiten in experimenten 2 en 3 werd in 
de EE simulaties niet gevonden. 

In experimenten 1 en 3 is aangetoond dat het mogelijk is een slanke hoge sterkte staal kolom met glazen ruiten 
lateraal te steunen waardoor de plastische capaciteit van de staaldoorsnede wordt behaald. Waarschijnlijk zal een 
stalen kolom met drie glazen ruiten als laterale steun, experiment 2, eveneens de plastische capaciteit van de 
staaldoorsnede halen. Met experiment 3 is aangetoond dat een slanke stalen kolom weinig steun nodig heeft om knik 
te onderdrukken.  
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Symbols and abbreviations 

The list below gives an explanation of the symbols and abbreviations used in this graduation thesis. Each symbol or abbreviation is 
explained when it is first mentioned in the text. 

Abbreviations 

2D Two dimensional 
3D Three dimensional 
AHSS Advance High Strength Steel 
APDL ANSYS Parametric Design Language 
CH Column Horizontal 
CRT Column Rotation Top 
CS Column Strain 
CTHRB Column THRead Bottom 
CUV CUff Vertical 
CV Column Vertical 
DDWPS Digital draw wire position sensors 
EC 3 Eurocode 3/NEN-EN-1993 
EX Experiment 
FE Finite Element 
GNL Geometric Non-Linear 
GMNIA Geometrical Material Non-linear Analysis with Imperfections 
HSS High Strength Steel 
LBA Linear Buckling Analysis 
LVDT Linear Variable Displacement Transducers 
MISO Multi-linear Isotropic 
PSB Pane Strain Bottom 
PSM Pane Strain Mid height 
PST Pane Strain Top 
PV Pane Vertical 
PVB Polyvinyl Butyral 
  
Latin capital symbols 
E Young’s modulus/modulus of elasticity [N/mm²] 
I Moment of inertia [mm4] 
L Length [mm] 
Lcr Critical Euler buckling length [mm] 
Lcon  Connector length [mm] 
Lend  End length [mm] 
Lsup  Spacing for lateral support [mm] 
Ltot Total length [mm] 
N Load [kN] 
Nb,Rd  Buckling load according to EC 3 [kN] 
Ncr,E Critical Euler buckling load [kN]  
Ncr,Rd  True buckling load [kN] 
NEd Compressive load [kN] 
Npl,Rd Squash load [kN] 
Nult  Ultimate load [kN] 
Vz,max  Maximum shear load [kN] 
 

Latin lower case symbols 

c Torsional spring stiffness [kNm/rad] 
e* Predefined out-of-straightness [mm] 
fb;k Characteristic value for the fracture strength [N/mm²] 
fg;d  Design value for the inherent flexural tension strength [N/mm²] 
fu Tensile yield strength [N/mm²] 
fy Yield stress [N/mm²] 
k Longitudinal spring stiffness [N/mm] 
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tglass  Glass pane thickness [mm] 
u Axial displacement [mm] 
umax Maximum axial displacement [mm] 
w Lateral deflection [mm] 
wglass  Glass pane width [mm] 
x, y, z Directions in global Cartesian coordinate system 
 
Greek symbols 
δ Out-of-plumpness [mm] 
∆ Difference [-] 
ε Axial strain [-] 
ε0° Horizontal axial strain [-] 
ε45° Axial strain at an angle of 450 [-] 
ε90° Vertical axial strain [-] 
εeng Engineering axial strain [-] 
εln Logarithmic axial strain [-] 
εu Ultimate axial strain [-] 
η, ξ Directions in local Cartesian coordinate system 
λ Relative slenderness [-] 
ν Poisson’s ratio [-] 
σ Axial stress [N/mm²] 
σ1 Maximum principle stress (tension) [N/mm²] 
σeng Engineering stress [N/mm²] 
σtrue True/static stress [N/mm² 
σeff;d  Effective design stress or maximum principles stress [N/mm²] 
τave  Average shear stress [N/mm²] 
φ Rotation [radians] 
χ  Buckling reduction factor [-] 
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1 Preface 

Glass has always been a popular building material in architectural practice. The major function of glass panes is to provide transparency 
in the building envelope, being either in roofs or façades and at the same time offer protection against wind, rain, etc. 

In their search to design slender buildings, architects continuously look for opportunities to make designs without a preponderant presence 
of heavy structural parts. Structural steel is a material that allows slender structures. However slender structures like steel columns usually 
fail due to the loss of stability (i.e. column buckling). Unlike glass, structural steel is an elastic-plastic material where failure is 
accompanied by large strains. Due to the loss of stability this ductility will not be fully utilized. 

If a slender steel column is laterally supported by glass panes it can be possible to prevent column buckling and utilize the steel column’s 
squash load. More importantly the combination of glass panes and a slender steel column is the answer to the architect’s search. 

1.1 Motivation of this research project 
Glass is made by humans for over thousands of years. The Egyptians were probably the first ones to produce glass 
for jewellery and small vessels 3500 years ago. The use of glass as glazing in buildings started in the Roman Empire. 
During the industrial revolution the use of glass to reinforce the architectural appearance was recognized for the first 
time. The Crystal Palace and the Palm house (figure 1.1) are examples of this development. The main cast iron 
structure was laterally supported by small glass panes. 

 

Figure 1.1:  Palm house, designed by Charles Lanyon, 1840, London, United Kingdom 

In 1959 Pilkington introduced a completely new manufacturing process for producing longer glass panes with 
exceptionally good quality, better known as float glass. Due to this new manufacturing process more designs with 
glass as structural elements were used and the structural performance of glass was gradually recognized. 

Twenty one century architects want to enhance their designs with a combination of transparency and slender 
structural elements. Junya Ishigami used 305 slender steel columns in his design (figure 1.2). The floor plan is about 
2000 m² and the height about 5 m. Most of the slender columns were post-tensioned to provide lateral support. The 
glass fins are used to stabilize the glass façade out-of-plane. The columns are painted white to make their appearance 
less preponderant. 

     

Figure 1.2:  The Kanagawa Institute of Technology, designed by Junya Ishigami and Associates, 2008, Tokyo, Japan 
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In view of the architectural qualities glass can offer and the good performance that structural steel has, provided 
stability effects are suppressed, a glass-steel column can be regarded as an excellent structural element. A glass-steel 
column can be designed in many ways, but the key design feature must be preventing buckling of a slender steel 
column by lateral support of glass panes. If buckling is discussed in this study, flexural column buckling is meant.  

The potential of the glass-steel column was recognized at Eindhoven University of Technology which culminated in 
a design by Roebroek [2009]. Roebroek investigated the possibility to stabilize a slender steel column subjected to 
compression by glass panes (figure 1.3). As instability was prevented by the glass panes the steel column’s squash 
load could be fully utilized. In section 2.1 Roebroeks research project will be discussed in detail. 

Compressive load 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3:  Roebroeks glass-steel column 

Roebroek showed that it is possible to stabilize a slender steel column by glass panes. Due to the use of mild steel 
Roebroek selected a relatively large steel column’s cross-section to arrive at a reasonable failure load. Thereby 
reducing the transparency of the design. Also the horizontal steel strips connecting the glass panes to the steel 
column reduced the transparency of his design.  

There are two options to enhance the transparency without reducing the load bearing capacity of the current glass-
steel column: 

1. Activate glass panes to carry vertical loading, thereby reducing the steel column’s cross-sectional area; 

2. Use high strength steel (HSS) which has a significant higher yield stress compared to mild steel. 
 
Due to the brittle behaviour of glass, the first option was not selected to enhance the transparency of the glass-steel 
column. Due to the higher yield stress of HSS a smaller thus a more slender steel column can be used. However a 
more slender steel column results in a denser distribution of lateral supports to maintain Roebroeks failure load, 
creating a decrease in transparency. Hence an optimum balance has to be found between the number of lateral 
supports and the load bearing capacity of the current glass-steel column. 

1.2 Problem definition and objective 
This project aims at a glass-steel column for indoor practice. This study is focussed on an improved design of an 
earlier glass-steel column designed by Roebroek. It is tried to enhance the transparency, using a different glass-steel 
connection, utilize the steel column’s squash load and thereby fully suppressing column buckling. This results in the 

steel strip 
adhesive joint 

glass pane 

steel section 
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research objective which is formulated as to minimize the primary load bearing structure (i.e. the steel column) and 
utilize the steel column’s squash load by preventing column buckling where glass panes act as lateral supports. This 
objective reflects in the title of this project: a slender high strength steel column laterally supported by glass panes. 
To accomplish the objective of the current research project, full scale experiments and numerical simulations are 
carried out. The final glass-steel column design should meet the following design considerations: 

1. Structural: the glass-steel column has to resist a specified compressive load without failure; 

• Failure occurs due to yielding of the steel column’s cross-sectional area; 

• The glass panes are used to laterally support the steel column; 

• For sake of time considerations the preliminary design will be based on NEN-EN-1993 [2006], better 
known as Eurocode 3 (EC 3), instead of time consuming finite element (FE) simulations, although EC 
3 is limited to steel grade S700. 

2. Architectural: the design of the glass-steel column, especially the connections between glass panes and steel 
column, needs to have a high quality finish and needs to be a thrill to look at;  

3. Engineering: After glass pane failure, it should be possible to remove the failed glass pane without total 
failure of the glass-steel column. Also maintenance needs to be restricted to a minimum; 

4. Economic: the glass-steel column needs to have an application in real practise. The used materials have to 
be readily available and replacement parts for the glass-steel column should not have a long delivery time. 
Also efficient use of material is an important consideration in this project. 

The problem statement is formulated as follows: no design rules are available for composite glass-steel structures and 
design rules in EC 3 are only valid for steel grades up to S700. The standards for structural glass do not cover in-
plane loads and only deal with the resistance against out-of-plane loads, limitation of the out-of-plane displacements 
and additional performance requirements. 

1.3 Methodology 
The preliminary glass-steel column design is based on EC 3. Small scale tests on coupons removed from the 
Dywidag-bar are performed to obtain the material properties and to examine its buckling behaviour. These material 
properties have been used as input data for FE simulations. The preliminary glass-steel column design is then fine 
tuned with FE simulations to a refined and ultimately the final glass-steel column design. 

Due to financial reasons only one glass-steel column can be assembled. Four full scale experiments are carried out on 
that glass-steel column. Differences are made in the number of glass panes. The goal of these experiments is to 
understand the global structural response of the glass-steel column subjected to compression.  

Finally a FE model was validated against the full scale experiments. With this validated FE model a parameter study 
can be performed to improve the final glass-steel column design.  

1.4 Report structure 
Chapter 2 discusses Roebroeks glass-steel column and material studies. Chapter 3 illustrates the design philosophy of 
the current glass-steel column followed by the design process using EC 3 as a tool in the preliminary stage and FE 
simulations as fine tuner. Chapter 4 discusses the small and full scale tests. Chapter 5 explains the validated FE 
model, chapter 6 presents and overall discussion and chapter 7 ends with conclusions and recommendations for 
further research projects. 
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2 Literature 

This chapter discusses Roebroek’s glass-steel column followed by material studies about high strength steel, glass and glass connections. It is 
also the guideline for the present glass-steel column as discussed in chapter 3. 

2.1 Roebroek’s glass-steel column 

2.1.1 Introduction 

A slender steel column subjected to compression usually fails due to the loss of stability (i.e. column buckling) before 
reaching the steel column’s squash load. The failure load of the steel column can be increased by adding lateral 
support. If sufficient lateral support is present the failure load is governed by the steel column’s squash load. The 
number of lateral support depends on properties of the steel column such as yield stress, minor moment of inertia, 
eccentricities, etcetera.  

Roebroek’s goal was to show that it is possible to provide lateral support to a steel column by means of glass panes 
to increase the failure load of a similar steel column with no lateral support. Lateral support was not directly 
provided by the glass panes but by steel strips connecting the glass panes to the steel column. The spacing of these 
steel strips determines the number of lateral support (figure 2.2). His design is presented by figure 1.3. 

2.1.2 Design 

A laterally non-supported column fails at a certain compression: the buckling load. Successively adding lateral 
support (i.e. buckling support), the buckling load increases up to a point where failure due to the loss of stability no 
longer occurs. Now the steel column’s squash load can be fully utilized. As the lateral support prevents column 
buckling they are under horizontal thrust. In Roebroek’s design there were three lateral supports on each side of the 
steel column. The horizontal thrust was transferred as a shear force to the adhesive joint (marked part on the steel 
strip in figure 2.1) and glass panes. 

 

Figure 2.1:  Adhesive joint (coloured part on the steel strip that is being attached) 

Roebroek developed a glass-steel column with a total height of 3600 mm. He suggested a design load of 550 kN. 
Steel grade S235 was selected for the steel column which has a nominal yield stress of 235 N/mm². A steel column’s 
cross-sectional area of 50 mm x 50 mm, resulting in a squash load of 588 kN, was chosen to resist the design load. A 
predefined out-of-straightness (e*) of 16 mm was applied to simulate failure behaviour according to buckling curve c 
(solid cross-section) as found in the Dutch standard NEN6771 [2000] and EC 3. According to the NEN6771 a pin-
ended steel column with the above mentioned properties can resist a compressive load of 70 kN. To resist the design 
load of 550 kN lateral support was added with a spacing of 900 mm (figure 2.2). 

2.1.3 Experiments 

Roebroek’s full-scale experiments were carried out on a pin-ended steel column and the previously named properties. 
Three different glass-steel columns were tested. The width of the glass panes and e* were varied in the test program 
to investigate their sensitivity on the failure load. Single sheets of annealed float glass with a width of 350 mm or 550 
mm were used at the tests. To be sure glass pane failure would not occur a thickness of 19 mm was chosen. An e* of 
16 mm was achieved in a three point bending test and a first Euler buckling mode was assumed to be present. Table 
2.1 and figure 2.2 presents Roebroek’s full scale experiments that were carried out on a steel column that was laterally 
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supported by glass panes in only one direction. In the other three directions buckling of the steel column was 
prevented similarly in essence but with alternative supports modelled in the test setup. That resulted in a significant 
reduction in cost, time and size of the test setup. 

Table 2.1: Roebroek’s full-scale experiments 

Experiment Glass pane width Steel column’s out-of-straightness (e*) Failure load 

1 550 mm Applied, 16 mm 660 kN 

2 550 mm As delivered, 2 mm 699 kN 

3 350 mm Applied, 16 mm 480 kN 

 

 

Figure 2.2:  Schematic representation of Roebroek’s experiments 

2.1.4 Experimental results 

In experiments 1 and 2 the steel column was supported by glass panes with a width of 500 mm. The steel column 
buckled between the lateral supports (two arrows in figure 2.3). The glass panes were still intact. In experiment 3 the 
glass pane width was lowered to 350 mm. Due to abrupt breakage of all glass panes the steel column buckled over 
the entire height (figure 2.4). 

 

Figure 2.3:  Top view taken from failed column in experiment 1 

 

Figure 2.4:  Front view taken from failed column and glass panes in experiment 3 
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When comparing experiments 1 and 2 (table 2.1) it can be concluded that the e* of 16 mm has only slightly influence 
on the failure load. Both experiments have a higher failure load than the design load of 550 kN and the squash load 
of 588 kN. Roebroek concluded, that this higher failure load was most likely caused by the conservative approach in 
buckling curves (e.g. partial safety factors, large spread in test results), as well as by a higher yield stress than 235 
N/mm² and a smaller effective length due to end restraint of the steel column at the locations of lateral support. 

2.1.5 Drawbacks, conclusions and recommendations 

Roebroek showed that glass panes are able to provide lateral support to increase the failure load of a pin-ended steel 
column. It was even possible to reach the steel column’s squash load given that the glass pane width is sufficient. In 
experiment 3 the whole glass pane broke into large sharp shards which resulted in a total loss of lateral support for 
the steel column. For safety and to have load bearing capacity after glass failure, laminated glass should be used. 
Broken glass shards are hold together by an interlayer remaining a load bearing capacity. The glass-steel connection 
was a more or less rigid connection. Therefore the glass panes were activated to carry part of the compressive load. 
Due to the fact that mild steel S235 with a nominal yield stress of 235 N/mm² was used for the column, a substantial 
use of steel was required to arrive at the design load of 550 kN. This and the glass-steel connection reduced the 
transparency of the column.  

Roebroek’s tests were more or less performed on two dimensional (2D) glass-steel columns. He recommended that 
three dimensional (3D) test setups and FE models for a better representation of the geometry should be used. He 
also recommended incorporating all kinds of imperfections more accurately and, if necessary, investigating out-of- 
plane action. Moreover, a 3D test would allow for modelling the complete geometry of the glass-steel column in 
which the steel column is laterally supported by glass panes in each orthogonal direction.  

2.2 High strength steel 

2.2.1 Introduction 

One of Roebroek’s drawbacks was the substantial use of steel which reduced the transparency of glass-steel column. 
To reduce the steel column’s cross-sectional area advanced high strength steel (AHSS) has been adopted. AHSS has 
one of the largest yield stresses in steel grades. In the production process of HSS/AHSS it is rolled, tempered and 
cooled down very rapidly. Then it is cold formed (i.e. strengthened by stretching) and tempered again. This last step 
is called bake hardening. The critical step in producing HSS/AHSS is rapid cooling and should be done accurate. It is 
difficult to control this cooling process for thicker geometries. Therefore AHSS products have a limited thickness up 
to 150 mm. Detailed information about HSS/AHSS can be found in literature like AHSS [2006]. 

2.2.2 Dywidag-bars 

Dywidag is specialized in pre- and post-stressed systems. Their best steel grade has a nominal yield stress of 950 
N/mm². Dywidag uses a similar production process as HSS/AHSS [DIBt, 2009]. Their bars are available in threaded 
and non-threaded finishes. Some nominal properties of relevant Dywidag-bars are presented in table 2.2.  

Table 2.2: Overview of some nominal properties of relevant Dywidag-bars 

Diameter Cross-section Yield stress Squash load 

26.5 mm 552 mm² 950 N/mm² 524 kN 

32.0 mm 804 mm² 950 N/mm² 764 kN 

 

2.2.3 Design rules 

The purpose of standards is to guarantee safety and serviceability of structural elements and buildings by means of 
design rules. Structural steel is covered in EC 3. The design rules are applicable for steel grades from S235 up to 
S700. When structural steel is cold formed at ambient temperature it undergoes changes in material properties. It 
loses a significant amount of its ductility. Therefore HSS/AHSS grades show less ductility than mild steel grades 
[Sedlacek et al., 2002]. If high local ductility demands from the structural detailing have to be fulfilled from the 
material, HSS/AHSS are considered to be more sensitive than ordinary steels. Numerous studies of the effect of 
buckling on structures of HSS/AHSS have been performed [Grotmann et al. 1994 and Beg et al. 1995]. These 
studies show that HSS/AHSS performs better than ordinary steel or at least not worse. The reason for this better 
behaviour is a smaller influence on imperfections due to the high ratio of yield stress and residual stress [Johansson 
et al. 2005]. Therefore EC 3 has been adopted as tool in the preliminary stage of the glass-steel column design. 
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2.2.4 Differences in material properties caused by production processes 

Depending on the production process of (A)HSS the yield stress can vary between tension and compression, named 
Bauschinger effect. Dywidag-bars are cold formed (section 2.2.2) and it is most likely that the yield stress will vary in 
the direction of loading. The influence of the Bauschinger effect was tested and discussed in section 4.2. 

2.3 Structural Glass 

2.3.1 Introduction 

Due to its transparency and smooth surface glass is a material that is cherished by architects. Soda lime silica glass is 
commonly used in buildings and for structural requirements. The theoretical tensile strength of glass is exceptionally 
high and may reach up to 10000 N/mm². The compressive strength is even higher. However these high values are of 
no practical relevance for structural applications. The actual tensile strength, the relevant property for engineering, is 
much lower. The reason is that the surface of glass panes contains a large number of mechanical flaws of varying 
severity which are not always visible to the naked eye [Haldimann, 2006]. 

2.3.2 Mechanical properties 

As with all brittle materials, the tensile strength of glass depends on these surface flaws. Moreover, glass does not 
posses a plastic behaviour like structural steel. Failure of glass is featured by limited deformations as the material 
cannot sustain large strains. In a loading-unloading cycle glass will return to its original state, no permanent 
deformations are present. The stress-strain curve is a linear elastic curve up to fracture. The safety concept for glass 
is based on laminated glass (with residual capacity) and/or overestimated dimensions. Linqvist et al. [2012] have 
done research projects on edge strengthening of structural glass with protective coatings. However applying these 
coatings needs special facilities and does not fulfil the commercial requirement discussed in section 1.2. Therefore 
these coatings are not further discussed in this project. 

In the literature the Young’s modulus for soda lime silica glass varies between 70000 and 74000 N/mm². The 
variation depends on glass compounding and temperature [Luible, 2004]. A value of 70000 N/mm² is prescribed by 
many standards. A Poisson’s ratio of 0.23 is used in many research projects. Table 2.3 presents an overview of 
relevant mechanical properties for soda lime silica glass as used in the current study. 

Table 2.3: Relevant mechanical properties of soda lime silica glass 

Properties Values  

Density 2500 kg/m³ 

Young’s modulus 70000 N/mm² 

Poisson’s ratio 0.23 [-] 

 

2.3.3 Glass types 

Several soda lime silica finishes are available for (structural) glass requirements, namely annealed, heat strengthened 
and fully tempered float glass. Annealed float glass can be pre-stressed by thermal or chemical treatments. The 
intention of pre-stressing is to introduce a compressive zone into the glass surface to suppress mechanical surface 
flaws (figure 2.5). 

 

Figure 2.5:  Stress distribution in (left to right): annealed, heat strengthened and fully tempered float glass 

Although pre-stressing may seem advantageous, it has a negative effect on the failure behaviour of a glass pane. Fully 
tempered float glass instantly breaks over the entire area, in a formation of many small less sharp glass particles than 
annealed float glass, when a crack propagates into the tensile zone. This is caused by rapid strain release. Heat 
strengthened float glass panes brakes in larger sharper glass shards over a local part of the entire area. [SEI, 2004]. 
Figure 2.6 presents an overview of different crack patterns [Haldimann, 2006]. 
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Figure 2.6:  Fracture patterns of (left to right): annealed, heat strengthened and fully tempered float glass 

Glass is susceptible to stress corrosion caused by water in ambient environment, called static fatigue, and fails in time 
when subjected to long-term tension. Therefore the glass strength is not a material property and has no explicit 
value, but strongly depends on the condition of the glass surface and the load duration [Wiederhorn et al. 1970]. 
Moreover the strength of glass depends on the glass type. Table 2.4 presents the nominal values for the flexural 
tension strength, fb,k, for out-of-plane loads [prEN 13474-2, 2000]. 

Table 2.4: Overview of the nominal values for the flexural tension strength 

Glass type fb,k
 [N/mm²] 

Annealed float glass 45 

Heat strengthened glass 70 

Fully tempered glass 120 – 150 

 

2.3.4 Laminated glass 

Laminated glass is made with two or more sheets of annealed, heat strengthened and/or fully tempered float glass,  
bonded mostly with polyvinyl butyral (PVB) interlayer (figure 2.7). Broken glass shards will stick to the interlayer 
remaining a load carrying capacity since these shards can still transfer compression due to an interlocking effect 
[Louter, 2007]. Large shards, which occur upon failure of annealed float glass, offer the highest capacity for 
interlocking.  

 

Figure 2.7:  Typical laminated glass cross-section 

2.4 Glass connections 
To connect glass to glass or other materials, several connections are possible. Veer et al. [2005] has given the 
following possibilities: 

• Mechanical joining: drilling holes in glass panes and using bolts to join two or more materials;  

• Chemical joining by adhesives: bonding two or more materials with adhesive or resin; 

• Chemical joining by soldering: connecting glass to metal (stained glass); 

• Physical joining by welding: using liquid (i.e. melded) glass to make a connection 
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Veers conclusion was that the best joining technique for glass is chemical joining by adhesives. This was also used by 
Roebroek (section 2.1.2) Adhesives do not introduce peak stresses, are suitable for small and large areas and there is 
no need for drilling holes in glass panes.  

Huveners [2009] examined three configurations of a circumferentially adhesive bonded annealed float glass pane for 
bracing a steel frame in façades. In two configurations he used epoxy adhesive (3M Scotch-Welt 9323 B/A). 
Huveners concluded that the epoxy adhesive remained intact and resists shocks of cracking glass panes. Even more 
the adhesive is capable of redistributing the in-plane stresses. 

Roebroek used the same epoxy adhesive as Huveners. Roebroek’s glass-steel connection is schematically presented 
by figure 2.10. The result was a stiff connection that was able to minimize deformation, thus eccentricities caused by 
lateral deformation of the steel column and eliminating stress concentrations higher than the tensile strength of the 
glass panes in the adhesive zone. 

 

Figure 2.8:  Cross-section and front view of Roebroek’s adhesive bonded joint 
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3 Design of  the glass-steel column 

The current glass-steel column design is somewhat identical to Roebroek’s glass-steel column, with the improvement that the steel column 
has a smaller cross-sectional area and a higher steel grade. In order to maintain equal performance, the design load as proposed by 
Roebroek was selected as guideline.  

EC 3 has been used as tool in the preliminary stage of the glass-steel column design. This preliminary design was simulated in FE 
software. Sensitivity analyses have been carried out to improve the preliminary design to a refined and ultimately the final glass-steel 
column design. 

3.1 Introduction 
As discussed in section 2.1.1 the failure load of a column can be increased by adding lateral support. The maximum 
spacing for lateral support to exclude instability can been determined by FE simulations or by using design rules in 
EC 3. Due to time considerations the latter was used for the preliminary glass-steel column design. Roebroek’s 
design load of 550 kN has been used as guideline for this preliminary design. The FE software ANSYS V11.0 has 
been employed for 3D sensitivity analyses to refine the preliminary glass-steel column. Two types of FE analyses 
were carried out to refine the preliminary glass-steel column design: 

• Linear buckling analysis (LBA): The influence on the ultimate load of changing parameters in the 
preliminary glass-steel column design was investigated by means of LBA. The resulting linear buckling load, 
also known as eigenvalue or critical Euler buckling load (Ncr,E), served as preliminary indicator for the 
ultimate load; 

• Geometrical material non-linear analysis with imperfections (GMNIA): Glass fails when principle stresses 
reach a critical value. To examine principle stresses, GMNIA have been carried out. This analysis has also 
been adopted to simulate glass pane failure scenarios and for computing the maximum shear load at the 
lateral support to determine the adhesive joint.  

3.2 Preliminary glass-steel column design 

3.2.1 Design philosophy 

The glass-steel column’s design philosophy is based on maximizing the transparency and utilizing the steel column’s 
squash load. Stability for simple free standing steel columns is tested by a unity check in EC 3. The compressive load 
(NEd) should be equal to or less than the buckling load (Nb,Rd) and is given by: 
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The influence of the spacing for lateral support (Lsup) on the buckling load is reflected by the Euler buckling length 
(Lcr) which is only known for special cases like the Euler Column. Adding more lateral supports will reduce Lcr and 
hence an increase in χ. The maximum permissible spacing is found when the accompanying value for Lcr results in a 
value of χ = 1.0 and thus Nb,Rd = Npl,Rd. For the preliminary glass-steel column design it is assumed that Lcr is equal 
to Lsup. 

3.2.2 Spacing for lateral support 

Although Roebroek was able to perform successful tests on glass-steel columns, his design possessed some 
drawbacks. One of them was the use of mild steel S235 which resulted in a substantial use of steel in order to arrive 
at the design load of 550 kN. This in turn reduced the transparency of his design. In order to have a more 
transparent column, but at the same time maintain a reasonable load bearing capacity, the yield stress of the steel 
column must be increased. In the current study a Dywidag-bar with a diameter of 32 mm and a length of 3600 mm 
was selected for the steel column. The selected Dywidag-bar, the steel column, had a higher yield stress than mild 
steel S235 and was therefore substantially thinner compare to Roebroek’s 50 mm x 50 mm steel column, creating a 
substantial increase in transparency. When the current steel column is compared with Roebroek’s steel column, and 
keeping the spacing for lateral support fixed, it can be seen that Roebroek’s steel column is stockier. Hence replacing 
Roebroek’s steel column by the current steel column and maintaining a reasonable load bearing capacity a more 
dense distribution of lateral supports is required. In EC 3 instability is prevented when λ is smaller than or equal to 
0.2 (equation 2). If Npl,Rd of the current steel column should be fully utilized, any instability effect should be 
suppressed. According to equations 1 to 5 this will be at Lcr = 73 mm and thus Nb,Rd = Npl,Rd = 764 kN. Roebroek’s 
largest failure load was 699 kN (table 2.1). 

Small scale material tests performed on coupons taken from the current column (discussed in section 4.2) revealed 
that the material displayed different yield stress under compression and tension (650 N/mm² respectively 975 
N/mm²). The production process of the steel column was the cause of this (Bauschinger effect section 2.2.4). The 
glass-steel column will be subjected to compression thus the specified Npl,Rd of 764 kN could not be reached, even 
when sufficient lateral supports were present. Computing the yield stress under compression and equations 1 to 5 
results in a Lcr of 95 mm (fully suppressing buckling) and a Nb,Rd = Npl,Rd = 523 kN. This is significant lower than 
Roebroek’s largest failure load, but it is in same range as 550 kN used as guidance. A higher Npl,Rd could be reached 
by increasing the steel column’s cross-sectional area, but this resulted in a less transparent design and was therefore 
not further discussed in this project. An overview of some Lcr, with corresponding parameters λ and χ and Nb,Rd are 
presented in table 3.1. 

Table 3.1: Buckling length, relative slenderness, reduction factor and buckling load according to EC 3 

Lcr [mm] λ [-] χ [-] Nb,Rd [kN] 

95 0.2 1.00 523 

185 0.4 0.90 470 

280 0.6 0.78 410 

370 0.8 0.66 347 

3600 7.8 0.02 8 

 

Roebroek already mentioned (section 2.1.4) that Nb,Rd presented by EC 3 is a conservative assumption. The real 
buckling load will be higher. Therefore an Lcr of 150 mm will be used for the preliminary design resulting in an Nb,Rd 
of 490 kN. 

3.2.3 Connection between the steel column and lateral support 

As mentioned in section 1.2 the glass panes in the current design will only be used as lateral support. An external 
stainless steel element, named a cuff, was introduced. The top cuff was fixed to the steel column and all other cuffs 
could glide freely. This allowed differences in axial movement between cuff and steel column, excluding the glass 
panes from participation in sustaining vertical load. To minimize friction in the gliding cuffs, a non-threaded steel 
column with threaded end parts was used. An impression of the cuff assembly is presented by figure 3.1. 
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Figure 3.1:  Impression of the cuff assembly 

3.2.4 Glass-cuff connection and adhesive bonded joint 

Due to high slenderness of the current steel column horizontal deflection is possible by hand. Therefore no 
adjustment possibilities were required. 

One of the engineering’s design considerations (section 1.2) was to remove a broken glass pane without total failure 
of the glass-steel column. The steel-cuff assembly presented by figure 3.1 and a glass-cuff connection with a 
mechanical joint (i.e. a bolted connection) presented by the cross-sections in figure 3.2 allowed such a replacement. 
Each stainless steel cuff connected two glass panes, except the top and bottom cuff. These two cuffs connected all 
four glass panes. Each cuff rotated 180 degrees with respect to the previous one. 

The same epoxy adhesive as used by Roebroek and tested by Huveners [2009] has been used in the current design 
(3M Scotch-Welt 9323 B/A). Huveners gave an average shear stress (τave) of 24.4 N/mm². The height of all cuffs was 
30 mm which resulted in an adhesive bonded joint area of 2 x 1050 mm² (i.e. 35 mm x 30 mm) and an average shear 
load capacity of 50.4 kN. As this project aims at a glass-steel column for indoor practise the environmental 
influences were not discussed. 

Compression 
 

 
fixed cuff with 4 strips 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
gliding cuffs with 2 strips 

 
 
 
 
 
 
 
 
 
 
 

 
 
gliding cuff with 4 strips 
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Figure 3.2:  Cross-section of the glass-cuff connections 

3.2.5 End connection 

Dywidag offered standard coupling connectors for their 32 mm bar. It was 110 mm long (55 mm in each bar) and 
had a diameter of 60 mm. This connector was used to make end connections for the steel column.  

3.3 Refined glass-steel column design 
FE analyses have been carried out to fine tune the previously discussed preliminary design. This preliminary design is 
presented by figure 3.3. In each series of analyses one or a set of related parameter were varied. The varied 
parameters were Lsup (Lcr in section 3.2.2) the end lengths (Lend) the connector length (Lcon) the glass pane width 
(wglass) and the glass pane thickness (tglass). The total height (Ltot) was kept constant at 3600 mm. To examine the 
influence of the boundary conditions on the ultimate load, two pinned or two clamped supports were used in the 
analyses. 

         

Figure 3.3:  Preliminary glass-steel column design 
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3.3.1 Material law 

The material law for the refined steel column design was adopted from a small scale buckling test specimen 3 
(section 4.2.3) and idealized by three stress-strain points presented by figure 3.4. This idealisation resulted in a 
Young’s modulus of 217000 N/mm² and Npl,Rd of 523 kN. 
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Figure 3.4:  Bilinear stress-strain relationship 

3.3.2 Linear buckling analyses 

LBA were carried out to examine structural response to variations in the parameters Lsup, Lend, Lcon and wglass. A LBA 
saves significant computational time compared to a GMNIA. It was assumed that the observed influences on the 
eigenvalue would be similar on the ultimate load found in a GMNIA. The number of elements used for the glass-
steel column where not varied in the eigenvalue analyses (figure 3.5). Detailed FE information will be discussed in 
chapter 5. 

• 10 elements for the steel column between each lateral support; 

• 10 elements for the glass pane width (the height was automatically generated to created square elements); 

• 5 elements for the stainless steel strip (stainless steel cuff). Gliding was modelled by coupled nodes. 

           

Figure 3.5:  Element overview for FE analyses 
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3.3.2.1 Spacing for lateral support 

In these series of analyses the varied parameter was Lsup. The parameters wglass and tglass were kept constant at 600 
mm and 20 mm respectively. Lcon was not present in the analyses. An overview of Lsup with the corresponding Ncr,E 
and Lcr is presented in table 3.2. Lcr has been adopted from equation:  
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Table 3.2 shows that Lsup and Lcr were not equal as assumed in the preliminary design (section 3.2.2). In figure 3.6 a 
normalized graph is plotted from Ncr,E. LBA was only carried out for six different values of Lsup. Therefore the 
plotted values in the normalized graph were not connected by a continues line. 

Table 3.2: Varied parameter Lsup with corresponding Ncr,E and Lcr 
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Figure 3.6:  Normalized graph for variations to Lsup 

3.3.2.2 Column end length 

The column end length could not be varied randomly as it was related to Lsup. This relation can be given by: 

Ltot = 2Lend + nLsup with n = 1, 2, 3, …           (7) 

The (varied) parameters and Ncr,E are presented in table 3.3. The normalized graph is presented by figure 3.7. 

Table 3.3: (Varied) parameters with corresponding Ncr,E  

Lsup [mm] Ncr,E,pinned [kN] Lcr,pinned [mm] Ncr,E,clamped [kN] Lcr,clamped [mm] 

50 16100 85 17600 81 

100 7580 124 8330 118 

150 4030 170 4500 169 

200 2350 223 2440 219 

300 1120 323 1180 315 

450 520 474 555 459 

Lsup [mm] Lend [mm] Lcon [mm] wglass [mm] tglass [mm] Ncr,E,pinned [kN] Ncr,E,clamped [kN] 

150 0 4030 4500 

146 50 2230 4310 

142 100 1110 3700 

150 150 616 2260 

145 200 

- 600 20 

410 1560 
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Figure 3.7:  Normalized graph for variations to Lend 

When Lend exceeded a certain value, the column buckled at both end lengths. An overview of some buckling modes 
is presented in table 3.4. The glass panes and stainless steel strips are left out for clarity. 

Table 3.4: Buckling modes of two designs variations in column end lengths 

 

 

 

 

 

 

 

 

 

 

 
3.3.2.3 Connector length 

To avoid glass-floor and/or glass-ceiling contact, which results in stress concentrations in the glass panes, a 
minimum Lend was implemented. A connector was used to make end connections (section 3.2.5). Lcon could not be 
varied randomly as it was related to Lend and thus Lsup. The (varied) parameters and Ncr,E are presented in table 3.5. 

Table 3.5: Varied parameters Lsup, Lend and Lcon with corresponding Ncr,E  

 
Unlike the pin-ended column, the clamp-ended column did not buckle at both end lengths. This was caused by 
adding the connectors. Table 3.6 presents an overview of some buckling modes.  

 Pinned supports Clamped supports 

Lsup = 146 mm,  Lend = 50 mm 

 

  

Lsup = 142 mm,  Lend = 100 mm 

  

Lsup [mm] Lend [mm] Lcon [mm] wglass [mm] tglass [mm] Ncr,E,pinned [kN] Ncr,E,clamped [kN] 

142 100 55 1190 4550 

150 150 110 
600 20 

760 4100 
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3.3.2.4 Glass pane width 

Several wglass have been analyzed to examine the influence on Ncr,E. Values for lsup, lend and lcon were adopted from the 
first analysis in section 3.3.2.3 and together with variations in wglass and corresponding Ncr,E presented in table 3.7. 
The normalized graph is presented by figure 3.8. 

Table 3.7:  Parameters Lsup, Lend and Lcon with varied parameter wglass and corresponding Ncr,E 
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N

N
  

 

 

 

 

Figure 3.8:  Normalized graph for variations to wglass 

The normalized graph in figure 3.8 clearly shows that a glass pane width exceeding 300 mm contributed little to 
increase Ncr,E. If wglass was less than 300 mm, the clamp-ended column buckled at both end lengths. All other 
configurations of the clamp-ended column buckled between the lateral supports. 

 Pinned supports Clamped supports 

Lsup = 142 mm,  Lend = 100 mm and  Lcon = 55 mm 

  

Lsup = 150 mm, Lend = 150 mm and  Lcon = 110 mm 

  

Lsup [mm] Lend [mm] Lcon [mm] wglass [mm] tglass [mm] Ncr,E,pinned [kN] Ncr,E,clamped [kN] 

100 187 319 

200 948 1690 

300 1120 4280 

400 1160 4420 

500 1150 4500 

142 100 55 

600 

20 

1190 4550 
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3.3.3 Geometrical material non-linear analyses with imperfections 

The glass-steel column used in GMNIA is presented by figure 3.9. Parameters Lsup, Lend and Lcon were adopted from 
table 3.7. The number of elements was equal to LBA (section 3.3.2). Roebroek introduced an e* of 16 mm to 
replicate column buckling according to buckling curve c (section 2.1.2). If similar column buckling should be 
replicated in the current design this e* should be 27 mm. However 27 mm could not be controlled by glass panes 
perpendicularly to e* nor 16 mm. Moreover column buckling according to the buckling curve c was not an objective 
in the current study. Therefore a styled e* of ltot/1000 (i.e. 3.6 mm) was used in the x-direction. The e* in the z-
direction was 0.0 mm. It was assumed that the styled e* was the maximum amplitude of the first Euler buckling 
mode of a pin-ended column. The top of the steel column was loaded by a displacement (u).  

 

Figure 3.9:  Glass-steel column used in the GMNIA 

An overview of the glass pane dimensions, the maximum applied load (i.e. displacement umax) the ultimate 
concentrated load (Nult) the maximum shear load at the lateral support (Vz,max) and the largest principal stresses (σ1 
(tension)) are presented in table 3.8. The largest principle stress concentrations were found at the top and bottom 
glass-cuff connections.  

Table 3.8: GMNIA results of variations in wglass and tglass 

Pinned supports Clamped supports 
wglass 

[mm] 

tglass 

[mm] 
umax 

[mm] 

Nult 

[kN] 

Vz,max 

[kN] 

σ1 

[N/mm²] 

umax 

[mm] 

Nult 

[kN] 

Vz,max 

[kN] 

σ1 

[N/mm²] 

200 10 7 327 5.0 27.9 14 553 5.8 51.3 

200 20 10 469 4.0 9.7 24 589 9.3 26.7 

300 10 10 470 4.5 17.2 24 590 10.8 21.2 

300 20 10 470 2.9 4.6 24 590 11.6 9.6 

400 10 10 470 3.1 7.2 24 591 7.9 16.1 

400 20 10 470 2.6 3.6 24 591 11.6 9.0 

500 10 10 470 2.9 5.9 24 591 11.1 17.6 

500 20 10 470 2.6 3.1 24 592 11.5 8.4 
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For the pin-ended column glass pane dimensions of 200 mm x 20 mm or wider/thicker did not increase Nult. The 
Nult of 470 kN was similar to the linear elastic load of 458 kN found with a ∆L of 10 mm in Hooke’s law (equation 
8). Comparing the clamped supported model with the pinned supported column it can clearly be seen that umax is a 
factor 2.4 higher and Nult is a factor 1.25 higher. Except for glass panes 200 mm x 10 mm. 

EA

NL
L

tot
=∆ or 

tot
L

LEA
N
∆
=              (8) 

The load-displacement curves of the smallest/thinnest and widest/thickest used glass panes for the pin-ended glass-
steel column are presented by the left graph in figure 3.10.  The failure behaviour in all GMNIA was local column 
buckling prior to yielding of the steel column’s cross-sectional area (i.e. squash load). Computing the stiffness from 
the elastic load-displacement curve of glass pane 500 x 20 results in an elastic stiffness of approximately 47000 
N/mm², which is similar to the theoretical stiffness of approximately 48400 N/mm² (equation 9). 

tot
L

EA
k =                (9) 

At the right graph in figure 3.10 the load-displacement curves are presented for the smallest/thinnest and 
widest/thickest used glass panes for the clamp-ended glass-steel column. The failure behaviour of the analysis with 
glass panes 200 mm x 10 mm was local column buckling prior to yielding of the steel column’s cross-sectional area. 
In all other analyses the steel column’s squash load was reached. Computing the stiffness from the elastic branch of 
the load-displacement curve of glass pane 500 x 20 results in an elastic stiffness of approximately 47500 N/mm², 
which is similar to the theoretical stiffness. 
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Figure 3.10:  Load-displacement curves pin-ended glass-steel column (left) and clamp-ended glass-steel column (right) 

3.4 Final glass-steel column design 
The final glass-steel column design was based on the previous discussed refined glass-steel column design. It was 
assumed that glass panes 400 mm x 10 mm (width x thickness) gave the best results in stiffness, Nult and, most 
importantly, transparency. The final design is presented by figure 3.11 and table 3.9. 

Table 3.9: Parameters for the final glass-steel column 

 

 
Ltot [mm] Lsup [mm] Lend [mm] Lcon [mm] wglass [mm] tglass [mm] 

3600 142 100 55 400 10 
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Figure 3.11:  Final glass-steel column design 

3.4.1 Residual capacity after glass panes failure 

To fulfil the engineering’s design consideration (section 1.2), three types of glass-pane failure scenarios, with respect 
to the fully intact glass-steel column, have been simulated and presented by figure 3.12. These types were: 

• A glass-steel column with one left out glass pane (a); 

• A glass-steel column with two left out glass panes next to each other (b); 

• A glass-steel column with two left out glass panes facing each other (c). 

At the start of each analysis one or more glass panes were left out. All simulations have been performed in a 
GMNIA and the number of elements was equal to LBA (section 3.3.2). 

 

Figure 3.12:  Glass pane failure scenarios (left to right): scenario a, b and c 

Table 3.10 presents the results from the fully intact glass-steel column and glass pane failure scenarios. Nult for the 
pin-ended glass-steel column was not affected by one left out glass pane. Leaving two glass panes out, provided that 
the glass panes are not facing each other, lowered the Nult by 40 % with respect to the fully intact glass-steel column. 
By leaving one or two glass panes, not facing each other, out at the clamp-ended glass-steel column Nult lowered by 
approximately 10 %.  
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Table 3.10: GMNIA results for glass pane failure scenarios 

 

3.5 Summary and conclusions 
As discussed in section 1.2, the current design had to satisfy four design considerations. These considerations were 
reflected to the final glass-steel column. 

3.5.1 Structural design consideration 

The preliminary glass-steel column design has been fine tuned with FE sensitivity analyses. These analyses revealed 
that the end supports greatly influence the failure behaviour of the glass-steel column. A pin-ended column buckled 
at the end supports before the steel column’s squash load could be reached. Clamped supports fully suppressed 
column buckling. Therefore in the full scale experiments clamped supports were used. 

Simulating glass pane failure showed that for the clamped supported glass-steel column Nult decreased by 
approximately 10 % when two glass panes were left out. Due to this low decrease in Nult and due to not modelling 
any residual capacity after glass pane failure (section 1.2) a single sheet of glass was used for the full scale 
experiments (section 4.3). A benefit of using single sheets of glass was more accuracy (no PVB) in the glass-cuff 
connection and faster delivery from the glass manufacture. The largest principal stress in scenario b was 25.5 
N/mm². To be sure glass pane failure will not occur during the experiments, heat strengthened float glass with an fb;k 
of 70 N/mm² (table 2.4) was used.  

A maximum shear load of 7.9 kN was found in the glass pane failure scenarios (table 3.10, ignoring scenario c). This 
is 16 % of the adhesive’s shear load capacity discussed in section 3.2.4. 

3.5.2 Architectural design consideration 

The adhesive bonded joint at the glass-steel connection was covered by double stainless steel strips (figure 3.2). Thus 
it should not be visible to the public. 

3.5.3 Engineering’s design consideration 

The mechanical glass-cuff connection (figure 3.2) made it possible to remove a failed glass pane without losing lateral 
support of another glass pane. Scenarios of left out glass panes have been discussed in the structural consideration 
(section 3.5.1).  

Except for the steel column and end connectors, all steel parts were made out of stainless steel. Stainless steel 
contains more chrome than structural steel and therefore it does not corrode (rust) thus it reduces maintenance cost. 
Maintenance of the steel column inside the stainless steel cuff will be difficult as one can not reach between the 
stainless cuff and steel column. 

The glass pane dimensions for the full scale experiments were 3430 mm x 400 mm x 10 mm (height x width x 
thickness). This resulted in a glass pane weight of 34 kg which could be lifted by two men or a small crane. 

3.5.4 Economic design consideration 

All parts used for in final glass-steel column design were readily available. Due to custom made parts, like the 
threaded end parts on the steel column and the heat strengthened float glass panes, there were some extra days for 
delivery. 

 

Pinned supports Clamped supports 

Failure scenario umax 

[mm] 

Nult 

[kN] 

Vz,max 

[kN] 

σ1 

[N/mm²] 

umax 

[mm] 

Nult 

[kN] 

Vz,max 

[kN] 

σ1 

[N/mm²] 

Fully intact 10 470 3.1 7.2 24 591 7.9 16.1 

Scenario a 10 470 3.1 7.5 17 551 3.4 25.5 

Scenario b 6 281 1.4 6.2 12 530 3.4 8.4 

Scenario c 4 11 328 21.1 4 42 901 38.5 
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4 Experiments 

Since experiments are often expensive and time consuming, it is the intention to perform a limited number of tests, validating a FE model 
and subsequently use the validated FE model to investigate glass-steel columns outside the scope of the experimental program. 

Experiments were carried out at the Pieter van Musschenbroek laboratory at Eindhoven University of Technology. Prior to the full scale 
experiments small scale material and small scale buckling tests on coupons taken from one steel column have been carried out. The goal of 
these small scale experiments was to understand the local structural response of the steel column and to obtain material properties used as 
input data for FE simulations. Four full scale experiments have been carried out to understand the global structural response of the glass-
steel column. Data adapted from the full scale experiments was used to validate a FE model which is discussed in chapter 5.  

4.1 Motivation 
To understand the structural response of the glass-steel column several approaches can be used: analytical, numerical 
and experimental. The latter is a time consuming and expensive approach, but reveals much more valuable 
information than the other two approaches. There is slightly to no information available about composite glass-steel 
structures thus the structural response of the current glass-steel column has to be covered by experiments. Due to 
high costs of experiments only one glass-steel column has been assembled and tested with different layouts. 

4.2 Small scale tests 
The glass-steel column in the current design was subjected to a compressive load. Due to the production process of 
the steel column, the Bauschinger effect will most likely be present in the yield stress in the direction of loading 
(section 2.2.2 and 2.2.4). To determine the influence, small scale compression and tensile tests have been carried out. 
In addition to the compression and tensile tests, small scale buckling tests have been carried out. All test specimens 
were taken from the same steel column.  

4.2.1 Compression tests 

There are no codes available for compression test on steel specimens. Ziemian [2010] recommended a setup for 
compression testing of metals, which was adopted for the compression tests. Each specimen had two electrical strain 
gauges. They were placed opposite from each other at mid height of the specimen to average influence of bending. 
Before applying the electrical strain gauges, the specimens were cleaned to remove the steels oxide layer (i.e. rust) and 
mill scale (flaky surface caused by the production process). The average diameter of each specimen was 30 mm and 
the average length was 50 mm. An impression of the test specimen and the test setup are presented by figure 4.1. 
The tests were carried out with a displacement controlled 2.5 MN actuator. The load was measured by an internal 
load cell. Each test specimen was lined up with the actuator to avoid load eccentricities. The applied displacement of 
0.0083 mm/sec was adopted from NEN-EN-10002-1 [2001], used for tension tests. This displacement results in a 
stress rate of 31.7 N/mm²sec-1. 

       

Figure 4.1:  Specimen and setup for the small scale compression tests 

Actuator with 
load cell 
 

 
Test specimen 

 
Safety shield 
 
Data acquisition 
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The average engineering stress-strain curve, also known as conventional stress-strain and based on the original cross-
sectional area, of the compression tests is presented by the left graph in figure 4.2. Due to a wrongly placed steel 
specimen 2, one steel cylinder that holds the steel specimen failed. Therefore specimen 2 is left out the stress-strain 
curves in figure 4.2. At the left graph of figure 4.2 there was gradual yielding and scatter in the average yield stress. 
This scatter was caused by the influence of bending and clamped supports (i.e. prevented displacement). Due to the 
influence of bending the average yield stress varied between approximately 550 N/mm² and 625 N/mm². At the 
right graph of figure 4.2 the separate stress-strain curve (i.e. lowest and largest strain) of each strain gauge is plotted 
and the influence of bending can be observed. Specimen 3 was the one with the least bending and showed a clear 
yield plateau at approximately 625 N/mm².  
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Figure 4.2:  Average stress-strain curves (left) and separate stress-strain curves from the strain gauge (right) 

The Young’s modulus (equation 1) was adopted from the linear branch in the average stress-strain curve of specimen 
3 and is presented by figure 4.3. In the stress range from 0 to 450 N/mm² an average Young’s modulus of 210000 
N/mm² is present. 
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Figure 4.3:  Young’s modulus-stress curve of the small scale compression specimen 3 

4.2.2 Tensile tests 

Tensile tests were performed according to NEN-EN-10002-1 [2001]. A 250 kN Schenck servo-controlled screw-
driven testing machine with hydraulic end grips was. The limitation in load capacity would make it impossible to load 
the full cross-sectional area until fracture. Therefore the steels cross-section was reduced to an average diameter of 
16 mm. The decrease of the diameter was done with great care to avoid overheating the steel specimens. A stress-
rate of 47.5 N/mm²sec-1 was used in the elastic branch. With the used gauge length of 80 mm, this stress-rate 
resulted in a displacement of 1.2 mm/min. After strain hardening the displacement was increased to 3.8 mm/min. 
An impression of the test setup is presented by figure 4.4. 
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Figure 4.4:  Test setup with test specimen for small scale tension tests 

The engineering stress-strain curve of the tension tests is presented by the left graph in figure 4.5. The plotted 
stresses are the dynamic stresses (i.e. no stopping of loading at yielding). There was almost no scatter and the stress-
strain curves of all tests are more or less the same. The yield stress was approximately 975 N/mm² and the tensile 
strength was approximately 1100 N/mm². At the right graph of figure 4.5 the Young’s modulus of specimen 5 has 
been plotted. An average Young’s modulus of 205000 N/mm² was present in the stress range from 0 to 975 N/mm² 
and was not constant in the linear elastic range. 
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Figure 4.5:  Stress-strain curves (left) and Young’s modulus-stress curve of test specimen 5 (right) 

4.2.3 Buckling tests 

To exclude a similar reduction as found in the yield stress of the small scale material tests, small scale buckling tests 
have been carried out. A specimen length of 150 mm (Lcr in section 3.2) was expected to be too stocky to simulate 
buckling. Therefore a less stocky length of 300 mm was adopted. All steel specimens were cleaned around the middle 
height of the specimen to remove the steels oxide layer (i.e. rust) and mill scale. The average diameter was 30 mm. As 
all coupons for the small scale tests had been taken from the same steel column, one buckling test specimen had a 
threaded part of circa 50 % of the total length. This threaded part was also present at both ends of the full scale 
experiment. The specimens were positioned between two spherical supports to allow end rotations and to assume a 
buckling length similar to the Euler column with pinned supports. Four electrical strain gauges were uniformly 
applied around the mid height of the steel specimen to monitor the influence of bending. To simulate column 
buckling even more, a predefined out-of-plumpness, (δ) of 1.0 mm had been adopted. The out-of-plane 
deformations were monitored by two linear variable displacement transducers (LVDT). The test machine and test 
procedure were the same as used by the compression tests.  

 

 
Gauge 
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Figure 4.6:  Test setup and test specimen 3 for small scale buckling tests 

At the left figure 4.7 the average engineering stress-strain curves is presented. There was a clear yield plateau present 
in all 300 mm specimens. Therefore a 150 mm long specimen was tested to see if that one too showed a clear yield 
plateau. The result was that all specimens had a yield plateau at approximately 700 N/mm². Due to the smaller cross-
sectional area caused by the threaded part at specimen 3, a lower yield stress of approximately 650 N/mm² was 
found. The yield plateaus of all small scale buckling tests show less scatter than the compression tests. This was 
caused by a better average of bending by the use of four, instead of two strain gauges. At the right graph of figure 4.7 
the Young’s modulus of test specimen 3 is presented. The average Young’s modulus was 215000 N/mm². Although 
the small scale buckling tests were setup to simulate buckling, buckling did not occur during the tests. 
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Figure 4.7:  Average stress-strain curves (left) and Young’s modulus-stress curve of test specimen 3 (right) 

4.2.4 Summary 

The small scale tests revealed that the material displayed different yield stress under compression than in tension. 
The yield stress under compression was approximately 40 % lower than the yield stress under tension. The 
production process of the steel column was the cause of this (Bauschinger effect section 2.2.4).  Accidentally the 
small scale buckling tests were very good representations for small scale compression tests, although they were not 
setup as small scale compression tests. The specimens used at the buckling tests clearly showed a yield plateau at 
approximately 700 N/mm². The compression tests showed gradual yielding, with plateaus between 550 N/mm² and 
625 N/mm², and much scatter. The lower and gradual yield was caused by prevented displacement due to the 
extreme stockiness of the compression test specimens. It should also be noticed that the influence of bending was 
averaged better at the small scale buckling tests by the use of four strain gauges. In fact the use of two strain gauges 
in the small scale compression tests was incorrect as they could not cover the cross-sectional behaviour by only two 
points. As the glass-steel column will be subjected to a compressive load, this significant reduction in yield stress 
could not be neglected. It was assumed that the stress-strain curves found in the small scale buckling tests are more 
representative for the steel column than the stress-strain curve found in the small scale compression tests. Especially 
specimen 3 with the threaded part. Therefore the stress-strain curve of small scale buckling tests specimen 3 with a 
yield stress of 650 N/mm² was used as input data for the FE simulations. This resulted in a steel column’s squash 
load of 523 kN. 
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4.3 Full scale experiments 

4.3.1 Introduction 

A rigid steel frame was built to test the final glass-steel column. The steel column was placed in the rigid frame. After 
finishing the frame the steel column was positioned. Then the stainless steel cuffs were placed at the correct heights. 
One set of stainless steel stripes were glued to each glass pane. After curing the glass pane was positioned in the test 
frame and connected to the fixed cuff. Then the other stainless steel strips were glued. The test program consisted of 
a preliminary test were the glass-steel column was subjected to a compressive load of 50 kN (i.e. 10 % of the 
assumed load bearing capacity) to check the stiffness of the glass-steel column and gliding of the stainless steel cuffs, 
a test were the glass-steel column was laterally supported by four glass panes, a test with the support of three glass 
panes, a test with the support of two glass panes, not facing each other and finally a test without the support of glass 
panes to assess the buckling response of the single steel column. 

4.3.2 Specimen dimensions and tolerances 

4.3.2.1 Steel column 

The total length of the steel column was 3600 mm. The diameter was measured over the entire height and averaged 
to 32.3 mm which resulted in an average cross-sectional area of 814 mm². The steel column had different threaded 
end lengths. Instead of 55 mm at both ends they were 110 mm respectively 310 mm (figure 4.8). The reason for 
different end lengths was a different glass-steel column concept than discussed in section 3.2.3. 

 

Figure 4.8:  Dimensions of the steel column 

4.3.2.2 Glass panes 

The heat strengthened float glass panes process tolerances. The length varied between 3431 mm and 3431.5 mm, the 
width between 401.3 mm and 401.9 mm and the thickness between 9.9 mm and 10.1 mm. 

4.3.2.3 Stainless steel cuffs 

The stainless steel grade used for the stainless cuffs was 1.4301 and had a nominal yield stress of 210 N/mm² [MCB, 
2007]. The stainless steel cuffs were made according to the working drawings in appendix A. The gliding two-strip 
cuff is presented by figure 4.9. The differences in the angle of all strips were ± 0.05 mm. 

 

Figure 4.9:  Dimensions of the gliding two-strip cuff 

4.3.3 Specimen preparations 

4.3.3.1 Steel column 

The steel column was smoothened with sand paper by hand to even the mill scale to allow better gliding of the 
stainless steel cuffs. At locations were the electrical strain gauges were applied (section 4.3.5.2.1), the mill scale was 
mechanical removed.  

4.3.3.2 Stainless steel cuffs 

After assembling the stainless steel cuffs were drilled out to ensure a diameter of 33 mm. This allowed a tolerance of 
0.7 mm with the diameter of the steel column (32.3 mm).  



Chapter 4 

28 

4.3.3.3 Adhesive bonded joint and application of the adhesive 

The stainless steel strips were smoothened with sand paper by hand to remove burs and sharp edge. Then they were 
cleaned with a dry cloth. After the first cleaning a second more intensive cleaning was performed. A cloth perfused 
with acetone was used to degrease the bonding surface until no traces of residue were found on the cloth. A few 
minutes’ later two 0.5 mm thick acrylate spacers of approximately 2 x 20 mm² were glued to the bonding surface to 
guarantee a uniform adhesive bonded joint thickness and to avoid glass-steel contact. Fifteen minutes before 
applying the epoxy adhesive a third cleaning was carried out. Again, a cloth perfused in acetone was used to decrease 
the stainless steel strip and at the same time cleaning the glass surface to produce a break free water film on the two 
bonding surfaces. 

Mixing the two compound epoxy components was carried out manually in accordance with the instructions given by 
the manufacturer [3M, 1996]. Special care has been taking to prevent inclusions of excessive air into the adhesive 
during mixing. The application process is presented by figure 4.10 and summarized by: 

Step 1: Immediately after mixing, the epoxy adhesive was carefully applied to one stainless steel strip; 

Step 2:  The strip was then positioned on top of one glass pane face and pressed with a clamp to ensure close-
to-uniformly distributed pressure and to insure the 0.5 mm adhesive bonded joint thickness. Surplus of 
adhesive was wiped off; 

Step 3: After two hours of undisturbed curing at room temperature, the glass pane was turned over and the 
clamp was removed for a short time. In a similar procedure as discussed in steps 1 and 2 the stainless 
steel strip at other glass pane face was applied. A spare cuff was used as centre marker. By removing 
the clamps a visual inspection was performed to determine flaws to the homogeneity and surface 
geometry of the adhesive bonded joint. At the right pictures in figure 4.10 presents the most frequently 
found inaccuracies. The adhesive was allowed to cure at room temperature undisturbed for at least 48 
hours. The relative humidity was not monitored, but it was not subject to abnormalities neither; 

Step 4: After 48 hours of curing the first glass pane was lifted in the test setup. The stainless steel strips 
described in step 3 were connected to the fixed cuff at the bottom of the steel column; 

Step 5: Then the other stainless steel strips of one glass pane face were glued with the above named process. 

 

Figure 4.10:  Application process of the adhesive and typical flaws of the adhesive bonded joint (inclusion of air) 
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4.3.4 Design of the test setup 

Due to practical reasons the glass-steel column was positioned in a vertical position. The test rig was made out of 
steel beams surrounding the glass-steel column. The load introduction was established by a 1000 kN hydraulic jack 
(manual operated) placed on a 300 mm x 300 mm x 30 mm steel plate at the bottom part of the glass-steel column. 
The load was for a practical reason introduced at the bottom. The fixed cuff was located at the bottom. This was 
different than used in the FE analyses performed in sections 3.3 and 3.4 (load introduction and fixed cuff at the top 
side). At the top side of the glass-steel column another 300 mm x 300 mm x 30 mm steel plate was used. Both steel 
end plates were bolted to the steel frame. At both ends the end connector of 55 mm was mechanically pressed 30 
mm into the steel top plate and 40 mm into the custom made jack cylinder. The top and bottom beam the width was 
chosen as short as possible to create a rigid frame. This resulted in placing the glass-steel column under an angle of 
45˚ in the horizontal pane (cross-section in figure 4.11). Due to this angle two coordinate systems were used: a local 
ξ-y-η system for the test rig and a global x-y-z system for the glass-steel column. A second stand alone frame had 
been positioned next to the test rig. Instruments to measure lateral deformations in η-direction were connected to 
this stand alone frame. An impression of the test rig is presented by the pictures in figure 4.12. 

 

Figure 4.11:  Schematic representation of the test rig with glass-steel column 

                             

Figure 4.12:  Impression of the test rig with glass-steel column 
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4.3.5 Measurements 

4.3.5.1 Geometrical imperfections 

After placing the glass-steel column geometrical imperfections of the steel column and glass panes were measured. It 
was assumed that the geometrical imperfections did not alter during loading. Therefore the geometrical 
imperfections were only measured once. 

4.3.5.1.1 Steel column 

For practical reasons the geometrical imperfections and out-of-plumpness of the steel column were measured in the 
local ξ-y-η coordinate system of the steel test rig. With the aim of a theodolite an optical vertical ξ-y and η-y plane 
was established parallel to the test setup [La Poutré, 2005]. A custom made ruler was held next to the steel column 
under each cuff. The accuracy of these measurements was 0.5 mm. It was assumed that the accuracy was sufficient. 
An impression of the measuring is presented by the pictures in figure 4.13. 

                

Figure 4.13:  Measuring the geometrical imperfections of the steel column 

The geometrical imperfections of the steel column were processed in Microsoft Excel and a third order curve fit 
function was adopted to give an approximation of the measured geometrical imperfections. The accuracy of the 
curve fit equations is presented by R² (a R² of 1.0 is a perfect fit). The geometrical imperfection in the ξ-y and η-y 
plane can be illustrated by figures 4.14 respectively figure 4.15. The open dots represent the measured geometrical 
imperfection. The black continues line represents the curve fit geometrical imperfection. The curve fit functions of 
the geometrical imperfections in ξ-y and η-y plane can be given by: 

ξ (y) = -(6.0 x 10-11 y3) + (7.0 x 10-7 y2) – (1.7 x 10-3 y) + 0.322 with R² = 0.81        (2) 

η (y) = -(1.0 x 10-10 y3) + (6.0 x 10-7 y2) – (1.1 x 10-3 y) + 0.264 with R² = 0.63        (3) 
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Figure 4.14:  Geometrical imperfections of the steel column in the ξ-y plane 
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Figure 4.15:  Geometrical imperfections of the steel column in the η -y plane 
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4.3.5.1.2 Glass panes 

The horizontal imperfections of the glass panes were measured in the global x-z coordinate system. An angle gauge 
with an accuracy of 60 seconds (i.e. 1/60 degree) was used. The angles of the panes were measured at the bottom, ¼, 
½, ¾ and at the top of the glass pane height. An impression of the measuring is presented by the pictures in figure 
4.16. The overview of the mutual geometrical imperfections is presented in table 4.1. 

                  

Figure 4.16:  Measuring the geometrical imperfections of the glass panes  

Table 4.1: Mutual geometrical imperfections of the glass panes 

 

4.3.5.2 Measuring the response of the system 

During the course of loading at the experiments the response of the steel column, stainless steel top cuff and glass 
panes were measured. The accuracy of the used instruments was:  

• Digital draw wire position sensor (DDWPS)  0.05 mm; 

• LVDT and digital gauge 0.01 mm; 

• Electrical strain gauge 0.01 mm/mm 

4.3.5.2.1 Steel column 

Measurements of the steel column were taken in the local ξ-y-η coordinate system. Figure 4.17 presents an overview 
of the instruments attached to the steel column. For simplicity the steel frame is only drawn at the top and bottom. 
The horizontal displacements in the local ξ-η plane of the steel column were measured by six DDWPS named CH01 
to 06 (Column Horizontal). The column’s vertical deformation was measured by four LVDT’s named CV01 to 04 
(Column Vertical) at the bottom end connector. The average of CV01 to 04 was used to determine the jack’s 
displacement. To measure the thread’s deformation one LVDT named CTHRB01 (Column THRead Bottom) was 
placed at the bottom connector. Due to little available space it was not possible to measure the thread deformation at 
the top. Therefore it was assumed that the thread deformation at the top was equal to the bottoms thread 
deformation. 

Just above the jack and at column mid height 2 x four electrical strain gauges were applied around the steel column’s 
circumference to measure the strain of the column’s cross-sectional area in the y-direction. They were named CS01 
to 08 (Column Strain).  

Height [mm] Pane A-C [sec] Pane C-B [sec] Pane B-D [sec] Pane D-A [sec] 

0 -42 -4 +6 +40 

857 -25 -13 0 +38 

1715 -16 -13 -5 +34 

2572 -53 +9 +6 +38 

3430 -45 +6 -7 +46 
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Figure 4.17:  Instruments measuring the steel column’s response 

4.3.5.2.2 Glass panes 

Displacements of the glass panes were measured in the global x-y-z coordinate system. Figure 4.18 presents an 
overview of the instruments attached to the glass panes. Vertical displacements were measured at the outer edge at 
the bottom side of all four glass panes by four digital gauges named PV01 to 04 (Pane Vertical).  

The largest principle stress concentrations in the FE analysis were found at the top and bottom glass-cuff 
connections (section 3.3.3). A strain rosette with three electrical strain gauges was placed on all four glass panes next 
to the top and bottom glass-cuff connection. They were named PSB01 to 04 (Pane Strain Bottom) and PST01 to 04 
(Pane Strain Top). Each PS had three strain gauges to measure the axial strain in horizontal direction (ε0°), vertical 
direction (ε90°) and at an angle of 450 (ε45°) in the xy and zy plane which was indicated by _0, _45 and _90. For 
example PSB01_45. Equation 4 calculates the maximum principle stress (σ1) from the measured strains of a rosette 
[Timoshenko et al. 1970]. E is the Young’s modulus of 70000 N/mm² and ν is the Poisson factor of 0.23 (table 2.3).  
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Figure 4.18:  Instruments measuring the glass pane’s response and close-up of the strain rosette PSB04 

4.3.5.2.3 Stainless steel cuffs 

To measure the relative gliding of the stainless steel cuffs, the top cuff was monitored by one LVDT named CUV01 
(CUff Vertical). The reason for taking the top cuff was the presents of the longer threaded part of the steel column 
(figure 4.8). This is presented by the figure 4.19. 

 

Figure 4.19:  Instrument to measure the gliding of the stainless steel top cuff 

4.3.5.2.4 Steel frame 

It was assumed that the high stiffness of the steel test rig resulted in negligible displacements. Therefore no 
instruments were attached to monitor the frame’s response during the course of loading. 
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4.3.6 Preliminary loading 

In advance of the full scale experiments the glass-steel column was loaded with a preliminary compression till 50 kN 
(i.e. 10 % of the expected Npl,Rd). The goal of this preliminary loading was to check the stiffness of the glass-steel 
column, gliding of the stainless steel cuffs and principal stresses in the glass panes. The manually applied 
displacement was approximately 0.1 mm/min (i.e. 5.0 kN/min). 

4.3.6.1 Results 

The left graph in figure 4.20 presents the load-displacement curves of the jack, modified jack and top cuff. The jack 
showed an initial displacement of approximately 0.7 mm. After the initial displacement the load increased linear up 
to 50 kN. The middle graph of figure 4.20 presents the load-displacement curve of the thread in the bottom end 
connector. The bottom end connector showed an initial displacement of 0.35 mm. After the initial displacement the 
load increased linear up to 50 kN. At the right graph in figure 4.20 the load-stiffness curve is presented. The elastic 
stiffness, adopted from the derivative of the jack’s load-displacement curve, was approximately 43500 N/mm². 

The jack’s initial displacement was caused by both end connectors (i.e. 2 x 0.35 mm). This initial displacement was 
translated to the modified jack curve presented at the left graph in figure 4.20. According to Hooke’s Law (equation 
8 chapter 3) the steel column should axially deform (i.e. shorten) approximately 1.0 mm. The modified jack, as well 
the top cuff, deformed/glided approximately 1.0 mm. Gliding of the top cuff confirmed the gliding of all other 
(lower) cuffs.  
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Figure 4.20:  Load-displacement curves (left and middle) and load-stiffness curve (right) 

The left graph in figure 4.21 presents the average stress-strain curve of the steel column monitored at the bottom 
and at column mid height cross-sectional area. It shows a linear curve up to approximately 60 N/mm². The Young’s 
modulus has been adopted from the average stress-strain curve at column’s mid height (right graph in figure 4.21). 
The right graph of figure 4.21 presents the principal stress of the glass panes. 

According to Hooke’s law, the steel column’s elastic strain should be 0.0029 [-] at a load of 50 kN (equation 5). This 
was confirmed by the stress-strain curve. The Young’s modules was approximately 215000 N/mm² which was 
similar to the Young’s modulus found at the small scale buckling tests discussed in section 4.2.3. An increase of 
principal stresses at the bottom of glass panes A and C was observed. 
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Figure 4.21:  Stress-strain (left), Young’s modulus-stress (middle) and load-principle stresses curves (right) 
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4.3.7 Experiment 1 

This section discusses the structural response of the glass-steel column with four glass panes as lateral support. The 
manually applied displacement was approximately 0.2 mm/min (i.e. 10.0 kN/min). At a load of 300 kN (i.e. 366 
N/mm²) and 400 kN (i.e. 488 N/mm²) loading was stopped for approximately five minutes to allow settlements. 
Graphs in this section show three horizontal dashed lines: the load stops and the maximum applied load/ stress. 

4.3.7.1 Experimental results 

The left graph of figure 4.22 presents the load-displacement curves of the jack, modified jack and top cuff. As 
observed at preliminary loading, the jack showed an initial displacement of 0.7 mm. After the initial displacement the 
load increased linear (i.e. elastic range) up to 500 kN. After 500 kN the curve started to deflect (i.e. elastic-plastic 
range). At 525 kN the experiment was terminated. The middle graph of figure 4.22 presents the load-displacement 
curve of the bottom end connector. It shows an initial displacement of approximately 0.35 mm. After the initial 
displacement the curve increased linear up to approximately 300 kN. After 300 kN the curve started to deflect up to 
525 kN. The average stress-strain curves of the bottom and column mid height cross-sectional area are presented by 
the right graph in figure 4.22. Both curves show a linear behaviour up to approximately 610 N/mm². After 600 
N/mm² both curves started to deflect up to approximately 650 N/mm². 

At a stress of approximately 650 N/mm² the steel column’s cross-sectional area was yielding (right graph in figure 
4.22). Computing this yield stress and the steel column’s cross-sectional area (section 4.3.2.1) results in the squash 
load of 525 kN, which is similar to the squash load of 523 kN found in the small scale buckling test specimen 3 
(section 4.2.4). 

If the total thread deformation of the bottom end connector is plotted (middle graph in figure 4.22) it is observed 
that the thread had a deformation of approximately 1.2 mm (i.e. 1.6 mm - 0.4 mm) at 500 kN, resulting in a total 
thread deformation of approximately 2.4 mm. 

Employing Hooke’s Law to the elastic load of 500 kN results in an elastic strain of 0.003 [-] and an elastic axially 
deformation of the steel column of approximately 10.3 mm. The elastic strain was confirmed by both stress-strain 
curves at the right graph in figure 4.22. The top cuff glided approximately 10.0 mm and confirmed gliding of all 
other (i.e. lower) cuffs. The jack’s elastic displacement was approximately 13.8 mm. Translating the initial 
displacement of 0.7 mm and the total thread deformation of 2.6 mm results in a modified elastic displacement of 
10.7 mm, presented at the left graph in figure 4.22. At 525 kN the modified jack displacement was 12.6 mm. 

0

50

100

150

200

250

300

350

400

450

500

550

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
u [mm]

Load [kN]

CUV01 (top cuff)

CV01-04 (jack)

Modified jack

      

0

50

100

150

200

250

300

350

400

450

500

550

0.0 1.0 2.0
u [mm]

Load [kN]

CTHRB01

        

0
50
100
150
200
250
300
350
400
450
500
550
600
650
700

0 0.001 0.002 0.003 0.004

Strain [-]

Stress [N/mm²]

CS01-04 (strain bottom)

CS05-08 (strain mid)

 

Figure 4.22:  Load-displacement (left and middle) and stress-strain curves (right) experiment 1 

Due to the extra bottom height caused by the jack, the bottom part of the glass-steel column was less stable than the 
top part. The load-displacement curves at the left graph in figure 4.23 revealed a rotation around the x-axis. The less 
stable bottom part and the rotation around the x-axis resulted in an increased principal stress at the bottom part of 
glass panes A, B and C (right graph in figure 4.23). 
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Figure 4.23:  Load-displacement (left) and load-principle stress curves (right) experiment 1 

4.3.8 Experiment 2 

To simulate glass pane failure, glass pane D (figure 4.18), which gave the most lateral support to the steel column in 
z-direction, was removed in experiment (EX) 2. This resulted in a glass-steel column laterally supported by three 
glass panes. Testing procedure and load stops were the same as in EX 1. 

4.3.8.1 Experimental results 

The left graph of figure 4.24 presents the load-displacement curves of the jack, modified jack and top cuff. The initial 
displacement of the jack was approximately 0.4 mm. After the initial displacement the load increased linear up to 499 
kN at which the top glass-cuff connection of glass pane A cracked. After cracking the load dropped to 480 kN and 
the test was terminated. The middle graph of figure 4.24 presents the load-displacement curve of the bottom end 
connector. It shows a more or less linear curve up to 499 kN. The average stress-strain curves of the bottom and 
column mid height cross-sectional area are presented by the right graph in figure 4.24. Both curves show a linear 
behaviour up to approximately 610 N/mm². 

The top cuff’s load-displacement curve shows a not so smooth gliding as observed in EX 1. As the second highest 
cuff was only supported by glass pane B, this was caused by gliding over the threaded end part. This finally resulted 
in a seized second highest cuff at the column’s threaded end length which caused local cracking at the top glass-cuff 
connection of glass pane A (figure 4.26). 

One strain gauge at column mid height failed and bending was averaged by three instead of four strain gauges, 
resulting in a slightly steeper stress-strain curve. As in EX 1, the elastic strain of the steel column should be 0.003 [-] 
with an elastic axially deformation of approximately 10.3 mm. The elastic strain was confirmed by the bottom stress-
strain curves at the right graph in figure 4.24. The jack’s elastic displacement was approximately 11.9 mm. Translating 
the initial displacement of 0.4 mm and the total thread deformation of 0.4 mm results in a modified elastic 
displacement of 11.1 mm, presented at the left graph in figure 4.24.  
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Figure 4.24:  Load-displacement (left and middle) and stress-strain curves (right) experiment 2 
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Due to the removed glass pane D, the glass-steel column had a lesser bending stiffness than the intact glass-steel 
column and rotation around the z-axis was observed (left graph in figure 4.25). Due to the less stable bottom part 
(4.3.7.1) and rotation around the z-axis, the bottom part of pane B had a higher principal stress than the other glass 
pane locations (right graph in figure 4.25). After the first five minute stop at 300 kN glass panes A and C suppressed 
further rotation around the z-axis, resulting in a decreased principal stress in glass pane B and an increased principal 
stress in glass panes A and C. An increase in principal stress at the top of glass pane A before local cracking was not 
monitored. 
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Figure 4.25:  Load-displacement (left) and load-principle stress curves (right) experiment 2 

                 

Figure 4.26:  Seized second highest stainless steel cuff and locally cracked top glass-cuff connection of glass pane A experiment 2 

4.3.9 Experiment 3 

Different than mentioned at the introduction (section 4.3.1) the glass-steel column was tested again with three glass 
panes as lateral support. However, a different glass pane layout was used. The locally cracked glass pane A from EX 
2 was removed and glass pane D was put back into place. It was not possible to reuse both strain rosettes of glass 
pane D. To ensure gliding of the seized second highest stainless steel cuff the steel column’s threaded end was 
mechanically smoothened. Testing procedure and load stops were the same as in EX 1. 

4.3.9.1 Experimental results 

The left graph of figure 4.27 presents the load-displacement curves of the jack, modified jack and top cuff. As in EX 
2 the jack’s initial displacement was approximately 0.4 mm. After the initial displacement the load increased linear up 
to 314 kN, at which the several glass-cuff connections of glass pane C cracked, and 500 kN. As in EX 1, after 500 
kN the curve started to deflect. At 520 kN the experiment was terminated. After cracking the load dropped to 304 
kN and a shift of approximately 0.3 mm was observed in the load-displacement curves. The middle graph of figure 
4.27 presents the load-displacement curve of the bottom end connector. It does not show the linear curve as in EX 
2. The average stress-strain curves of the bottom and column mid height cross-sectional area are similar to EX 2 and 
presented by the right graph in figure 4.27.  

Due to an unknown reason glass pane C cracked at several glass-cuff connections (figure 4.29). Residual lateral 
support after cracking was assumed to be negligible which resulted in a lateral support of two glass panes, not facing 
each other. After a quick visual inspection of the two remaining glass panes loading was continued up to 520 kN. It 
was judged to be irresponsible to further proceed with loading. No seizing of the second highest stainless steel cuff 
was observed. As in EX 2 the top cuff did not glide as smoothly as in EX 1. 
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As in EX 1 the elastic strain of the steel column should be 0.003 [-] with an elastic axially deformation of 
approximately 10.3 mm. The elastic strain was confirmed by the bottom stress-strain curves at the right graph in 
figure 4.27. The jack’s elastic displacement was approximately 11.9 mm. Translating the initial displacement of 0.4 
mm, the shift of 0.3 mm at 314 kN and the total thread deformation of 0.3 mm at 500 kN results in a modified 
displacement of 10.9 mm (left graph in figure 4.27). At 520 kN the modified jack displacement was 12.1 mm. 
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Figure 4.27:  Load-displacement (left and middle) and stress-strain curves (right) experiment 3 

As expected due to the removed glass pane A, the glass-steel column had a lesser bending stiffness than the intact 
glass-steel column and rotation around the x-axis was observed (left graph in figure 4.28). Due to the less stable 
bottom part (4.3.7.1) and rotation around the x-axis, the principal stress in the bottom part of pane C increased (right 
graph in figure 4.28). Indication of cracking at glass pane C was not observed. 
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Figure 4.28:  Load-displacement (left) and load-principle stress curves (right) experiment 3 

         

Figure 4.29:  Cracked glass pane C experiment 3 
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4.3.10 Experiment 4 

To access the buckling response of the steel column all glass panes were removed in EX 4. The geometrical 
imperfections were not measured again. The manually applied displacement was approximately 0.002 mm/min (i.e. 
0.1 kN/min). 

4.3.10.1 Experimental results 

The load-deflection curves are presented by the two graphs in figure 4.30. The measured deflection CH05 clearly 
shows an increase without an increase in load at 35 kN. 

A theoretical clamp-ended Euler column with a length L has an Lcr of 0.5L. In the current design this results in an 
Ncr,E of 35 kN (equation 5 in chapter 3). However the real Lcr of the glass-steel column was unknown (section 3.2.1) 
thus the true Ncr,Rd was also unknown. The real Lcr can be estimated by Newmark’s approximation formula for 
braced spring supported columns and is given by: 
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When both springs (c1,2) are infinite high Lcr = 0.5L thus Ncr,Rd = Ncr,E. This was observed at the experiment. An 
impression of the buckled steel column is given by figure 4.31. 
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Figure 4.30:  Load-deflection curves experiment 4 

           

Figure 4.31:  Impression of the buckled steel column at experiment 4 
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4.4 Summary and conclusions 

4.4.1 Summary 

The full scale experimental program consisted of one glass-steel column which was tested four times. Differences 
were made in the number of glass panes. In EX 1 the glass-steel column was able to reach the steel column’s squash 
load of 525 kN, which was similar to the squash load found at small scale buckling test specimen 3. No glass pane 
failed at EX 1. The top stainless steel cuff glided and confirmed gliding of the other stainless steel cuffs. However, 
the jack’s elastic displacement was approximately 0.4 mm more than predicted with Hooke’s law. As no glass pane 
failed, the experiment was repeated for a glass-steel column with one removed glass pane to simulate glass pane 
failure.  

Glass pane D, which gave the most lateral support to the steel column in z-direction, was removed in EX 2. As 
result the glass-steel column had a lesser in-plane bending stiffness around the z-axis. This was confirmed by the 
load-displacement curves of the glass panes. The jack’s elastic displacement was approximately 0.7 mm more than 
predicted with Hooke’s law. At a load of 499 kN glass pane A locally cracked at the top glass-cuff connection. The 
second highest stainless steel cuff seized at the column’s threaded end length. After cracking the test was terminated. 

To ensure gliding of the seized second highest stainless steel cuff the steel column’s threaded end was mechanically 
smoothened in EX 3. The removed glass pane D from EX 2 was put back into place and the locally cracked glass 
pane A was removed. By adding pane D the seized stainless steel cuff was supported by two glass panes. Due to the 
removed glass pane A, the glass-steel column had a lesser in-plane bending stiffness around the z-axis. This was 
confirmed by the load-displacement curves of the glass panes. The jack’s elastic displacement was approximately 0.6 
mm more than predicted. At a load of 314 kN glass pane C cracked at several glass-cuff connections and residual 
lateral support was assumed to be negligible. Increased principal stresses were not observed. After cracking of glass 
pane C loading was continued up to 520 kN. 

In EX 4 all glass panes were removed and the single steel column was loaded until buckling occurred. It was found 
that Ncr,Rd = Ncr,E, = 35 kN. 

4.4.2 Conclusions 

It was assumed that the differences in measured elastic displacements of EX 1, 2 and 3 with the theoretical predicted 
elastic displacements by Hooke’s law were caused by deformation of the steel test rig. 

As mentioned in section 4.3.2.1, the steel column had different threaded end lengths than designed in the final glass-
steel column. The top side in the experiment had the longest thread length of 310 mm. In EX 2 the second highest 
stainless steel cuff seized at this longer threaded end length. It seemed that the seized stainless steel cuff did not get 
enough support from glass pane B and prevented rotation of the top stainless steel cuff, supported by three glass 
panes, caused local cracking of glass pane A. It can be concluded that this longer threaded end length was a design 
flaw. 

In EX 4 the single steel column buckled at a load of 35 kN, which was similar to the Euler buckling load of a clamp-
ended column. Therefore it was concluded that the end supports were true clamped supports. By laterally supporting 
the steel column by four glass panes (EX 1) loading increased by a factor 15 resulting in the squash load of 525 kN. 
By removing one glass pane in EX 2 it was possible to load to glass-steel column up to at least 499 kN. In EX 3, 
were the steel column was supported by two, not facing each other glass panes, after cracking of glass pane C at 314 
kN, it was possible to load up to 520 kN. A steel column with three glass panes as lateral support will most likely 
reach the squash load of the steel’s column as well. 

Failure of the glass panes was not monitored by the strain rosettes attached to the glass panes bottom and top glass-
cuff connection. It was assumed that the principal stresses exceeded the critical value near the location were the 
strain rosettes were applied. 
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5 Finite element simulations 

This chapter discusses the modelling of a finite element model which was used to replicate the experiments 1 to 4 of the full scale glass-steel 
column and the single steel column in the previous chapter. The finite element model has to be able to replicate the experimentally observed 
structural response of the glass-steel column with good accuracy. FE code ANSYS V11.0 has been employed for simulating the 
structural response of the glass-steel column. 

5.1 Motivation and objective 
The motivation and objective of a FE model is that it replicates experimental observations, which allows the use of 
the FE model for glass-steel columns not part of the experimental program. Once the FE model has been validated 
against the experiments discussed in sections 4.3.7 to 4.3.10, it is a convenient tool to produce additional information 
about the full scale experiments and gives a useful indication as to whether the experiment was performed 
successfully. Moreover it is possible to investigate the effect of salient parameters on the buckling response of the 
glass-steel column.  

The FE model was validated against only one assembled glass-steel column. Differences were made in the number of 
glass panes as lateral support to the steel column and only with the parameters presented in table 5.1. 

An overview of the used ANSYS Parametrical Design Language (APDL) file is presented in appendix B. 

5.2 Simplifications 
The FE model is a simplification of the real glass-steel column. As it was impossible to include all geometrical and 
physical properties, simplifications had to be made. These simplifications are discussed in section 5.3 and 
summarized by: 

• As it was concluded that the adhesive joint would not fail during loading, no specific attention was paid to 
this component. The glass panes were connected to the stainless steel cuffs without the inclusion of an 
adhesive bonded joint; 

• It was assumed that, due to the relatively small load at the lateral support, the stainless steel strips would not 
yield during the course of loading; 

• Gliding cuffs were modelled fully, ignoring any friction effects; 

• Clearance of approximately 0.7 mm (section 4.3.3.2) between the steel column and the stainless steel cuff 
was not modelled; 

• Gliding in the bolted glass-cuff connection was not modelled; 

• The spring stiffness to simulate the top end bottom connector’s thread was not altered by the course of 
loading; 

• Perfectly isotropic material behaviour for all material; 

• Perfectly round steel column (i.e. no cross-sectional deviation from ideal geometry other than the diameter); 

• Geometrical imperfections of the glass panes were neglected; 

• Self-weight of the glass-steel column was neglected, thus no gravity was simulated.  
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5.3 Pre-processing 

5.3.1 Geometry 

The glass-steel column’s geometry used in the FE simulation is presented by figure 5.1 and in table 5.1.  

Table 5.1: Parameters of the glass-steel column for the FE simulations 

 

 

 

           

Figure 5.1:  Geometry of the glass-steel column used in the FE simulations 

5.3.2 Elements 

All elements were placed with their centre lines in line. No (node) offset options were used. 

5.3.2.1 Steel column and stainless steel strips 

The steel column was a slender beam structure which experienced large rotations at the experiments. Element type 
beam188 was used to model the steel column. Beam188 elements can be used with any beam cross-section. 
Therefore it was also used for the stainless steel strips that connected the glass panes to the steel column [ANSYS, 
2009]. The diameter of the steel column was 32.3 mm. The threaded end parts had a diameter of 31.0 mm. The 
height x width of the stainless steel strips was 30 mm x 10 mm. 

5.3.2.2 Glass panes 

The glass panes were modelled with shell181 elements. These elements are suitable for analyzing thin to moderately-
thick shell structures and are capable for linear, large rotation, and/or large strain nonlinear applications and 
therefore considered applicable for the current analysis [ANSYS, 2009]. Nine Simpson integration points were used 
over the thickness. 

Ltot Lsup Lend Lcon wglass tglass k 

3600 mm 142 mm 100 mm 55 mm 400 mm 10 mm 618 x 10³ N/mm 
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5.3.2.3 End connector 

The bottom end connector was modelled as a spring element named combin14. This element represents the 
longitudinal deformation of the thread in the top and bottom end connector. The stiffness was determined by 
equation 3 in chapter 4 and the load-displacement curve of the bottom end connector’s thread of EX 1 (middle 
graph in figure 4.25) and resulted in a longitudinal spring stiffness (k) of 618 x 103 N/mm (i.e. 2 x (525000N/1.7mm) 
table 5.1). The spring element had a fictive length of 1 mm.  

5.3.3 Material laws 

5.3.3.1 Steel column and end connectors 

The engineering stress-strain (σeng-εeng) curve adopted from the small scale buckling test specimen 3 (section 4.2.3) 
was not adequate when dealing with a geometric non-linear (GNL) analysis because it measured the change in length 
over the original (i.e. undeformed) length. Instead a true stress, also known as Cauchy stress, which took into 
account the current cross-section was adopted [Becker, 2001]. To converse the engineering stress and strain the 
following equations have been adopted: 

σtrue = σeng (1 + εeng)              (1) 

εln = ln (1 + εeng)               (2) 

A multi-linear material behaviour, using the multi-linear isotropic hardening (MISO) option, was used to 
approximate the true stress-strain relationship. This means that the yield surfaces increased in size with increasing 
plastic strain but maintained its original shape [Becker, 2001]. The multi-linear material law was piecewise linearized 
by 17 stress-strain points (figure 5.2). The stress-strain curve defines the material response in both tension and 
compression. The rounded yielding behaviour was approximated by a dense distribution of stress-strain relationships 
at this location. This was done do simulate smooth yielding of the steel column. Although the steel column was only 
compressed up to a strain of approximately 0.003 [-], the stress-strain points were given up to 0.010 [-]. The stress-
strain curve between the start of yielding and 0.003 [-] was relatively flat and the solver, using the adopted Newton-
Raphson (section 5.4), would not find equilibrium. Adding the stress-strain curve up to 0.010 [-] solved the 
equilibrium problem.  
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Figure 5.2:  Linearized stress-strain curve for the steel column and end connectors 

5.3.3.2 Glass panes 

Other than solid65 describing concrete cracking and crushing, ANSYS has no other elements to simulated the brittle 
behaviour of glass. Direct failure of the glass panes was not simulated in FE model, but was governed in the post-
processor by manual checking the σ1 in the glass panes. Except for the simulation of EX 3. In EX 3 glass pane C 
cracked at a relative small load. After cracking loading was continued. To simulate this behaviour, glass pane C was 
deactivated. This will be discussed in section 5.4. A linear elastic material behaviour with a Young’s modulus of 
70000 N/mm² and Poisson’s ratio of 0.23 (section 2.3.2) was selected to simulate the glass panes. 

5.3.3.3 Stainless steel strips 

As already mentioned in section 5.2 it was assumed that the stainless steel strips would not yield during the course of 
loading. Therefore a linear elastic material behaviour with a Young’s modulus of 195000 N/mm² and Poisson’s ratio 
of 0.30 was selected. 
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5.3.4 Geometrical imperfections 

Geometrical imperfections are always present in structural elements and have a significant influence on the elastic-
plastic buckling response. In section 4.3.5 the true geometrical imperfections of the steel column and glass panes 
were measured. Due to the small differences in the angle between the glass panes, the geometrical imperfections of 
the glass panes were neglected.  

5.3.5 Boundary conditions 

5.3.5.1 Gliding stainless steel cuffs 

All cuffs, except the bottom one, were idealized as gliding connections. The gliding cuffs were simulated by two 
strips (beam elements 5.3.2.1) with a gap in between (figure 5.3). The end nodes of the gap were coupled by coupling 
equations in global x and z direction. 

 

Figure 5.3:  Gliding cuff connection with master and slave nodes 

5.3.5.2 End supports 

At the assembly of the test rig, the end connectors of 55 mm were mechanically pressed 30 mm into the top steel 
plate and 45 mm into the custom made cylinder. This connection can be best represented by a fixed translation and 
rotation in x and z at all nodes located at the pressed-in part. The top of the steel column was modelled as a clamped 
support. Thus fixed in all translations and rotations. The bottom of steel column had a spring element (section 
5.3.2.3). The bottom of the spring element was fixed in translation x and z (loaded in y) and the top of the spring 
element, which represents the bottom of the steel column, was fixed in all rotations. An overview is presented by 
figure 5.4. 

 

Figure 5.4:  End supports 
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5.3.6 Loading 

The glass-steel column was loaded by a displacement at the bottom of the spring element (figure 5.1 and 5.5). The 
applied displacements were identical to the applied displacements in the full scale experiments and were 12.6 mm for 
EX 1, 11.1 mm for EX 2 and 12.1 mm for EX 3. The total displacement was divided into four load steps. Within 
each load step a solution was obtained by applying the load incrementally in fifty sub steps.  

5.3.7 Mesh density 

Mesh refinements have been performed on the fully intact glass-steel column in a GMNIA with a displacement (i.e. 
load) of 13.0 mm. The number of elements, ultimate concentrated load (Nult), largest principal (tension) stress at the 
bottom of pane A (σ1,A) and differences with respect to analysis 7 are presented in table 5.2. The given σ1 was the 
average stress of the nodes in the element attached to the stainless steel strip. A styled geometrical imperfection of 
3.6 mm (i.e. first Euler buckling mode with an amplitude of ltot/1000) was used in the analyses. 

Table 5.2: Analysis number, number of elements, ultimate load, principal stress and differences 

 
A denser (i.e. finer) mesh than used in analyses 1 did not lead to a higher Nult, only in a remarkable increase in 
computation time, especially for analysis number 7. However a denser mesh resulted in a continuously increase in σ1 
caused by the modelling of the glass-strip connection. Analyses numbers 4* and 6* were somewhat different than the 
other analyses. A mesh refinement was used towards the glass-strip connection (figure 5.5). The size of the elements 
located at the glass-cuff connection in analysis number 6 was approximately 10 mm x 17 mm and had more or less 
the same size as the strain rosettes used in the experiments. Therefore the number of elements and the mesh 
refinement of analysis number 6 were used for simulating the glass-steel column in this chapter. 

 

Figure 5.5:  Impression of the glass pane mesh used: analysis 1, 3, 5 and 6 (from left to right) 

5.4 Solving 
The glass-steel column was solved in a GMNIA. This kind of analysis is the most elaborate type as it incorporates 
geometrical imperfections and non-uniform material properties. The full Newton-Raphson method and line search 
option was adopted in the solution phase. The convergence value for the out-of-balance displacement and load 
vectors were set to 0.5 %. 

To simulate glass pane failure in EX 3 an element kill command was performed to deactivate glass pane C. With this 
command the Young’s modulus of glass pane C became negligible small. 

Analysis 

number 

Elements 

column 

Elements 

pane 

Elements 

strip 

Load 
[kN] 

σ1,A 

[N/mm²] 

Differences 

in Load [%] 

Differences 

in σ1  [%] 

1 1 1 1 529 0.3 0.0 0.3 

2 2 2 2 529 0.3 0.0 0.3 

3 5 5 3 529 2.3 0.0 2.4 

4 5 5* 3 529 7.1 0.0 7.6 

5 10 10 5 529 4.9 0.0 5.2 

6 10 10* 5 529 11.5 0.0 122.0 

7 10 20 5 529 9.4 - - 
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5.5 Post-processing 
In the post-processor predefined nodal (i.e. load and displacement) and average element solutions (i.e. σ1) had been 
saved. This data was analyzed and edited in Microsoft Excel and used to validate the FE model. 

5.6 Validation of the finite element model 
The FE model was validated against the experimental modified jack load-displacement curves discussed in sections 
4.3.7 to 4.3.10.  

5.6.1 Experiment 1 

The load-displacement curve of the FE model was more or less the same as the experimental curve (left graph in 
figure 5.7). At a displacement of 12.6 mm the FE load was 526 kN. At a load of 464 kN the σ1 at the bottom of glass 
pane D started to increase (figure 5.6). The FE σ1 were somewhat different than observed at the experiment. 
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Figure 5.6:  Load-displacement (left) and load-principle stresses curves (right) of experiment 1 

5.6.2 Experiment 2 

Glass pane D was left out at the start of the simulation of EX 2. As in the simulation of EX 1, the load-displacement 
curve of the FE simulation of EX 2 was more or less the same as the experimental curve (left graph in figure 5.7). At 
a displacement of 11.1 mm the FE load was 495 kN. At 452 kN the σ1 at the top and bottom of glass panes A and C 
in the FE model slightly increased (right graph in figure 5.7). As in the simulation of EX 1 the FE σ1 in the 
simulation of EX 2 were somewhat different than observed at the experiment. 
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Figure 5.7:  Load-displacement (left) and load-principle stresses curves (right) of experiment 2 
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5.6.3 Experiment 3 

At the start of the simulation of EX 3 glass pane A was left out. At a load of 314 kN, the load at which glass pane C 
failed at the experiment, glass pane C was deactivated (section 5.4). As in the simulation of EX 1 and EX 2, the load-
displacement curve of the FE simulation of EX 3 was more or less the same as the experimental curve (left graph in 
5.8). At a displacement of 12.1 mm the FE load was 519 kN. A similar translation as observed in the load-deflection 
curve occurred at the load-principal stress curves of glass pane D and to a lesser extent in glass pane B (right graph 
in figure 5.8). As in the simulations of EX 1 and EX 2 the FE σ1 in the simulation of EX 3 were somewhat different 
than observed at the experiment.  
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Figure 5.8:  Load-displacement (left) and load-principle stresses curves (right) of experiment 3 

5.6.4 Experiment 4 

All four glass panes were left out at the start of the simulation of EX 4. Figure 5.9 presents the lateral deflections in 
the directions wξ and wη. As in EX 4 the simulated column buckled at approximately 35 kN. The simulated steel 
column behaved stiffer than the experimentally tested column. 
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Figure 5.9:  Load-deflection curves of experiment 4 

5.7 Summary and conclusions 

5.7.1 Summary 

The FE simulation of EX 1 was able to replicate the load-displacement curve as found in the experiment with 
sufficient accuracy. The restraining effect (i.e. suppressing buckling) of the glass panes was observed both in the FE 
model and experiment. At a displacement of 12.6 mm the FE load was 526 kN. The FE model was not able to 
replicate the σ1 of the glass panes as measured at the experiment. 

At the start of the simulation of EX 2, glass pane D was left out. As in the simulation of EX 1, the simulation of EX 
2 was able to replicate the load-displacement curve as found in the experiment with sufficient accuracy. Seizing of 
the second highest glass-cuff connection was not simulated in the FE model. At a displacement of 11.1 mm the FE 
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load was 495 kN. As in the simulation of EX 1 the FE model was not able to replicate the σ1 of the glass panes as 
measured at the experiment. 

Glass pane A was left out at the start of the simulation of EX 3. After reaching 314 kN glass pane C was deactivated 
and the steel column was only supported by glass panes B and D. As in the simulation of EX 1 and EX 2, the 
simulation of EX 3 was able to replicate the load-displacement curve as found in the experiment with sufficient 
accuracy. At a displacement of 12.1 mm the FE load was 519 kN. Again, the FE model was not able to replicate the 
σ1 of the glass panes as measured at the experiment. 

Finally the last experiment with the single steel column was simulated. In the FE simulation buckling occurred at the 
same load as in the experiment, namely 35 kN.  

An overview of the experimental and FE obtained ultimate loads and their differences is presented in table 5.3. 

Table 5.3: Overview of the obtained ultimate loads between experiments and FE simulations 

 

 

 

 

 

5.7.2 Conclusions 

The FE simulations were able to replicate the modified jack load-displacement curve of the experimentally tested 
glass-steel column with good accuracy. No good agreement between the experimental and FE σ1 of the glass panes 
was found. The main reason was that the FE σ1 depends on the element size (section 5.3.7) and the simplifications 
made to simulate the glass-strip connection. The difference in load between the experiments and FE simulations was 
only 0.8 %. Therefore the FE model was successfully validated against the experiments.  

In the simulation of EX 4 differences in lateral defections and stiffness of only the steel column were observed. This 
was caused by differences in geometrical imperfections. 

Test setup Experiment FE model Differences  

1 525 kN 526 kN 0.2 % 

2 499 kN 495 kN 0.8 % 

3 520 kN 519 kN 0.2 % 

4 35 kN 35 kN 0.0 % 
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6 Discussion 

In this chapter the experiments and FE simulations are discussed. To examine the load bearing capacity of glass-steel columns other than 
the ones which were tested, a representative geometrical imperfection is needed. Experiments 1 to 3 have been simulated with this styled 
geometrical imperfection. Finally buckling loads according to EC 3 are compared with the experimentally obtained ultimate loads. 

6.1 Overall discussion 
Roebroek’s original glass-steel column has been adapted and improved by the use of high strength steel and different 
glass-steel connections. The FE model of the glass-steel column was able to replicate the load-displacement curve of 
the experiments with good accuracy. However, numerical principal stresses in the glass panes were somewhat 
different than observed in the experiments. 

Roebroek was able to increase the load bearing capacity of a virtually straight pin-ended steel column laterally 
supported by glass panes in one direction from 70 kN to 699 kN (section 2.1.3). The load bearing capacity of the 
current clamp-ended glass-steel column laterally supported by four glass panes increased from 35 kN to 525 kN. 
However a direct link between Roebroek’s glass-steel column and the current glass-steel column could not be made. 
Roebroek tested a pin-ended column with more or less rigidly connected glass panes. They not only supplied lateral 
support, but they were activated to carry part of the vertical loading. Whereas the current glass-steel column had 
clamped supports and more or less gliding glass-steel connections. Roebroek’s steel column was supported by glass 
panes over the entire column length whereas the current design had unsupported column end lengths. Most 
importantly Roebroek tested a 2D glass-steel column whereas the current design was tested as a true 3D glass-steel 
column. The current glass-steel column is compared with four different pin-ended mild steel S235 profiles with a 
length of 3600 mm. EC 3 has been adopted to determine Nb,Rd. An overview is presented by table 6.1. The values for 
Nb,Rd of IPE 270 and HEA 160 sections are presented for buckling with respect to the weakest axis (i.e. z-axis). 

Table 6.1: Overview of squash loads of the current and Roebroek’s glass-steel column and Nb,Rd of three other steel profiles  

Current design 

 

Roebroek’s design 

 

IPE 270 

(z-axis) 

 

HEA 160 

(z-axis) 

 

168.3 x 5 

 

Squash load = 525 kN Squash load = 699 kN Nb,Rd = 486 kN Nb,Rd = 573 kN Nb,Rd = 523 kN 

 
Table 6.1 shows that the current glass-steel column is able to carry about as much load as traditional sections but it is 
far more transparent. 

6.1.1 Experiments and simulations 

The fully intact glass-steel column, EX 1, was able to carry the steel column’s squash load of 525 kN at a jack’s 
displacement of 12.6 mm. Instability effects were fully suppressed and no glass pane cracked. The FE load-
displacement curve was more or less the same as the experimental curve and a load of 526 kN was reached at 12.6 
mm 

Glass pane D was removed from the steel column in EX 2. Due to seizing of the second highest stainless steel cuff, 
glass pane A cracked at the highest glass-cuff connection at a load of 499 kN and a jack’s displacement of 11.1 mm. 
After cracking the test was terminated. The simulations were able to replicate the experimental load-displacement 
curve with sufficient accuracy. At a displacement of 11.1 mm a load of 495 kN was reached. Seizing of the second 
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highest glass-cuff connection was not simulated in the FE model. No glass pane exceeded the critical principal stress 
of 70 N/mm² (table 2.4).  

In EX 3 the removed glass pane D in EX 2 was put back into place and the locally cracked glass pane A was 
removed. At 314 kN glass pane C cracked at several glass-cuff connections and lateral support from the remaining 
glass pane A was assumed to be negligible. After cracking of glass pane C loading was continued up to 520 kN and a 
jack’s displacement of 12.1 mm which. The overall stiffness between the experimentally and FE load-displacement 
curves were somewhat identical. At a displacement of 12.1 mm the FE load was 519 kN. It was not possible to 
explain cracking of glass pane C at the experiment through FE simulation. 

All glass panes were removed in EX 4 and the single steel column was loaded. The buckling load of 35 kN was 
identical to the Euler buckling load. It was shown that the end supports were true clamped supports. The simulation 
of EX 4 resulted in the same buckling load of 35 kN. 

6.2 Styled geometrical imperfection 
To examine glass-steel columns other than tested, a styled e* with an assumed first Euler buckling mode of a pin-
ended column and an amplitude of ltot/1000 (i.e. 3.6 mm) was adopted in x and z direction (figure 6.1). The validated 
FE model, discussed in chapter 5, was used to simulate this styled e* for experiments 1 to 3. 

 

Figure 6.1:  Glass-steel column with styled geometrical imperfection 

6.2.1 Experiments 1 to 3 

The load-displacement curve of the styled FE simulation of EX 1 was more or less the same as the experimental 
curve (left graph in figure 6.2). At a displacement of 12.6 mm the styled FE load was 526 kN. This was also observed 
in the styled FE simulation of EX 2 (middle graph in figure 6.2) and EX 3 (right graph in figure 6.2), with loads and 
displacements of 495 kN at 11.1 mm and 519 kN at 12.1 mm respectively.  
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Figure 6.2:  Load-displacement curves of experiments 1 to 3 (left to right) 
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From the FE simulations of EX 1 to 3 it can be concluded that the glass-steel column with the styled e* was able 
replicate the same simulated ultimate loads as discussed in chapter 5. 

6.3 Glass-steel column stability check according to Eurocode 3 
A link between EC 3 stability unity check for simple free standing columns (equation 1 section 3.2.1) could not be 
made directly as the current glass-steel column has different spacing for lateral supports at both ends. Therefore two 
lengths of Lsup have been used. The first is an Lsup of 142 mm which represents the fully intact glass-steel column 
(EX 1). The second is an Lsup of 282 mm which represents the steel column laterally supported by two glass panes 
(EX 3). As mentioned in section 3.2.1 it is assumed that Lsup = Lcr in EC 3 unity check. 

Table 6.2: Experimentally found loads of the glass-steel column and buckling loads according to EC 3 

Lsup = Lcr Experiment Nb,Rd EC 3 EC 3 underestimation 

142 mm 525 kN (EX 1) 500 kN 5.0 % 

282 mm 520 kN (EX 3) 412 kN 26.0 % 

 

As observed in table 6.2, EC 3 underestimates the load bearing capacity of the fully intact glass-steel column by 5.0 
%. The glass-steel column from EX 3 is underestimated by 26.0 %. The in EC 3 assumed buckling did not occur. 
However, FE simulations discussed in section 3.3.2 and 3.3.3 revealed that the end supports greatly influence the 
failure behaviour of the glass-steel column. Without end connectors and clamped supports the glass-steel column 
would buckle at the end lengths at a FE load of 470 kN. 
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7 Conclusions and recommendations 

This chapter finishes this graduation report with main conclusions and recommendations for future work. 

7.1 Main conclusions 

The full scale experiments, discussed in section 4.3, showed that it is possible to improve Roebroek’s glass-steel 
column by means of a laterally supported high strength steel column by glass panes utilizing the steel column’s 
squash load and thereby maximizing the transparency. The current glass-steel column fulfils the research objective 
and the goal of this graduation thesis (section 1.2). The FE model, discussed in chapter 5, was able to replicate the 
experimentally found structural response of the glass-steel column with sufficient accuracy. Differences in loads 
between the experiments and FE simulations were only 0.8 %. Therefore the FE model was successfully validated 
against the experiments. Partly due to EX 3, were the glass-steel column was loaded up to 520 kN with only two 
glass panes as lateral support, it can be concluded that the braced steel column required little lateral support to 
suppress buckling. 

To examine the load bearing capacity of glass-steel columns other than the ones which were tested, the first Euler 
buckling mode with an amplitude of ltot/1000 (i.e. 3.6 mm) was adopted as styled geometrical imperfection for the 
steel column in FE simulations (section 6.2). The load bearing capacity of the styled FE model did not differ from 
the FE model with the measured geometrical imperfection. Therefore it can be concluded that the first Euler 
buckling mode with an amplitude of ltot/1000 is a good estimate for the geometrical imperfection of the steel 
columns other than tested. 

In section 6.3 the current glass-steel column’s stability was checked with EC 3 unity check. EC 3 underestimated the 
load bearing capacity of the fully intact glass-steel column by 5.0 %. The glass-steel column from EX 3 was 
underestimated by 26.0 % (table 6.2). However, a direct link between EC 3 stability unity check and the current 
glass-steel column could not be made. The current glass-steel column had thicker column ends (connectors) and 
clamped supports to suppress column buckling prior to yielding of the steel column’s cross-sectional area. It is likely 
that the stability check in EC 3 is a safe approach for glass-steel columns with the same boundary conditions used in 
the current design.  

The use of high strength steel did not increase the load bearing capacity as much as firstly assumed. Due to the 
production process of the steel column a reduction in load bearing capacity of approximately 30 % was observed in 
the experiments. 

7.1.1 Structural design consideration 

In all tested glass-steel column setups column buckling was fully suppressed. In EX 1 the steel column’s squash load 
of 525 kN was reached. In EX 1 all stainless steel cuffs glided over the steel column which confirmed the structural 
design consideration that the glass panes will only be used as lateral support. Gliding of the stainless steel cuffs in EX 
2 and EX 3 was not as smoothly as in EX 1. In EX 2 glass pane D was removed and the second highest cuff seized 
with local cracking at the highest glass-cuff connection of glass pane C as result. It seemed that the second highest 
stainless steel cuff did not get enough support from glass pane B to glide over the column’s threaded end length. 
Threaded end lengths are to be avoided. 

7.1.2 Architectural design consideration 

Unfortunately the used adhesive remained visible although most of the residue was removed. It was a thrilling result 
to load the slender steel column with a diameter of only 32 mm with a load of 525 kN. This confirmed the 
architectural design consideration. 

7.1.3 Engineering’s design consideration 

The mechanical (i.e. bolted) glass-cuff connection made it possible to assemble and reassemble the glass panes. 
Although removing a (failed) glass pane was not carried out on the loaded glass-steel column, it was assumed that, 
when looking at the small load drops after local cracking of a glass pane in EX 2 and EX 3, the glass-steel column 
would not collapse during this operation. Therefore it can be concluded that the current design fulfils the 
engineering’s design consideration. 
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7.1.4 Economic design consideration 

Due to custom made parts, like the threaded part on both ends of the steel column and the heat strengthened glass 
panes, there were some extra days for delivery. All used material was readily available. Due to the reduced steel 
column’s cross-sectional area of 50 mm x 50 mm to a diameter of 32 mm, 66 % of material could be saved. The 
experiments showed that the current glass-steel column can be used in real practise. Consequently it can be 
concluded that the current design fulfils the commercial design consideration. 

7.2 Recommendations 

Although great care had been taken at the design process and at the assembling of the current glass-steel column, the 
design possessed some drawbacks. These will be discussed as recommendations for further research projects. The 
recommendations are divided into experimental and design recommendations. 

7.2.1 Experimental recommendations 

• The most important experimental recommendation is to increase the number of glass-steel column 
specimens. All conclusions made in this graduation thesis were based on one assembled glass-steel column 
only; 

• It is advised for future compression tests that specimens should be less stocky than used in the small scale 
tests discussed in section 4.2.1; 

• At EX 2 and EX 3 one glass pane failed at one or more glass-cuff connections. The load dropped and 
stabilized (in EX 2 from 499 kN to 480 kN and in EX 3 from 314 kN to 305 kN). Although dynamic 
failure, caused by impact, was not examined, it is recommended to investigate a dynamic failure as this 
could happen in real practice. Moreover a dynamic glass pane failure could lead to column buckling and in 
the worst case perhaps even failure of the entire glass-steel column (i.e. progressive collapse); 

• At the test setup short beams were used at the top and bottom of the glass-steel column to minimize 
deformation of the test rig. In real practise, these beams will have a larger span. As the current glass-steel 
column ends were rigidly connected to those beams, it is recommended to investigate other end conditions 
and their influence on the structural response of the current glass-steel column; 

7.2.2 Design recommendations 

• At the current design, single panes of heat strengthened float glass were used to have more accuracy in the 
glass-cuff connection. For further improvements and adaptations to the current glass-steel column, 
laminated glass should be used to hold the broken glass panes together; 

• Special care should be taken to maintain the steel column inside the stainless steel cuff (i.e. galvanize). The 
current steel column will corrode (rust) which could lead to seizing of the gliding cuffs; 

• It was not possible to remove all residue of the adhesive after assembling at the glass-strip connection. Due 
to the intense colour of the used epoxy adhesive, the adhesive bonded joint remained visible after curing. A 
clear adhesive or a less exposed adhesive bonded joint would be recommended; 

• Unlike different glass pane widths at Roebroek’s experiments, only one glass pane width was used in the 
current glass-steel column. It would be interesting to improve the current design by smaller glass panes;  

• The current steel column had a lower yield strength under compression than under tension. This lowered 
the load bearing capacity by approximately 30 %. It is recommended to search for a steel grade with a 
higher yield stress under compression than used in the current design or search for a similar steel grade that 
has less reduction in yielding under compression. 
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Appendix A Specification drawings 

This appendix presents the specifications drawings for the stainless steel cuff assembling and the glass-cuff connections. 
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Appendix B Input file for finite element simulations 

This appendix presents the validated APDL file that has been used to simulate the glass-steel column in ANSYS V11.0. 

finish 
/clear 
/title,FE simulation of the experimentally tested glass-steel column 
/filname,FE_simulation 
/prep7 
 

!------------------------------------------------------------------------------------------------------------------------------------------------ 

!PARAMETERS (MILLIMETRES AND NEWTONS) 
!------------------------------------------------------------------------------------------------------------------------------------------------ 

!LOADING 
u  = 12.6 or 11.1 !displacement EX 1 or 2, EX 3 has been defined at solving 
 
!COLUMN 
l_tot  = 3600  !total column length 
l_end  = 100  !unsupported both end zero or multiple of l_sup 
l_sup  = (l_tot-(2*l_end))/24 !spacing for lateral support 
nd_clmn  = 10  !line division between buckling supports 
dia_thread  = 31.0  !diameter threaded column end parts 
dia  = 32.3  !diameter column 
 
!COLUMN END CONNECTORS 
dia_con  = 60  !diameter end parts 
nd_con  = nd_clmn/2 !line division connector 
l_con_top  = 55  !less than l_end 
l_con_bottom = l_con_top !less than l_end 
 
!STRIP 
d_glass_column = 70  !distance centre column to start glass 
ns  = 5  !line division strip 
ws  = 10  !width 
hs  = 30  !height 
  
!GLASS 
t_glass  = 10  !glass pane thickness 
w_glass  = 400  !width of glass pane 
ngw  = 10  !line division width 
ngy  = (2*l_sup)/(w_glass/ngw) 
w_fine  = 5  
h_fine  = -5 
  
!SPRING 
k  = 618e3  !spring stiffness 
l_spring  = 1  !fictive spring length 
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!----------------------------------------------------------------------------- 

!MATERIAL PROPERTIES 
!----------------------------------------------------------------------------- 
/prep7 
 
!COLUMN 
et,1,beam188 
mp,ex,1,622/0.002996 
mp,prxy,1,0.3 
sectype,1,beam,csolid 
secdata,dia/2,8,2 
tb,miso,1,1,17 
tbpt,,0,0 
tbpt,,0.002996,622 
tbpt,,0.003015,625 
tbpt,,0.003045,627 
tbpt,,0.003065,630 
tbpt,,0.003095,632 
tbpt,,0.003105,634 
tbpt,,0.003145,637 
tbpt,,0.003235,640 
tbpt,,0.003315,642 
tbpt,,0.003404,645 
tbpt,,0.003544,647 
tbpt,,0.003853,653 
tbpt,,0.004092,658 
tbpt,,0.005982,684 
tbpt,,0.007968,726 
tbpt,,0.009950,773 
 
!END CONNECTOR 
et,2,beam188 
mp,ex,2,622/0.002996 
mp,prxy,2,0.3 
sectype,2,beam,csolid 
secdata,dia_con/2,8,2 
 
!COLUMN THREADED END 
et,3,beam188 
mp,ex,3,622/0.002996 
mp,prxy,3,0.3 
sectype,3,beam,csolid 
secdata,dia_thread/2,8,2 
 
!STRIP 
et,4,beam188 
mp,ex,4,195000 
mp,prxy,4,0.3 
sectype,4,beam,rect 
secdata,hs,ws,2,2 
 
!PANE 
et,5,shell181 
mp,ex,5,70000 
mp,prxy,5,0.23 
keyopt,5,3,2 
keyopt,5,8,2 
sectype,5,shell 
secdata,t_glass,4,,9 
 
!SPRING 
et,6,combin14 
r,6,k 
keyopt,6,3,0 

 

 

 

 

 

 

 

 

 

 

!------------------------------------------------------------------ 

!GEOMETRY 

!------------------------------------------------------------------ 

csys,0 
  

!************************************************ 

!COLUMN 

!************************************************ 

k,1,0,0,0 
k,2,0,l_con_bottom,0 
k,3,0,l_end,0 
  
*do,kp_div,(l_end+l_sup),(l_tot-l_end-l_sup),l_sup 
 k,,0,kp_div,0 
*enddo 
 
k,,0,(l_tot-l_end),0 
k,,0,(l_tot-l_con_top),0 
k,,0,l_tot,0 
 
ksel,s,loc,y,l_tot 
*get,kp_column,kp,0,num,max 
allsel,all 
  
*do,line,1,(kp_column-1),1 
 l,line,line+1 
*enddo 
 
lsel,s,line,,1 
lsel,a,line,,(kp_column-1) 
lesize,all,,,nd_con 
allsel,all 
 
lsel,s,line,,2 
lsel,a,line,,(kp_column-2) 
lesize,all,,,nd_con 
allsel,all 
 
lsel,s,line,,1 
lsel,a,line,,(kp_column-1) 
latt,1,,2,,,,2 
lmesh,all 
allsel,all 
 
lsel,s,line,,(kp_column-3) 
lsel,a,line,,(kp_column-4) 
lesize,all,,,nd_ clmn 
lmesh,all 
 
lsel,s,line,,2 
lsel,a,line,,(kp_column-2) 
lsel,a,line,,(kp_column-3) 
lsel,a,line,,(kp_column-4) 
latt,1,,3,,,,3 
lmesh,all 
 
lsel,s,line,,all 
lesize,all,,,nd_ clmn 
latt,1,,1,,,,1 
lmesh,all 
 
ksel,s,kp,,1 
nslk,s 
*get,bottom_node,node,0,num,max 
 
ksel,s,kp,,kp_column 
nslk,s 
*get,top_node,node,0,num,max 
 
allsel,all 
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!************************************************ 

!GEOMETRICAL IMPERFECTION 

!************************************************ 

*do,node_sel,0,l_con_bottom,(l_con_bottom/nd_con) 
 nsel,s,loc,y,node_sel 

d,all,ux,((-6e-11*(node_sel**3))+(7e-07*(node_sel**2))-
(0.0017*node_sel)+0.3215) 
d,all,uz,((-1e-10*(node_sel**3))+(6e-07*(node_sel**2))-
(0.0011*node_sel)+0.264) 

*enddo 
 
*do,node_sel,l_con_bottom,l_end,((l_end-l_con_bottom)/nd_con) 
 nsel,s,loc,y,node_sel 

d,all,ux,((-6e-11*(node_sel**3))+(7e-07*(node_sel**2))-
(0.0017*node_sel)+0.3215) 
d,all,uz,((-1e-10*(node_sel**3))+(6e-07*(node_sel**2))-
(0.0011*node_sel)+0.264) 

*enddo 
 
*do,node_sel,l_end,(l_tot-l_end),(l_sup/nd_col) 
 nsel,s,loc,y,node_sel 

d,all,ux,((-6e-11*(node_sel**3))+(7e-07*(node_sel**2))-
(0.0017*node_sel)+0.3215) 
d,all,uz,((-1e-10*(node_sel**3))+(6e-07*(node_sel**2))-
(0.0011*node_sel)+0.264) 

*enddo 
 
*do,node_sel,(l_tot-l_end),(l_tot-l_con_top),((l_end-
l_con_top)/nd_con) 
 nsel,s,loc,y,node_sel 

d,all,ux,((-6e-11*(node_sel**3))+(7e-07*(node_sel**2))-
(0.0017*node_sel)+0.3215) 
d,all,uz,((-1e-10*(node_sel**3))+(6e-07*(node_sel**2))-
(0.0011*node_sel)+0.264) 

*enddo 
 
*do,node_sel,(l_tot-l_con_top),l_tot,(l_con_top/nd_con) 
 nsel,s,loc,y,node_sel 

d,all,ux,((-6e-11*(node_sel**3))+(7e-07*(node_sel**2))-
(0.0017*node_sel)+0.3215) 
d,all,uz,((-1e-10*(node_sel**3))+(6e-07*(node_sel**2))-
(0.0011*node_sel)+0.264) 

*enddo 
 
allsel,all 
 
finish 
/solu 
solve 
 
finish 
/prep7 
 
upgeom,1,,, FE_simulation,rst 
 
ddele,all,all 
 

!************************************************ 

!SPRING 

!************************************************ 

type,6 
real,6 
 
n,,0,-l_spring 
nsel,s,loc,y,-l_spring 
*get,bottom_spring_node,node,0,num,max 
e,bottom_spring_node,bottom_node 
  
allsel,all 
 

 

 

 

 

!************************************************ 

!STRIPS AND PANES 

!************************************************ 

local,11,0,0,0,0,0,0,-45  !local coordinate system  
csys,11 
 
d1=1  !length strip attached to column (1mm) 
d2=1  !used for coupling equations 
ns_d1=d1/2 !mesh length for d1 
 
!KEYPOINTS NEGATIVE X 
k,,-d_glass_column,l_end,0 
k,,-(w_glass+d_glass_column),l_end,0 
 
*do,keyp_div,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 k,,-d1,keyp_div,0 
 k,,-(d1+d2),keyp_div,0 
 k,,-d_glass_column,keyp_div,0 
 k,,-(w_glass+d_glass_column),keyp_div,0 
*enddo 
 
!KEYPOINTS POSITIVE Z 
k,,0,l_end,d_glass_column 
k,,0,l_end,(w_glass+d_glass_column) 
 
 
 
 
*do,keyp_div,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 k,,0,keyp_div,d1 
 k,,0,keyp_div,(d1+d2) 
 k,,0,keyp_div,d_glass_column 
 k,,0,keyp_div,(w_glass+d_glass_column) 
*enddo 
 
!KEYPOINTS POSITIVE X 
k,,d_glass_column,l_end,0 
k,,(w_glass+d_glass_column),l_end,0 
 
*do,keyp_div,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 k,,d1,keyp_div,0 
 k,,(d1+d2),keyp_div,0 
 k,,d_glass_column,keyp_div,0 
 k,,(w_glass+d_glass_column),keyp_div,0 
*enddo 
 
k,,d1,(l_tot-l_end),0 
k,,(d1+d2),(l_tot-l_end),0 
k,,d_glass_column,(l_tot-l_end),0 
k,,(w_glass+d_glass_column),(l_tot-l_end),0 
 
!KEYPOINTS NEGATIVE Z 
k,,0,l_end,-d_glass_column 
k,,0,l_end,-(w_glass+d_glass_column) 
 
*do,keyp_div,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 k,,0,keyp_div,-d1 
 k,,0,keyp_div,-(d1+d2) 
 k,,0,keyp_div,-d_glass_column 
 k,,0,keyp_div,-(w_glass+d_glass_column) 
*enddo 
 
k,,0,(l_tot-l_end),-d1 
k,,0,(l_tot-l_end),-(d1+d2) 
k,,0,(l_tot-l_end),-d_glass_column 
k,,0,(l_tot-l_end),-(w_glass+d_glass_column) 
 
!STRIPS NEGATIVE X 
ksel,s,loc,x,0 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
 
allsel,all 
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ksel,s,loc,x,-d_glass_column 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
*do,kp_height,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,x,0 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-d1 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns_d1 
  
 ksel,s,loc,x,-(d1+d2) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns 
*enddo 
 
latt,4,,4,,,,4 
lmesh,all 
 
*do,node_height,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,x,-d1 
 ksel,r,loc,z,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,master,node,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-(d1+d2) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,slave,node,0,num,max 
 allsel,all 
  
 cp,next,ux,master,slave 
 cp,next,uz,master,slave 
 cp,next,roty,master,slave 
*enddo 
 
!STRIPS POSITIVE Z 
ksel,s,loc,z,0 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,z,d_glass_column 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
 

*do,kp_height,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,z,0 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,d1 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns_d1 
  
 ksel,s,loc,z,(d1+d2) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns 
*enddo 
 
latt,4,,4,,,,4 
lmesh,all 
 
*do,node_height,(l_end+(2*l_sup)),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,z,d1 
 ksel,r,loc,x,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,master,node,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,(d1+d2) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,slave,node,0,num,max 
 allsel,all 
  
 cp,next,ux,master,slave 
 cp,next,uz,master,slave 
*enddo 
 
!STRIPS POSITIVE X 
ksel,s,loc,x,0 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,x,d_glass_column 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
*do,kp_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(d1+d2) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 



Input file for FE simulations 

 

63 

 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns 
  
 ksel,s,loc,x,d1 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,0 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns_d1 
*enddo 
 
ksel,s,loc,x,0 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,x,d1 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns_d1 
 
ksel,s,loc,x,(d1+d2) 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,x,d_glass_column 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
latt,4,,4,,,,4 
lmesh,all 
 
*do,node_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,x,d1 
 ksel,r,loc,z,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,master,node,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(d1+d2) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,slave,node,0,num,max 
 allsel,all 
  
 cp,next,ux,master,slave 
 cp,next,uz,master,slave 
*enddo 
 
ksel,s,loc,x,d1 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
nslk,s 
*get,master,node,0,num,max 
allsel,all 

  
ksel,s,loc,x,(d1+d2) 
ksel,r,loc,z,0 
ksel,r,loc,y,(l_tot-l_end) 
nslk,s 
*get,slave,node,0,num,max 
allsel,all 
  
cp,next,ux,master,slave 
cp,next,uz,master,slave 
 
!STRIPS NEGATIVE Z 
ksel,s,loc,z,0 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,z,-d_glass_column 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
*do,kp_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(d1+d2) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns 
  
 ksel,s,loc,z,-d1 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,0 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ns_d1 
*enddo 
 
ksel,s,loc,z,0 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,z,-d1 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns_d1 
 
ksel,s,loc,z,-(d1+d2) 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,i,kp,0,num,max 
allsel,all 
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ksel,s,loc,z,-d_glass_column 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
*get,j,kp,0,num,max 
allsel,all 
 
l,i,j,$lesize,all,,,ns 
 
latt,4,,4,,,,4 
lmesh,all 
 
*do,node_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,z,-d1 
 ksel,r,loc,x,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,master,node,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(d1+d2) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,node_height 
 nslk,s 
 *get,slave,node,0,num,max 
 allsel,all 
  
 cp,next,ux,master,slave 
 cp,next,uz,master,slave 
*enddo 
 
 
ksel,s,loc,z,-d1 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
nslk,s 
*get,master,node,0,num,max 
allsel,all 
  
ksel,s,loc,z,-(d1+d2) 
ksel,r,loc,x,0 
ksel,r,loc,y,(l_tot-l_end) 
nslk,s 
*get,slave,node,0,num,max 
allsel,all 
  
cp,next,ux,master,slave 
cp,next,uz,master,slave 
 
!PANES NEGATIVE X 
*do,kp_height,(l_end),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ngw,w_fine 
*enddo 
 
*do,kp_height,l_end,(l_tot-l_end-(2*l_sup)),(2*l_sup) 
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 

  
 l,v,w,$lesize,all,,,ngy,h_fine 
  
 ksel,s,loc,x,-(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy,h_fine 
 
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,-(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,x,-(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,c,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,x,-d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
 
!PANES POSITIVE Z 
*do,kp_height,(l_end),(l_tot-l_end),(2*l_sup) 
 ksel,s,loc,z,(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,j,i,$lesize,all,,,ngw,w_fine 
*enddo 
 
*do,kp_height,l_end,(l_tot-l_end-(2*l_sup)),(2*l_sup) 
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
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 l,v,w,$lesize,all,,,ngy,h_fine 
  
 ksel,s,loc,z,(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy,h_fine 
 
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,z,(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,c,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,z,d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
 
!PANES POSITIVE X 
ksel,s,loc,x,d_glass_column 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,x,(d_glass_column+w_glass) 
ksel,r,loc,z,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
  
l,i,j,$lesize,all,,,ngw,w_fine 
 
ksel,s,loc,x,d_glass_column 
ksel,r,loc,z,0 
ksel,r,loc,y,l_tot-l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,x,(d_glass_column+w_glass) 
ksel,r,loc,z,0 
ksel,r,loc,y,l_tot-l_end 
*get,j,kp,0,num,max 
allsel,all 
  
l,i,j,$lesize,all,,,ngw,w_fine 
 
 

*do,kp_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(d_glass_column+w_glass) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ngw,w_fine 
*enddo 
 
*do,kp_height,(l_end+l_sup),(l_tot-l_end-(3*l_sup)),(2*l_sup) 
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
 
 l,v,w,$lesize,all,,,ngy,h_fine 
  
 allsel,all 
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy,h_fine 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,c,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
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*do,kp_height,l_end,(l_tot-l_end-l_sup),(l_tot-(2*l_end)-l_sup) 
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy/2,h_fine 
  
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy/2,h_fine 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,d_glass_column 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,c,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,x,(w_glass+d_glass_column) 
 ksel,r,loc,z,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
 
allsel,all 
 
!PANES NEGATIVE Z 
ksel,s,loc,z,-d_glass_column 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,z,-(d_glass_column+w_glass) 
ksel,r,loc,x,0 
ksel,r,loc,y,l_end 
*get,j,kp,0,num,max 
allsel,all 
  
l,i,j,$lesize,all,,,ngw,w_fine 
 
ksel,s,loc,z,-d_glass_column 

ksel,r,loc,x,0 
ksel,r,loc,y,l_tot-l_end 
*get,i,kp,0,num,max 
allsel,all 
 
ksel,s,loc,z,-(d_glass_column+w_glass) 
ksel,r,loc,x,0 
ksel,r,loc,y,l_tot-l_end 
*get,j,kp,0,num,max 
allsel,all 
  
l,i,j,$lesize,all,,,ngw,w_fine 
 
*do,kp_height,(l_end+l_sup),(l_tot-l_end-l_sup),(2*l_sup) 
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,i,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(d_glass_column+w_glass) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,j,kp,0,num,max 
 allsel,all 
  
 l,i,j,$lesize,all,,,ngw,w_fine 
*enddo 
 
*do,kp_height,(l_end+l_sup),(l_tot-l_end-(3*l_sup)),(2*l_sup) 
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
 
 l,v,w,$lesize,all,,,ngy,h_fine 
  
 allsel,all 
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy,h_fine 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
 
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,c,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
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 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+(2*l_sup) 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
 
*do,kp_height,l_end,(l_tot-l_end-l_sup),(l_tot-(2*l_end)-l_sup) 
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy/2,h_fine 
  
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,v,kp,0,num,max 
 allsel,all 
  
  

ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,w,kp,0,num,max 
 allsel,all 
  
 l,v,w,$lesize,all,,,ngy/2,h_fine 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,a,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height 
 *get,b,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-d_glass_column 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,c,kp,0,num,max 
 allsel,all 
  
 ksel,s,loc,z,-(w_glass+d_glass_column) 
 ksel,r,loc,x,0 
 ksel,r,loc,y,kp_height+l_sup 
 *get,d,kp,0,num,max 
 allsel,all 
  
 a,a,b,c,d 
 aatt,5,,5,,5 
 mshkey,1 
 amesh,all  
*enddo 
 

 

 

 

 

!************************************************ 

!DELETE  PANES 

!************************************************ 

!PANE A REMOVED AT EXPERIMENT 3 
!asel,s,loc,x,-w_glass,-d_glass_column 
!aclear,all 
!adele,all 
 
!PANE B 
!asel,s,loc,x,w_glass,d_glass_column 
!aclear,all 
!adele,all 
 
!PANE C FAILED DURING EXPERIMENT 3 
!asel,s,loc,z,w_glass,d_glass_column 
!aclear,all 
!adele,all 
 
!PANE D REMOVED AT EXPERIMENT 2 
!asel,s,loc,z,-w_glass,-d_glass_column 
!aclear,all 
!adele,all 
 

!************************************************ 

!SELECTING ELEMENTS FOR PRINCIPAL STRESSES 

!************************************************ 

!Activate only to simulate glass pane C failure in experiment 3 
asel,s,loc,z,w_glass,d_glass_column 
cm,pane_c,area 

 
csys,11   !local coordinate system 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,x,-d_glass_column 
nsel,r,loc,y,l_end 
esln,s 
esel,r,type,,5 
*get,a_bottom,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,x,d_glass_column 
nsel,r,loc,y,l_end 
esln,s 
esel,r,type,,5 
*get,b_bottom,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,z,d_glass_column 
nsel,r,loc,y,l_end 
esln,s 
esel,r,type,,5 
*get,c_bottom,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,z,-d_glass_column 
nsel,r,loc,y,l_end 
esln,s 
esel,r,type,,5 
*get,d_bottom,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,x,-d_glass_column 
nsel,r,loc,y,l_tot-l_end 
esln,s 
esel,r,type,,5 
*get,a_top,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,x,d_glass_column 
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nsel,r,loc,y,l_tot-l_end 
esln,s 
esel,r,type,,5 
*get,b_top,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,z,d_glass_column 
nsel,r,loc,y,l_tot-l_end 
esln,s 
esel,r,type,,5 
*get,c_top,elem,0,num,max 
 
esel,s,type,,5 
nsle,s 
nsel,r,loc,z,-d_glass_column 
nsel,r,loc,y,l_tot-l_end 
esln,s 
esel,r,type,,5 
*get,d_top,elem,0,num,max 
 
!----------------------------------------------------------------------------- 
! CONSTRAINS 
!----------------------------------------------------------------------------- 
csys,0   !global coordinate system 
d,bottom_spring_node,ux 
d,bottom_spring_node,uz 
 
d,bottom_node,ux 
d,bottom_node,uz 
d,bottom_node,rotx 
d,bottom_node,roty 
d,bottom_node,rotz 
 
nsel,s,loc,y,0,45 
nsel,a,loc,y,l_tot-30 
 
d,all,ux 
d,all,uz 
d,all,rotx 
d,all,rotz 
 
allsel,all 
 
d,top_node,ux 
d,top_node,uy 
d,top_node,uz 
d,top_node,rotx 
d,top_node,roty 
d,top_node,rotz 
 
nummrg,all 
 
!----------------------------------------------------------------------------- 
! SOLUTION 
!----------------------------------------------------------------------------- 
finish 
/solu  
 
antype,0 
nlgeom,on 
nsubst,50,50,0    
outres,erase 
outres,all,all   !save all sub steps for time history 
autots,1 
lnsrch,1  !line search Newton-Raphson 
nropt,full 
neqit,100  !equilibrium iterations 
cnvtol,u,,0.005,,1 
cnvtol,f,,0.005,,1 
 
!Simulate experiments 1, 2 and 4 

*do,subst,0.25,1,0.25 
  d,bottom_spring_node,uy,u*subst 
  solve 

*enddo 
 

!Simulate experiment 3 
d,bottom_spring_node,uy,3.5 
solve 

  
d,bottom_spring_node,uy,7.03 
solve 

 
fini 
/solu 
/sys,dir 
antype,,restart 
/sys,dir 
cmsel,s,pane_c 
allsel,below,area 
ekill,all 

 
allsel,all 

 
d,bottom_spring_node,uy,10 
solve 

 
d,bottom_spring_node,uy,12.1 
solve 

!----------------------------------------------------------------------------- 
! POST-PROCESSING 
!----------------------------------------------------------------------------- 
finish 
/post26 
 
numvar,200 
 
nsol,2,bottom_spring_node,u,y,displacement 
 
rforce,3,top_node,f,y,load 
 
esol,4,a_bottom,,s,1,a_bottom 
esol,5,b_bottom,,s,1,b_bottom 
esol,6,c_bottom,,s,1,c_bottom 
esol,7,d_bottom,,s,1,d_bottom 
esol,8,a_top,,s,1,a_top 
esol,9,b_top,,s,1,b_top 
esol,10,c_top,,s,1,c_top 
esol,11,d_top,,s,1,d_top 
 
/axlab,x,displacement_y 
/axlab,y,load 
 
xvar,2 
plvar,3 
 






