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Summary

Slender columns tend to fail due to loss of stability. Owing to the intrinsically brittle behaviour of
glass, slender columns made of glass panes are considered as unsafe. Steel, by contrast, is a rather
ductile material, thus providing a certain warning mechanism prior to failure. Still, slender steel
columns are prone to buckling as well, as a result of which the ultimate load capacity is generally
significandy lower than the fully plastic axial load capacity. This research is based on the
assumption that a highly transparent and sufficiently safe column is only achievable in a
combination of glass and steel, where the axially loaded slender steel column is laterally supported
by glass panes. Moreover, the concept of the glass-steel column allows for the ultimate load
capacity of the steel column to be increased dramatically. The primary objectives of this research
are to determine the global structural behaviour of a specifically designed glass-steel column
through simple analytical approximations and full-scale experiments, as well as to calibrate a

numerical model on experimental data.

For the purpose of supporting a typical office building floor, the concept of the glass-steel column
has led to a design based on a cruciform cross-sectional shape comprising a 50mm square solid
steel section in the middle and 19mm single annealed float glass panes in each of the orthogonal
directions. Along the 3700mm length of the steel column, steel strips are welded at 4 regular
intervals at each side between which the glass panes are connected through an epoxy adhesive
bond line of 0.5mm thickness. This specific design offers good possibilities for a significant

residual load-bearing capacity upon breakage of one or more glass panes.

Full-scale experiments were performed on three distinct specimens, though all of which consisting
of a steel column that is laterally supported by glass panes in only one direction. The specimens
varied in the defined in-plane initial out-of-straightness of the steel column and the width of the
glass panes. As the experiments were focussed on buckling of the steel column in the direction in
which the column was laterally supported by glass panes, the test setup was deliberately designed
such that buckling of the steel column in any other direction was prevented. Great care was taken
with respect to the design of the end supports. In order to establish in-plane pinned end
conditions to the test specimens, a sliding bearing was made of a half cylindrical PTFE-based
plain bushing and a notched shaft of hardened steel, which effectively resulted in very low

rotational restraint.
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A two-dimensional numerical model based on a commercially available Finite Element (FE) code
was developed to simulate the experiments. The steel column was modelled by line-type beam
elements based on Bernoulli theoty. As the results obtained from full-scale experiments showed
loading of the steel column beyond the elastic range of the material, a nonlinear material law was
modelled. The steel strips were represented by beam elements as well as, whereas the glass panes
were modelled by eight-node plane stress elements. Linear elastic behaviour of glass was assumed,
thus not allowing for the simulation of cracking of the glass panes. A two-dimensional structural
line interface element was selected to represent the adhesive bonded joint, and the assigned stress-
relative displacement relations were assumed linear elastic. The parameters for calibration of the
FE model included the experimentally determined actual stress-strain relation of the steel column,
the rotational end restraint of the steel column due to friction and the stiffness of the test rig. All
analyses performed were displacement controlled geometrical and physical nonlinear imperfect

analyses.

The FE model including all calibration parameters generally showed moderate to very good
correspondence with experimental results. In one experiment, however, failure occurred early and
unexpectedly, resulting in complete and simultaneous breakage of all glass panes. For the other
experiments, the FE model underestimated the ultimate load by up to 9.7%. A comparison of the
numerically and experimentally obtained load-deformation relations at defined locations of the
steel column showed some irregularities, yet the overall structural behaviour corresponded rather
well. The FE model overestimated the maximum tensile bending stresses in the glass panes
obtained from all experiments by up to 15.6%, whereas the stresses at the surfaces of minimum
and maximum bending of the steel column were underestimated within 13.0% and

overestimated within 6.2%.

To conclude, the results of this research seem to provide strong indications to assume that a
system of in-plane loaded glass panes is indeed able to provide lateral support to a slender steel
column. This way, a significantly higher ultimate load capacity of the steel column can be
achieved with minimum visual impact and sufficient structural safety. Hence, the concept of the
glass-steel column seems to be perfectly feasible, yet a considerable amount of additional research

is still required towards practical application.
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Notation and abbreviations

NOTATION

Generally used indices:

nominal

plastic

reduced
representative value
required

tensile

total

ultimate

related to x-,y- or z-direction

1. longest edge length of a rectangular plate (p.25); 2. distance from the reference plane

1. shortest edge length of a rectangular plate (p.25); 2. distance from the reference

1. rotational spring stiffness; 2. distance from the reference plane to the top of the

X related to situation/mode I, [l or 11T Xiom
Xi23 related to situation/mode 1,2 or 3 X
X compression Xred
X critical Xieg
Xy design value oy
Xef effective X
Xeg equivalent Xiot
Xi ideal Xu
Xi characteristic value XKy
Latin symbols:
A surface or cross-sectional area
a
to the top of the column surface at the end for which x=0 (p. 61)
A, cross-sectional area of a broken glass pane (p. 30)
b
plane to the top of the column surface at the end for which x=L (p. 61)
c
column surface at an arbitrary location x (p. 61)
e consequence of failure (p. 27)
[ specific thermal capacity (p. 22)
D 1. diameter; 2. damage (p. 30)
d 1. width; 2. number of damaged glass panes (p. 30); 3. thickness of the adhesive
bond (p. 33)
do initial deformation (p. 49)
d, additional deformation (p. 49)
E Young’s modulus
e

lateral imperfection relative to an imaginary chord through the center of the column
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€o

Fbr

Fcr:LT

S

3 gn

K
kbr;ﬁc(

kini(

n;j

S
S.

S
Si
S

tn

imperfection parameter (p. 46)

applied load

bracing force (p. 49)

critical lateral torsional buckling load (p. 25)

Euler buckling load

friction force (p. 77)

stress at start of strain hardening (p. 96)

static ultimate tensile strength (p. 75)

yield strength

static yield strength (p. 75)

shear modulus

hardness (p. 22)

height

moment of inertia

translational spring stiffness

actual bracing stiffness (p. 48)

fictitious bracing stiffness (p. 50)

initial stiffness (p. 84)

normal stiffness of the adhesive joint (p. 99)

rotational spring stiffness (p. 108)

1. shear stiffness of the adhesive joint (p. 99); 2. factor related to the critcial spring
stiffness (p. 48)

secant stiffness (p. 84)

support stiffness (p. 81)

length

bay length, unsupported length, or length between two lateral supports (p. 48)
lateral torsional buckling length (p. 25)

original gage length (p. 74)

system length

axial compression load

amplification factor: ratio of the Euler buckling load over the applied load (p. 46)
bending moment

probability of failure (p. 27)

reaction force (p. 73)

radius (p. 77)

risk of failure (p. 27)

strength (p. 30)

strength equal to the load at an arbitrary point in time (p. 30)
original cross-sectional area (p. 74)

strength equal to the serviceability limit state action (p. 30)
strength equal to the self weight of a member (p. 30)
strength equal to the ultimate limit state action (p. 30)
torque (p. 77)

time

normal traction (p. 99)
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Cref
B

Upel

XY, Z

reference time (p. 30)

shear traction (p. 99)

1. maximum deformation at the middle of a beam (p. 50); 2. horizontal in-plane
displacement of the bearing block (p. 81)

relative displacement (p. 100)

lateral deformation of a beam (p. 25)

initial lateral deformation of a beam (p. 25)

lateral deformation of a column or plate (p. 25)

initial lateral deformation of a column or plate (p. 25)
additional lateral deformation of a column or plate (p. 25)
1. coordinates of a poing; 2. directions in the GCS

Greek symbols:

ar thermal expansion coeffiecient (p. 22)

Y shear angle of the adhesive (p. 33)

£ 1. strain; 2. strain rate (p. 108)

£h strain at start of strain hardening (p. 96)

& strain at start of yielding (p. 96)

A 1. slenderness; 2. thermal conductivity (p. 22)

Ae slenderness for which the buckling curve intersects with the yield path (p. 20)
A slenderness ratio (p. 19)

p friction coefficient (p. 77)

v 1. Poisson’s ratio; 2. shear deformation of the adhesive (p. 33)

& directions in the carthesian coordinate system (p. 95)

p 1. density; 2. restraint parameter (p. 108)

o stress

Obuc buckling stress

O normal stress (p. 100)

Oyd dynamic yield stress (p. 107)

Oys static yield stress (p. 107)

T shear stress

Tep epoxy shear strength (p. 59)

9 rotational degree of freedom (p. 95)

Whue buckling factor

ABBREVIATIONS

4PBT  Four point bend test HSG Heat strengthened glass
ANG  Annealed glass LVDT  Linear variable displacement
FE Finite Element transducer

FTG Fully tempered glass PTFE  Polytetrafluorethylene
GCS Global coordinate system PVB Polyvinyl butyral
GPNIA Geometrical and physical nonlinear ~ TIG Tungsten inert gas

imperfect analysis
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Chapter 1

Introduction

The application of glass in arts and crafis dates back thousands of years. For centuries glass has been
used in buildings for its most distinguishing intrinsic characteristic: transparency. Initially, glass was
not used on a large scale mainly due to poor manufacturing processes and techniques, as well as a
lacking notion of the importance of light, fresh air, and space in dwellings and public buildings.

In the middle of the 19" century the first significant efforts were made on the structural application of
glass in buildings. The Palm House of Bicton Gardens (1843) was built of glass panes that were
connected to small iron profiles, thus creating a structure based on in-plane loading of glass panes. This
state-of-the-art application of glass was considered a great example of both transparency and structural
optimization. More than 150 years later the desire to design and construct transparent and structurally

optimized buildings is still present and even more subject of research.

1.1 Motivation

Glass is a material that has inspired many architects through the years mainly due to that one
distinguishing characteristic: transparency. Large-scale applications were yet impossible until the
development of the float glass fabrication process in 1952 by Pilkington. The industrial
fabrication of glass made it possible to produce glass panes of increasing quality and dimensions.
At the same time the socially and politically engaged Modern Movement gained momentum after
World War I and 11, favouring more light, fresh air and space in buildings. The combination of
technological improvements in the fabrication process of glass, together with the development of
new building types and revolutionary ideas for healthier and generally better living conditions,

have led to an ever increasing desire for transparency in architecture.
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Not only architects have been inspired by glass, engineers have been equally intrigued by the great
potential of glass as a structural material due to its high compressive strength and bending
stiffness. Although glass may not seem an obvious choice as a structural material because of its
brittle failure behaviour, structural elements of glass may be the final step towards dematerializing

that part of the building responsible for keeping it up (Figure 1.1).

Figure 1.1 A structural challenge: dematerializing that part of the building that is responsible for
keeping it up. In the Rheinbach Glass Pavilion —designed by Jorg Hieber and Jiirgen
Marquarde— the entire roof supporting structure is made of glass [Wellershoff and
Sedlacek, 2003] which results in a seemingly floating roof structure. The structural safety

concept is based on a combined probabilistic and consequence-based approach.

In the past decade research in the structural application of glass has mainly focused on the
development of plates and girders. Because of the afore-mentioned brittle failure behaviour of
glass, research has particularly aimed at increasing the structural safety of these glass structures. It
is in that aspect that the reason can be found for the fact that so little research has yet been carried
out into the structural application of glass in columns. Slender columns usually fail due to
instability, whereas plates and girders tend to fail due to a lack of strength or stiffness (at least it is
fairly easy to prevent instability). The tendency of slender columns to fail due to instability in
combination with the extremely brittle failure behaviour of glass, results in a structure that is

considered to be highly unsafe.

Slender steel columns usually fail due to stability problems (i.e. column buckling) as well. Steel,
however, is a rather ductile material and failure does not occur suddenly as is the case for brittle
materials. Therefore, steel is considered a fairly safe structural material. Still, slender steel columns
tend to fail suddenly because of buckling as a result of which the maximum axial load bearing

capacity is not utilized to an optimum.

A column based on the combined use of glass and steel (hereafter referred to as a glass-steel
column) may provide a solution for the challenge of developing a column that is highly

transparent, safe and optimized in terms of material utilization.



CHAPTER 1: INTRODUCTION

1.2 Objective

The research subject on which this graduation project concentrates can be characterized by a
twofold problem definition. This problem definition leads to the research objective that is stated
in Section 1.2.2.

1.2.1 Problem definition

The duality of the problem definition can be directly traced back to the intrinsic properties of

both materials.

Steel is a2 material with a high compression and tensile strength as well as a high bending stiffness,
which allows for slender structures. Slender structures, however, tend to fail due to instability (i.e.

buckling).

Glass is 2 material with a high compression strength but relatively low tensile strength. Moreover,
glass is an extremely brittle material, which means a glass structure deforms elastically under an
increasing load and fails suddenly upon failure (i.e. without warning mechanism). Therefore,

glass is generally considered to be an unsafe material to use in building structures.
The twofold problem definition can thus be phrased as follows:

= The load bearing capacity of a slender steel column subjected to an axial compression
load is limited due to instability (i.e. buckling). As a result of that the maximum axial
load bearing capacity cannot be reached, which means the strength of the steel column

section is not utilized to an optimum.

= The brittle failure behaviour makes glass an unsuitable material for application in main

structural elements such as floor bearing columns.

1.2.2  Research objective

It can be concluded that for one or more reasons both the steel column and glass column have its
disadvantages if applied separately. The objective of this graduation project is therefore based on
the assumption that a transparent and sufficiently safe column is only achievable in a
combination of steel and glass, in which the axially loaded steel column section is stabilized by

means of glass panes. The research objective can now be phrased:

“The objective is to design a transparent column of glass and steel that fulfills the requirements for an
optimal utilization of the axial load bearing capacity of the steel column section as well as sufficient
structural safety against sudden failure.”
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1.2.3 Assumptions

In addition to the research objective formulated in Section 1.2.2, several assumptions (as well as
simplifications and limitations) are made to narrow down the scope of this graduation project.
Generally, the assumptions can be divided in those made for design or for analysis. The following

assumptions are made with regard to the design:

* Plane glass panes; the design of the glass-steel column is to be based on the use of plane

glass panes.

* Failure occurs due to yielding of the steel column section; since the aim is to utilize the
axial load bearing capacity of the steel column section to an optimum, the glass-steel
column (subjected to an axial compression load) is to be designed in such a way that
failure does no longer occur as a result of instability (i.e. buckling), but because of
exceeding the axial load bearing capacity of the steel column section. That implies that
any form of buckling of the glass panes prior to yielding of the steel column section is to

be prevented.

*  Only the steel column section is to be loaded by an axial compression load; this means
the glass-steel column is to be designed in such a way that only the steel column section
is axially loaded, whereas the glass panes are only indirectly loaded due to lateral

deflections of the steel column section.

= Structural safety due to post-critical strength and stiffness; failure is considered to occur
at yielding of the steel column section, but the glass-steel column is to be designed in
such a way that a significant post-critical strength and stiffness (and thus a post-critical
load bearing capacity) are guaranteed, since this considerably increases the structural

safety of the glass-steel column.

The most important assumptions made with regard to the analysis of the structural behaviour of

the different design alternatives for the glass-steel column can be described by:

»  Global structural behaviour; only the global structural behaviour of the different
alternatives for a glass-steel column is studied including the influence of imperfections on
the steel column section. However, the influence of any other local imperfections,
tolerances, Jocal stress concentrations and local failure is not studied in this graduation

project.

= Negligible influence of several glass parameters; the influence of the parameters which
affect the load bearing capacity of glass elements as discussed in Section 2.4.4 is
considered to be negligibly small if only studying the global structural behaviour of the
glass-steel column. Therefore these parameters are not taken into account for the

different types of analysis.

= Single layer glass panes; the structural analysis of the glass-steel column is based on the

use of single layer glass panes although the design is based on the use of laminated glass.
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Annealed float glass is preferred because of its fracture pattern and its corresponding
residual load bearing capacity upon breakage which can significantly contribute to the
structural safety of the glass-steel column.

= Two-dimensional problem; the steel column section is assumed to only deform in the
direction of the initial imperfection and therefore only deform in a two-dimensional
plane. Furthermore, out-of-plane deformations of the glass panes are supposed not to

occur, and out-of-straightness of the glass panes is supposed to be negligibly small.

1.3 Procedure

Following a comprehensive study of literature, several alternatives for the glass-steel column are
designed based on a set of requirements. Analytical calculations are made to gain a preliminary
understanding of the global structural behaviour of the different alternatives and to support the

process of selecting the most promising design alternatives.

The global structural behaviour of the two most promising alternatives for the glass-steel column
is studied further by means of numerical analyses, using a computer program based on the Finite
Element Method. In order to be able to verify the results from numerical analyses, simple models
are developed first and the results are compared to analytical solutions. Once it is concluded that
the simple models produce reliable and accurate results, more advanced models are developed to
study the global behaviour of the two most promising alternatives for the glass-steel column into

more detail. Finally, one alternative for the glass-steel column is selected for experimental testing.

1.4  Report structure

The first part of this report (i.e. Chapter 2) is an outline of basic knowledge and subjects studied
in literature that are considered most relevant within the framework of this graduation project.
The second part (Chapter 3) illustrates the design process and development of several alternatives
for the glass-steel column. The third and most extensive part of this report deals with the
development of analytical, experimental and numerical solutions for the global structural
behaviour of the glass-steel column in respectively Chapter 4, 5 and 6. Conclusions and

recommendations for further research are reported in Chapter 7.
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Chapter 2

Basic theory and literature

This chapter is to provide the reader with background theory and basic knowledge on varying topics
that are of interest within the framework of this graduation project. The main topics cover the subject
of structural stability, solution techniques, mechanical properties of steel and glass, and different types of
glass connections. It is, however, not intended by any means to present an exhaustive overview of recent
developments in the various fields of research. Hence, plenty of references to literature are given for

Sfurther studies.

2.1  Stability

Two types of failure can be distinguished associated with a structure namely material failure and
form or configuration failure. Material failure occurs if the stresses exceed the permissible values
which may result in the formation of cracks. A structure fails due to configuration failure if it is
unable to maintain its designed configuration under an external disturbance (caused by e.g.
accidental forces, eccentricities, imperfections or inhomogenities) or applied load even though the
stresses are within permissible range [Gambbhir, 2004]. The loss of stability due to tensile loads is
considered a form of material instability, whereas stability loss under compressive load is usually

called structural or geometrical instability often referred to as buckling.

2.1.1 Principles of the stability theory

The criterion for a stability problem can be found in the existence of an ambiguous relation
between load and deformation. A stability problem is considered to exist if at a certain load
situation no unambiguous state of equilibrium can be defined [Luible, 2004]. In the stability
theory three states of equilibrium can be distinguished namely the stable, unstable and indifferent
or neutral equilibrium [Pfliiger, 1964]. The three states of equilibrium can be illustrated by a
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rigid ball in position at different points on a surface, as is shown in Figure 2.1. The ball is
assumed to be in equilibrium at the points of zero slopes, but the response of the ball to a small

disturbance from these positions is quite different.

In a stable state of equilibrium (Figure 2.1a) positive work is required to move the ball from its
position and the ball will return to its original position upon removal of the disturbance. If a
small disturbance results in the giving up of energy and the ball moving progressively the state of
equilibrium is considered to be unstable (Figure 2.1¢). In the state of indifferent equilibrium the
ball neither returns to its original position nor continues to move upon removal of the

disturbance (Figure 2.1b).

N O

(a) (b)

Figure 2.1 Ball analogy for the different states of equilibrium in the relation between load and
deformation for the concept of stability. A stable state of equilibrium is represented by (a),
whereas an unstable state of equilibrium is represented by (c). The ball analogy for an
indifferent state of equilibrium is shown in (b).

For a structure it is desirable that it is in stable state of equilibrium. In Gambhir [2004] the stable
state of equilibrium is defined as the ability of the structure to remain in position and support the
given load, even if forced slightly out of its position by a disturbance. As the load increases until it
exceeds the critical value the structure is in a state of unstable equilibrium, which means that yet a

slight disturbance results in buckling.

The state of indifferent equilibrium is characterized by the fact that besides the straight position
of the structure there is a random deformed position for which equilibrium exists as well
[Kerstens, 2006]. This means that the energy required for disturbance (i.e. required to leave the
equilibrium position) equals zero. The state of indifferent equilibrium is therefore referred to as

the critical state of equilibrium [Luible, 2004] or the necessary condition for structural stability

[Gambhir, 2004].

It should be noted that the state of indifferent equilibrium can be achieved for perfect systems. In
reality, however, only imperfect systems exist. Imperfections like initial deformations, residual
stresses or inhomogenities cause the system not to reach the critical state of equilibrium.
Therefore, for every load situation an unambiguous relation exists between load and deformation,

which means the system is in a stable state of equilibrium.

2.1.2  Structural instability

The loss of stability (i.e. instability) in terms of structural behaviour can be expressed by the load-

deformation relationship. For continuous conservative elastic systems stability is classified into
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three types of branching or bifurcations with distinct initial post-buckling behaviour, which is to

explain any discrepancy between theoretical and experimental results [Gambhir, 2004]:

= A symmetric bent upward post-buckling curve with a stable bifurcation, which is almost

unaffected by imperfections (Figure 2.2a);

= A symmetric bent downward curve which is unstable and sensitive to imperfections
(Figure 2.2b);

= An asymmetric post-buckling curve with a slope at the bifurcation point which is

extremely sensitive even to a very small initial imperfection (Figure 2.2¢).

Figure 2.2 For continuous conservative clastic systems, stability is classified into three types of
branching or bifurcations. Symmetric stable branching is shown in (a). The continuous
lines represent the load-deformation relationship for perfect systems, whereas the dashed
lines represent the load-deformation relationship for asymprotic imperfect systems.
Unstable symmetric and asymmetric branching is shown in respectively (b) and (c).

— W

Figure 2.3 Load-deformation diagram of a uniform cantilever column with an initial imperfection,
subjected to an axial compressive load. The ascending branch (continuous line)
corresponds to a stable state of equilibrium and the descending branch (dashed line) to an
unstable state of equilibrium.

For a uniform cantilever column with an initial imperfection the load-deformation curve consists
of an ascending branch and a descending branch with a definite apex which defines the maximum

load carrying capacity of the member as shown in Figure 2.3. The critical load represents an
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upper strength limit for column buckling [Haldimann et al., 2008]. Under monotonic loading
the ascending branch corresponds to a stable equilibrium state and the descending branch to an
unstable equilibrium state. As the load approaches the critical value unlimited progressing growth

of the displacement occurs [Gambhir, 2004].

The critical load corresponds to a critical point on the equilibrium path. Passing through this
point results in the loss of the initial stability of the equilibrium. Two types of critical points can
be distinguished [Bakker and Kerstens, 2008]:

= The bifurcation point; the branching of two or more equilibrium paths. The Euler

buckling load of a column is an example of a bifurcation point load.

= The limit point; the relative maximum on a load-deflection curve, not to be confused
with the concept of a limit load in plastic limit analysis. The elastic-plastic failure load of

an imperfect rigid-bar column model with an elastic spring is an example of a limit point

load.

Generally, a distinction is made between three fundamental types of structural instability: column
buckling, lateral torsional buckling and plate buckling (Figure 2.4). Within the framework of this
graduation project column buckling is of particular interest and is therefore briefly discussed in

the following section.
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Figure 2.4 Three types of structural instability: column buckling (a), lateral torsional buckling (b) and
plate buckling (¢).

2.1.3 Column buckling

A slender bar subjected to an axial compressive load is highly susceptible for column buckling.
Two types of failure can be distinguished: flexural column buckling and torsional column
buckling. Flexural column buckling is characterized by a lateral deformation normal to the
centroidal axis of the bar, whereas a clean rotation of the centroidal axis is typical for torsional
column buckling. Within the framework of this graduation project torsional column buckling is
not taken into consideration. Therefore, whenever the subject of column buckling is discussed

throughout this report only flexural column buckling is considered.

10
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The solution of the buckling problem of a centrically loaded perfectly straight column is
expressed by Euler [1744] in the critical buckling load:

w2 El
M =— M
L.

Perfectly straight columns, however, only exist in theory. Due to imperfections the load carrying
capacity of real columns is significantly smaller than the Euler solution. Buckling of an imperfect
bar occurs if under increasing loading the lateral deformation of the column increases until either
the limits of the material properties or the deformation capacity are reached. The ultimate load
approaches the critical load asymptotically for large deformations. Chapter 4 will discuss the

subject of buckling of both perfect and imperfect columns into much more detail.

The subject of buckling can be classified in different ways depending on —obviously— the
classification criteria. In Chapter 6 a classification is made based on the geometrical and physical
properties for analysis of the structure. In Section 2.2.2 the stability problem is classified by the
type of numerical analysis. Furthermore, a distinction can be made between system buckling and
member buckling [Bakker and Kerstens, 2008]. Member buckling may either involve global,
local or distortional buckling. Within the framework of this graduation project only global
buckling of a member is considered, which means any distortion of the cross-section of the

member is not taken into account.

2.2 Solving stability problems

A stability analysis consists in determining the mode of loss of stability and the corresponding
load. More specific, the analysis of geometrical instability, referred to as the buckling analysis,
consists in the determination of buckling loads (or critical loads) at which a certain structure
becomes unstable and the characteristic shape associated with the buckled response of the
structure called buckled mode shapes [Bakker and Kerstens, 2008].

In most structural stability problems the lateral deformation of the members can not be neglected
in determining equilibrium. Therefore, the system no longer acts geometrically linear and
equilibrium is thus to be determined with respect to the deformed shape of the structure. If the
displacements are relatively small (i.e. small compared to the dimensions of the structural
element) an analysis based on the second order theory can be performed. In the second order
theory membrane stresses due to out-of-plane deformations are considered to be negligibly small
[Bakker and Pekéz, 2002]. Particularly for thin-walled structures a second order analysis is

unsuitable and at least a large displacement analysis is required.

In general, the solution of stability problems can be determined either analytically or numerically.
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2.2.1 Analytical solutions

Basically, two methods for analytically solving of stability problems can be distinguished [Luible,
2004]. The first method is based on solving the governing differential equations analytically,
which is actually only suitable for simple systems. For rather complex systems this method results
in increasingly extensive calculations. The second method is based on analytical approximation
techniques and is therefore much more appropriate for solving the stability problem of complex
systems. Gambhir [2004] distinguishes four different classical solution methods of which the
work approach, the energy approach and the kinetic or dynamical approach can be considered as

analytical approximation techniques.

It may be obvious that for simple geometrically linear systems it is easy and fast to solve the
stability problem based on solving the differential equations or using analytical approximation
techniques. However, for analytically solving a system according to the second or higher order
theory even analytical approximation techniques often fall short [Luible, 2004].

2.2.2 Numerical solutions

Advanced computer software enables the analysis of complex stability problems by using a
numerical approximation method. The method can be based on solving the governing differential
equations numerically [Stiissi and Dubas, 1971], yet another method enables the modelling of a
structural system by a set of appropriate finite elements that are coupled by the degrees of
freedom at the points (i.e. nodes) of the elements. The Finite Element Method is currently the

most powerful and commonly used technique.

The Finite Element Method enables the implementation of geometrically and physically both
linear and nonlinear behaviour and is therefore specifically advantageous for the analysis of large
displacements and post-critical load carrying behaviour [Luible, 2004]. Still, the Finite Element
Method (FEM) is an approximation method for which the accuracy of the solution strongly
depends on the number of finite elements and the correct modelling, e.g. the element properties,

boundary conditions and loading situation.

For solving the problem of geometrical instability (i.e. buckling) the strength of FEM is to be
found in the possibilities for nonlinear analysis. In geometrically nonlinear types of analysis
equilibrium is formulated with respect to the deformed state. A distinction can be made in second
order analysis, large deflection analysis, large rotation analysis, large strain analysis and eigenvalue
analysis [Bakker and Pekoz, 2002]. A second order analysis accounts for stress stiffening, whereas
a large displacement analysis takes into account membrane stresses due to out-of-plane deflections
provided rotations and strains remain small. A large strain analysis is the most general
geometrically nonlinear analysis, in which neither strains, nor rotations or displacements need to

remain small.

An eigenvalue buckling analysis is a special kind of geometrically nonlinear analysis often based
on a second order formulation [Bakker and Pekéz, 2002]. Under the assumption of a linear load-
deformation behaviour up to the attainment of the buckling load a multiplication factor for the

applied loads can be determined which results in a non-unique solution (i.e. the eigenvalue).
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A final remark is to be made with respect to a distinction that is often found in literature between
linear and nonlinear buckling analysis [Bakker and Kerstens, 2008]. In mathematical terms an
eigenvalue analysis is considered a linear buckling analysis, whereas in mechanics a linear buckling
analysis usually implies a second order elastic analysis of perfect structures. Still, both analyses
have in common that they are suitable for determining bifurcation points of linear elastic perfect
structures. On the contrary, a nonlinear buckling analysis enables the determination of limit
points which means that in mechanics this analysis could be a second order or large rotation

analysis with any type of material behaviour.

2.3  Material steel

Steel for structural uses may be classified by various aspects, e.g. shape, method of manufacture,
chemical composition, tensile strength or any other specific quality. For the purpose of this report
only construction steel (also refetred to as structural steel or structural-quality steel) is considered.
Construction steel is generally characterized by its good strength properties, high elasticity and
ductility. As the mechanical properties of steel strongly depend on the chemical composition and

structure a short introduction is provided.

The material steel can be described as a highly ordered and regular structure of crystal lattices (i.e.
ferrite, austenite or cementite) composed of mainly iron and carbon atoms [SG-3, 1996].
Mixtures of iron and carbon can form into a number of different structures resulting in very
different properties. At room temperature the most stable form of iron is the body-centered cubic
structure called ferrite. Carbon elements act as a hardening agent, preventing dislocations in the
iron atom crystal lattice from sliding past one another. Therefore, steel with increased carbon

content results in a more brittle behaviour.

Other elements are added to the carbon-iron mixture in order to adapt and improve specific
qualities. Nickel and manganese elements improve the tensile strength and make austenite more
chemically stable, whereas for instance chromium increases the hardness of steel. Detailed
information on the intrinsic chemical and physical properties of steel is to be found in literature,
e.g. [Brockenbrough and Merritt, 1994] and [Englekirk, 1994].

2.3.1 Mechanical properties

The most important mechanical properties of steel with respect to the use in structures are the
strength, stiffness and ductility. In general, a structural material must not only have sufficient
strength, but also needs to be considerably stiff and ductile in order to meet the requirements for
serviceability and structural safety [NEN 6700, 2005]. A ductile material does not fail suddenly
upon overloading but instead allows redistribution of stresses by deforming beyond the elastic
limit (i.e. plastically) without fracture [Englekirk, 1994].
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The mechanical behaviour of steel is described most easily through an examination of the stress-
strain relationship developed from a tension test. Figure 2.5 shows a typical stress-strain diagram
of steel. Though steel is generically described as an elastic material, elastic behaviour only exists
over a small portion of the stress-strain relationship. In fact, the perfectly elastic behaviour range
only exists until a strain is reached that causes a steel specimen to be stressed to about half of its
nominal yield stress [Englekirk, 1994]. The upper limit of the elastic behaviour region is
associated with the proportional limit of the material. The behavioural change, however, is very
small and attributed primarily to residual stresses in the material due to the production process.
In general the effect of residual stresses is not taken into account and it is assumed that the
material behaviour is perfectly elastic until the nominal yield stress is attained. Up to this point
the relationship between stress and strain remains linear and thus the modulus of elasticity has a

constant value.
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Figure 2.5 (L)  Typical stress-strain diagram of steel. Stresses are based on the original cross-sectional arca
and strains are based on the original length of the tested specimen.

Figure 2.6 (R)  The dashed line corresponds to the truce stresses that follow from tensile tests. The stresses
are based on the instantancous cross-sectional area.

At atrainment of the nominal yield stress the material experiences unrestricted plastic flow.
Beyond yielding of the material the modulus of elasticity is no longer a constant value, which
means the relationship between stress and strain can no longer be described linearly. The material
is said to be strain hardening for it once again behaves in a quasi-elastic manner. This strain

hardening process continues until an ultimate stress is reached.

In the stress-strain diagram of Figure 2.5 the stresses are based on the original cross-sectional area
and the strains are based on the original length of the tested specimen. However, since the
original dimensions change significantly after the initiation of yielding, a stress-strain diagram
based on instantaneous values of area and length are often thought to be of more fundamental
significance [Brockenbrough and Merritt, 1994]. For a tensile test, the actual cross-sectional area
becomes smaller (i.e. transverse strain or contraction) and, consequently, the true stress actually
exceeds the ultimate stress since the ultimate stress is quantified by dividing the applied load by
the original cross-sectional area. The true stress continues to increase until fracture occurs, as can
be seen in Figure 2.6.



CHAPTER 2: BASIC THEORY AND LITERATURE

For the purpose of design the material characteristics are to be described in a model that is easily
applied and yet reasonably represents the behaviour of steel. The most simplified model is purely
based on linear elastic material behaviour. Such a model is presented in [NEN 6770, 2001] and
shown in Figure 2.7. The yield stress and ultimate stress are of great importance. Design values
for these stresses have been determined by large-scale testing. In [NEN-EN 10025, 2004] and
[NEN-EN 10113, 1993] the as such determined mechanical properties are given for common
steel grades (Table 2.1). Additional information on the mechanical properties is to be found in
literature, e.g. [Brockenbrough and Merritt, 1994], [Englekirk, 1994] and [SG-1, 1993].
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Figure 2.7 Stress-strain diagrams that represent the simplified material behaviour of steel for the
purpose of design. The diagram shown in (a) is based on purely lincar clastic marterial
behaviour. In (b) and (c) the stress-strain relationship is bilinear and can be described by
respectively linear elastic ideal plastic material behaviour and linear elastic hardening plastic
material behaviour. The stress-strain diagram in (d) shows linear elastic ideal plastic
material behaviour with hardening (tri-linear relationship).

Table 2.1 Mechanical properties of common steel grades

Steel grade E., Frr Fone Eurp
[N/mm ) [N/mm ] [N/mm* ] [%]
According to NEN-EN 10025
5235 210000 235 360 19
$275 275 430 16
§355 355 510 16
According to NEN-EN 10113
$275 210000 275 360 24
$355 355 450 22
$420 420 500 19
5460 460 530 17

2.3.2 Stability problems in steel structures

Steel structures possess a number of stability limit states; structural frameworks, their constitutive
beams and columns, and the plate elements that comprise the beams and columns all possess
stability limit states [Englekirk, 1994]. Compressive stresses and strains are created by axial and
flexural loads often occurring in complex interdependent forms. Furthermore, since steel is

usually not an elastic material as it approaches its stability limit state, stability will be dependent
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on the experienced strain state, and it is the treatment of inelastic stability that significantly

complicates design.

The subject of stability has been previously discussed in Section 2.1, stating that in each type of
loss of stability (i.e. instability) a change in geometry or configuration results from either the
introduction of additional new forces or a change in the nature of forces that existed in the
undeformed structure. Three fundamental types of structural instability were distinguished
namely column buckling, lateral torsional buckling and plate buckling. This distinction is in
accordance with the governing standards or codes, e.g. [NEN 6770, 2001] and [NEN-EN 1993-
1-1, 2006]. For the purpose of this report only column buckling of steel structures is studied.

A member subjected to pure compression, such as a column, can fail under axial loading in either
one of two modes. One is characterized by excessive axial deformation and the second by
(flexural) buckling or excessive lateral deformation [Brockenbrough and Merritt, 1994]. In

general, the latter is critical for slender members.

2.3.2.1 Euler column buckling
The classical critical load theory of perfect axial members assumes that the member is initially

straight, slender, of solid cross section with a flexural stiffness rigidity being constant throughout
its length and subjected to an axial compressive force applied along the centroidal axis of the
member [Gambhir, 2004]. Moreover, it is presumed that the material of the member is
homogeneous, isotropic and perfectly elastic. The assumption of small deflection theory

[Timoshenko and Gere, 1961] holds good for the critical load theory.
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Figure 2.8 Euler column buckling. The Euler column is perfectdy straight, cencrally loaded, hinged at
both ends and subjected to an axial compressive load N. The smallest load at which the
column ceases to be in a stable equilibrium is known as the Euler or critical load. The
corresponding bent configuration is called the first buckling mode.

The Euler column is centrally loaded, hinged at both ends and subjected to an axial compressive

load (Figure 2.8). The critical value of the axial load is called the Euler buckling load. The
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buckling load can be derived from the governing differential equations obtained by considering

the state of equilibrium of the member in its bend form caused by a disturbance:

dzw(x)

2

ET

+ Nw(x) =0 2)

If o = N/EI, the general solution to the differential equation is:
w(x)= Asinax + Bcosax (3)
The arbitrary constants of integration A4 and B are evaluated from the prescribed boundary

conditions associated with the end supports. For the column with hinges at both ends of the

column, the boundary conditions are:

w(0) = w(L)=0 (4)
The boundary conditions are satisfied if B=0 and:

AsinaL =0 (5)
This equation is referred to as a transcendental equation [Brockenbrough and Merritt, 1994]. It
indicates that either A is equal to zero, which would be a trivial solution, or that the second term

must vanish, i.e. sinaL =0, for which it is necessary that:

ol = nm n=1273,.. (6)

Since o’ = N/E/ , €q. (6) can be written as:

2 ZE[
N, =" 722 7)
The corresponding deflected shape (i.e., buckling mode) is given by:
w(x) = Asin il (8)

The shape of the described deformation is sinusoidal with an amplitude of A4. From this it is
concluded that when the column buckles, it will assume a sinusoidal deformation of
undeterminable amplitude. The amplitude of deformation is not of real concern since the column
can no longer support the load that caused the deformation and the associated stability limit state
has been reached. The smallest value for the critical load (i.e. the Euler load) corresponds to the

case where n=1.
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Thus:

9
L (9)

A column subjected to an axial load will buckle in the least possible number of half sine waves as

described by the deformed shape because this deformation (7 = 1) is associated with the least
amount of strain energy [Englekirk, 1994]. For n = 2,3, ... higher values of critical loads are
obtained and the corresponding buckling modes are defined by eq. (8).

In some cases of columns with open sections, such as cruciform column sections, the controlling
buckling mode may be one of twisting instead of lateral deformation. The column will then fail
due to torsional buckling. Detailed information on torsional buckling can be found in literature,
e.g. [Brockenbrough and Merritt, 1994].

2.3.2.2 Column buckling according to NEN 6770

When re-examining the Euler load equation in its most basic form, eq. (9), it is to be observed
that the buckling load is independent of the strength of steel. The Euler relationship also
presumes that the bending stiffness is a constant. Accordingly, the only variable is a slenderness
parameter which in this case is the length of the member. Thus, the elastic stability equation
describes a relationship between load and length, which is parabolic. The elastic stability limit
state has an upper bound defined by the compressive strength limit state (N, = Af, ), as shown in
Figure 2.9.

p

“"\ Euler load

strength limit scate
g

Npi - T e
range of test -
results
p— - L
Figure 2.9 Test results of the column capacity (i.e. column stability limit state) plotted as a function of

the Jength of the column. The actual column capacities are mostly significantly lower than
the values obtained from the Euler equation and compressive strength limit state, which
can be explained by the geometrical and physical nonlinearity of real members.

Actual column capacities obtained from experimental testing are also identified in Figure 2.9.
The actual behaviour is considerably different than that described by the Euler equation and the
compressive strength limit state. The explanation for this disparity can be found in the

geometrical and physical nonlinearity of real members, as discussed by Salmon and Johnson
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[1990]. One reason is that the Euler equation presumes a perfectly straight column that is free of
any initial eccentricities and consequently describes an upper bound (i.e. nonconservative)
relationship. Another reason is the fact that the stiffness of the column is far from constant over
much of the subyield stress range. Accordingly, the stiffness-characterizing E/ term of eq. (9)
must be treated as a variable. This variable nature of column stiffness is caused by the presence of
residual stresses. The influence of residual stresses on the changing column stiffness has been
frequently discussed in literature, e.g. [Salmon and Johnson, 1990], [Englekirk, 1994] and
[Galambos, 1988].

The test results presented in Figure 2.9 have the largest divergence from those predicted by the
Euler equation and the strength limit state as the axial load on the column reaches the
convergence of these two limit states, for here, both accidental eccentricities and inelastic
nonlinearities affect the column behaviour [SG-3, 1996]. For a decreasing slenderness parameter
the deviation is merely caused by the presence of residual stresses, whereas for an increasing

slenderness parameter the deviation is almost exclusively caused by accidental eccentricities.

Thus, the ability of a column to carry an analytically predicted theoretical load according to the
Euler equation is mainly affected by two factors: the initial deformation and residual stresses
[Englekirk, 1994]. Slender columns are most sensitive to initial deformations, while short and
stocky columns are most impacted by residual stresses. These basic behaviour characteristics are
considered in the development of the relationships contained in design specifications and national

standards.

In NEN 6770 [2001] the general rule for the check on buckling stability of members subjected to

an axial compressive load is given by:

N

— 7 < (10)
Whie N e

In words, eq. (10) means that buckling of a certain member will not occur if the applied load
remains smaller than the load carrying capacity. The load bearing capacity can be calculated from
the compressive strength limit state, reduced by a reduction factor w,. . This reduction factor

depends on the slenderness ratio of the member and the applicable buckling curve.

Here, the two factors that affect the load carrying ability of a column can be recognized. The
sensitivity to initial deformations is found in the slenderness ratio, whereas the influence of
residual stresses is incorporated in the empirically derived buckling curves as these depend on the

steel grade, cross-sectional shape, thickness of the plate sections, and the production process.

The slenderness ratio can be determined according to eq. (11) and results in the buckling curves

to be independent of the steel grade.

_ L (11)

A
Ao =
Y o
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With:
mE
7= (12)
A= E (13)

I

The buckling curves can then be comfortably presented as shown in Figure 2.10. The procedure
for checking the column buckling stability of a steel member subjected to an axial compressive
load, is now fairly easy and consists of five steps: estimating the effective buckling length and
applying the Euler equation to find the critical buckling load, calculating the slenderness ratio
according to eq. (11), determining the applicable buckling curve and the reduction factor w.,

determining the compressive strength limit state and performing the check according to eq. (10).
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Figure 2.10 Set of buckling curves. The definition of the slenderness ratio allows for the use of one set

of buckling curves for different steel grades.

A similar approach for checking the buckling stability of a glass column based on the use of

buckling curves is suggested by Luible [2004], which is discussed into more detail in Section
2.45.
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2.4  Material glass

Glass is chemically an inorganic product of fusion, which has been cooled to a rigid condition
without crystallization. Therefore, glass is actually not one material but a collective name for all
noncrystalline solids showing a glass transition [Haldimann et al., 2008]. In contrast to most
other materials, glass does not consist of a geometrically regular network of crystals, but of an
irregular three-dimensional network of silicon and oxygen atoms with alkaline parts in between.
Although several primitive shapes and discernible structural elements can be identified at nano
level, there is no systematic repetition of this structure and thus no crystallinity by the standard
definition [Veer, 2007].

Instead, glass is called an amorphous material. The amorphous structure of glass is caused by its
high viscosity at cooling of the liquid glass [Hess, 2004]. During the cooling of the liquid glass,
its viscosity increases constantly until solidification which results in a supercooled melt yielding
properties similar to those of crystalline materials. The temperature at solidification is called the
glass transition temperature. However, in contrast to crystalline materials, the transition between
liquid and solid state does not take place at one precise temperature but over a certain
temperature range [Haldimann et al., 2008]. In building applications generally soda lime silica

glass is used. The glass transition temperature of soda lime silica glass is approximately 530 °C.

2.4.1 Mechanical properties

The mechanical properties of glass are to be explained by its molecular structure that is
characterized by an irregular network of silicon and oxygen atoms with alkaline parts in between.
The non-crystalline structure prevents slip panes or dislocations to allow macroscopic plastic flow
before fracture [Haldimann et al., 2008]. Since the covalent bonding between most of the atoms
cannot reform easily if broken any local stresses around a defect that exceed the chemical bond
strength will cause bond failure and further increase the local stresses. At normal temperature (i.e.
temperature significantly lower than the glass transition temperature) the material can thus only
deform elastically or exhibit brittle failure [Veer, 2007].

The inability of glass to redistribute stresses (i.e. to yield plastically before fracture) causes glass to
be very sensitivy to stress concentrations. Stress concentrations may result from macroscopic and
microscopic flaws [Bos, 2008]. Therefore, accurate characterization of the fracture strength of
glass must incorporate the nature and behaviour of such flaws. Extensive research has been done
by Haldimann et al.[2006] and Veer [2007].

2.4.1.1 Strength of glass
Glass structures tend to fail due to tensile stresses. Although the theoretical tensile strength of

glass (based on molecular forces) is extremely high, it is of no practical relevance for structural
applications. The actual tensile strength is much lower mainly dependent on mechanical flaws on
the glass surface [CUR, 2007]. As surface flaws do not grow or fail when in compression the
compressive strength of glass is much larger than the tensile strength. Still, the compressive
strength is of no relevance for pretty much all structural applications. Tensile stresses develop

because of buckling in case of stability problems and because of Poison’s ratio effect at load
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introduction points. In both cases the tensile strength of glass is generally exceeded long before
the element is loaded to its compressive strength [Haldimann et al., 2008]. It can thus be
concluded that the strength of glass is not a constant value but mainly depends on the governing

stress distribution and the surface quality [Veer, 2008].

Other aspects that have proven to be of importance to the characterization of the fracture
strength of glass are the size of the structural element, the load duration and the appropriate
statistic analysis. These aspects are studied by Hess [2004] and Veer [2007] but will not be
discussed into more detail here.

2.4.1.2 Dutch design code

The Dutch design codes NEN-EN 572-1 [2004] and NEN 2608-2 [2007] provide values for the
general material properties of which several mechanical properties. In Table 2.2 these values are
compared to values found in literature (i.e. Hess [2004] and Haldimann et al. [2008]).

Table 2.2 Basic material properties of glass according to the Dutch code and sources in licerature.
NEN Hess Haldimann

Density P Lkg/m') 2500 2500 2500
Hardness' H [ 6 5—6 6
Young’s modulus E [N/mm') 7-10° 7-10° 7-10°
Poisson’s ratio v [ 0.2 0.23 0.23
Thermal expansion coeff. ar [K'] 9.10° 9.10°¢ 9.10°°
Thermal conductivity A (Wm ' K™'] - 1
Specific thermal capacity ¢, Jke' K1 720 - 720

' The hardness given in Dutch design codes and Hess [2004] is defined as the scracch hardness, measured on

the Mohs scale of mineral hardness. In Haldimann et al. [2008] the hardness is defined as the indentation
hardness, expressed by the Knoop hardness (HK) formula.

2.4.1.3 Essential differences from other materials
It can be concluded that the mechanical properties of glass show some essential differences from
other materials that are commonly used in structural engineering such as timber and steel. In

contradiction to these materials the mechanical properties of glass are characterized by:

An ideal elastic material behaviour until fracture;

= The inability to yield plastically before fracture resulting in brittle failure;

= A very high compressive strength compared to the tensile strength;

= A fracture strength that is not a material constant, but depends on several aspects like the
presence of surface flaws, the surface area, the moisture conditions, the expected lifetime

and loading duration.

Based on these differences it is concluded by Luible [2004] that the existing design guidelines for

other materials (like steel) cannot be applied to glass unconditionally.
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2.4.2 Glass products

After manufacturing, annealed float glass it is often processed further to produce glass products of
the shape, performance and appearance that is required to meet particular needs. This secondary
processing may include a wide variety of treatments [Haldimann et al., 2008] of which edge
working, tempering and laminating are amongst the most important for structural applications
[Luible, 2004].

The idea of tempering (either chemically or thermally) is to create a favourable residual stress field
featuring tensile stresses in the core of the glass pane and compressive stresses on and near the
surfaces [CUR, 2007]. The glass core does not contain significant flaws and therefore offers good
resistance to tensile stress. The unavoidable flaws on the glass surface can only grow if exposed to
an effective tensile stress (Figure 2.11). As long as the tensile surface stress due to actions is
smaller than the residual compressive stress there is no such effective tensile stress and

consequently no crack growth.
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Figure 2.11 The principle of glass tempering. The favourable compressive residual stresses result from

the tempering process and prevent tensile stresses to occur on the surface where flaws are
unavoidable.

The fracture pattern is a function of the energy stored in the glass, i.e. of the residual stress and
the stress due to loads [Haldimann et al., 2008]. A distinction is often made between annealed
glass, heat strengthened glass and fully tempered glass. However, on an international level no
specific terminology for the different glass types has yet gained universal acceptance. Other

frequently used terms are presented in Table 2.3.

Fully tempered glass has the highest residual stress level and thus potentially the highest energy
level stored in the glass which usually results in breakage into small fragments as is shown in
Figure 2.12. While fully tempered glass has the highest structural capacity of the distinguished
glass types, its post-failure performance is poor due to complete disintegration into small
fragments. The post-failure performance is of great importance with respect to safety concepts
aimed at ductile failure behaviour and significant post-critical load bearing capacity (Section

2.4.5).

Heat strengthened glass provides an interesting compromise between fairly good structural

performance and a sufficiently large fragmentation pattern for good post-failure performance
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[Haldimann et al., 2008]. Annealed glass is standard float glass without any tempering. It is
characterized by its large fragments upon breakage [Hess, 2004].

Even though tempering improves the load bearing capacity of glass, it is still a brittle material.
Lamination of a transparent interlayer material between the glass panes (being either a foil or
resin) enables significant improvement in the post-breakage behaviour: after breakage, the glass
fragments adhere to the interlayer material so that a certain remaining structural capacity is
obtained as the glass fragments ‘arch’ or lock in place [Haldimann et al., 2008]. This capacity
depends on the fragmentation of the glass and increases with increasing fragment size.

Furthermore, the post-breakage behaviour depends on the interlayer material.

(a)

Figure 2.12 Fracture patterns of different glass types, depending on the level of residual surface
compression due to tempering. Annealed glass (a) is standard float glass without tempering
and normally breaks into large fragments. Heat strengthened glass (b) has a significantly
improved load bearing capacity over standard float glass, thereby still showing a sufficiendy
large fragmentation pattern for good post-failure performance. Fully tempered glass () has
the highest load bearing capacity of the distinguished glass types, bur its post-failure
performance is poor due to complete disintegration into small fragments.

Table 2.3 Glass type terminology
Level of residual Terminology in this section Other frequently used terms
surface compression
(Almost) none Annealed glass (ANG) Float glass
Medium Heat strengthened glass (HSG) Partly toughened glass
High Fully tempered glass (FT'G) Tempered glass; toughened glass
Unspecified Heat-treated glass

The most commonly used interlayer material is polyvinyl butyral (PVB). PVB is a viscoelastic
material, i.e. its physical properties depend strongly on the temperature conditions and load
duration. In some applications one or more of the glass panes may be replaced by a polycarbonate

or acrylic pane [IStructE, 1999].

Another important characteristic of laminated glass consisting of more than two glass panes is the
protective quality of the outer panes against damage of the inner pane(s). Although the laminated
glass element is considered abundantly dimensioned by some [Louter, 2008], the probability of
failure is minimized as the chance of simultaneous breakage of all glass panes in the element is

considered very small.
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2.4.3 Stability problems in glass structures

As for steel, glass members are generally slender due to the thin plate-type geometry and high
compressive strength. Consequently, glass members are similarly sensitive to instability.
According to Haldimann et al. [2008], every in-plane loaded glass element must, therefore, be
checked against stability failure. Research has been carried out to investigate the behaviour of
structural glass elements with respect to three fundamental types of instability, being column

buckling, lateral torsional buckling and plate buckling (Figure 2.13).
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Figure 2.13 Fundamental stability problems and cotresponding load carrying behaviour of glass

clements. The glass column buckling behaviour (a), as well as the lateral torsional buckling
behaviour of beams (b) and glass plate buckling behaviour (c), shows grear similaridies to
the behaviour of steel members. However, due to the ideally elastic behaviour of glass, non-
linear material behaviour (i.c. physical nonlinearity) does not need to be raken into account

as for steel.

A rather comprehensive studies on the buckling behaviour of both single layer and laminated
glass columns, beams and plates has been carried out by Luible [2004]. Additional research on
column buckling of glass elements was done by Kutterer [2005] Overend [2005] and
Blaauwendraad [2007]. Lateral torsional buckling of glass beams was studied by Belis et al.
[2004] and Kasper [2005], while rudimentary studies on glass plate buckling were carried out by
Englhardt and Bergmeister [2005] and Wellershoff and Sedlacek [2005].

In order to develop guidelines for design of in-plane loaded glass elements, an approach was
sought similar to existing design methods for other materials such as steel. However, these
existing methods cannot be applied unconditionally as the influence of production tolerances,
initial imperfections, the typical brittle behaviour and the viscoelastic behaviour of laminated
glass interlayers has to be specifically considered for glass. Different approaches for general design

guidelines are discussed in Section 2.4.5.
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2.4.4 Parameters influencing the load bearing capacity

The load bearing capacity of glass elements is influenced by numerous parameters that can be
classified into four distinctive categories: the type of glass product, the geometrical and
mechanical properties as well as the boundary conditions. The glass thickness and inital
deformation are examples of parameters affecting the geometrical properties, whereas the load
eccentricity and type of fixing are parameters concerning the boundary conditions. The level to

which each parameter affects the load bearing capacity is extensively studied by Luible [2004].

It is found by Luible [2004] that the column buckling behaviour of structural glass elements is

mainly influenced by:

= The glass thickness; the real glass thickness is generally less than the nominal value which
results in the reduction of the moment of inertia of the cross section and consequently
the buckling strength. Measurements show that glass thickness values follow a normal

distribution of which the 5% fractile value corresponds to 97.6% of the nominal glass

thickness.

= The initial deformation; the initial geometric deformation is mainly caused by the
tempering process. Measurements confirm that non-tempered annealed flat glass has a
very low initial deformation (i.e. < L/2500), while heat strengthened glass and fully
tempered glass can have a sinusoidal initial deformation up to L/300. Measurements for

laminated glass show the same results as monolithic glass.

®  The load eccentricity; although the load eccentricity is not a property of the glass element
but rather a boundary condition, an eccentric load introduction may result in a
considerable reduction of the buckling resistance. The influence of load eccentricity

increases for increasing slenderness of the glass element.

= The viscoelastic behaviour of the interlayer material for laminated glass elements; the
buckling behaviour of laminated glass depends on load duration and temperature because

of the viscoelastic behaviour of the PVB interlayer.

According to Luible [2004], parameters that affect the load bearing capacity to a smaller extent
are: the length and width of the glass element, the dispersion in the Young’s modulus and the

assumptions made with respect to the effective tensile strength.

The parameters that affect the lateral torsional buckling of monolithic and laminated glass beams
are studied by for instance Belis et al. [2004] and Luible [2004]. Without going into much detail
here, the most important parameters are proven to be the glass thickness, the initial geometric
deformation and the viscoelastic behaviour of the PVB interlayer. The parameters that affect the

plate buckling resistance of glass elements are studied by Luible [2004] as well.
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245 General design guidelines and concepts

Only a few standards and documents currently exist that provide guidelines for dealing with
buckling of glass members. In [IStructE, 1999] a very simple approach for the buckling
verification of the unsupported edge of glass beams is proposed, but the given equation does not
account for the nonlinear load carrying behaviour due to imperfections, the glass strength and the

PVB interlayer of laminated glass.

In general, three different approaches can be distinguished for the column buckling and lateral

torsional buckling design of glass elements [Haldimann et al., 2008]:

=  Buckling curves derived from tests and numerical models; for the design of steel or
timber members it is common practice to use buckling curves [NEN6770, 2001]. This
approach can be applied to glass elements as well. In steel construction, buckling curves
are based on the slenderness ratio. This allows the same curve to be used for the design of
members with different steel grades. However, in contrast to steel, the slenderness ratio
for glass must be based on the maximum tensile strength as the compressive strength
does not limit the buckling strength. The application of buckling curves for the column

buckling and lateral torsional buckling design of glass elements has been studied by
Lindner and Holberndt [2006], and Luible [2004].

=  Analytical models based on second order theory; the maximum tensile stress in a glass
member can be determined by means of elastic second order equations (Section 2.4.3).
The approach is, however, limited to rather elementary structural systems and boundary
conditions. Furthermore, a reduced glass thickness as well as a reasonable assumption on
the initial deformation has to be considered and, simplistically, the tensile strength may

be assumed to be equal to the residual stress.

=  Nonlinear numerical models; appropriate finite element models allow nonlinear effects,

initial imperfections and arbitrary boundary conditions to be taken into account.

2.4.6 Safety concepts

As the strength of glass typically shows a large dispersion and failure generally occurs suddenly
and completely, glass is not considered an intrinsically safe material for application in load
bearing structures. It is evident that a structure must be sufficiently safe and show sufficiently safe
failure behaviour. However, an unambiguous method to qualify and particularly quantify
structural safety does not exist in literature. Still, the commonly accepted (and simplified) notion
of risk, which is defined as the product of the probability of failure and the consequence of a

failure event, may provide a good basis:
RF = PF ' CF (14)

It can be concluded from eq. (14) that the risk can be lowered by decreasing either the probability

or consequence of failure or a combination of both. Most safety concepts in current codes and
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guidelines are based on a probabilistic approach aimed at reducing the probability of failure.
However, typically for glass a probabilistic approach proves to be insufficient and a consequence-

based approach is considered much more desirable [Bos, 2007].

In the few codes and guidelines relevant to the structural application of glass, emphasis has been
laid on the probability component of the risk function as given by eq. (14). Recent developments
in the German codes [DIN 18008-1, 2006] and European codes [NEN-EN 1991-1-7, 2006],
however, show an increasing interest in a combined probabilistic and consequence-based

approach. However, guidance is only provided on the scale of a complete structure.

2.4.6.1 Probabilistic approach

According to NEN 6700 [2005], the maximum failure probability is limited primarily by
requiring a structure to meet a minimum reliability index, which is defined as the probability that
an ultimate limit state or a serviceability state is exceeded during the reference life time of the
structure. The required reliability index depends on the safety class which is, in turn, dependent
on the consequences of collapse of the structure. The higher the safety class, the higher the
required value for the reliability index and, consequently, the lower the failure probability. Thus,
the actual requirement is towards the probability component of the risk function [Bos, 2007].
Whether a structure meets the reliability requirement can be determined on four levels of

probabilistic analysis, ranging from deterministic to fully probabilistic.

Bos [2007] states that although the probabilistic approach is a powerful tool in assigning and
minimizing the risk of structures, it has specific limits. Firstly, for a full probabilistic analysis, it
would be required that all relevant data concerning structural properties and actions on that
structure are known, so that they can be described statistically. This is virtually impossible, as a
result of which approximations and estimations based on experience and limited research are used

in practice.

Secondly, unlike other materials commonly used in structural applications (e.g. steel, reinforced
concrete), glass does not have a safety component that stems from the difference between failure
and collapse. Failure relates to a loss of structural, practical, aesthetical or other function, while
collapse is the actual tumbling down of (a part of) the structure. In common structural materials
like steel and reinforced concrete, local failure and overall collapse do not coincide upon
overloading, thereby providing considerable safery due to implicit redundancy through the
specific material behaviour. Therefore, steel structures designed according to NEN-EN 1991-1-7
[2006] posses a double redundancy, both on member level and level of the entire structure, as is
illustrated in Table 2.4.

The importance of the difference between failure and collapse is that due to the brittle material
behaviour of glass, failure and collapse do coincide [Bos, 2007]. As a result of that the implicit
redundancy on member level present in steel structures, disappears in glass structures, as can be
seen in Table 2.5. Only the German DIN 18008-1 [2006] provides guidelines to address this
problem by requiring residual strength in case of glass breakage. According to Schneider and
Worner [2008], the residual strength in case of breakage of one or more glass members, may be

determined by experiment or by calculation.
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[t can be concluded that due to its material properties, glass is much more than common
structural materials susceptible to all kinds of incidental actions, deficiencies and errors that are
difficult to describe statistically. In combination with the absence of inherent material-based
redundancy behaviour, it is considered extremely important to explicitly consider the
consequence component at member level of the risk associated with glass structures. A combined

probabilistic consequence-based approach is therefore suggested by Bos [2007].

Table 2.4 Safety approaches in steel scructures
Safety approach Individual member level Level of complete structure
Probabilistic Explicit reliability (probability of Explicit reliability (probability of
exceeding the ultimate limit state) exceeding the ultimate limit state)
Consequence-based Implicit redundancy through Explicit redundancy through
material behaviour (implied in requirements in NEN-EN 1991-
design rules that aim at allowing 1-7

plasticity to develop)

Table 2.5 Safety approaches in glass srructures
Safety approach Individual member level Level of complete structure
Probabilistic Explicit reliability (probability of Explicit reliability (probability of
exceeding the ultimate limit state) exceeding the ultimate limit state)
Consequence-based No redundancy through material Explicit redundancy through
behaviour requirements in NEN-EN 1991-

1-7

2.4.6.2 Consequence-based approach
As the explicit safety requirements on member level in NEN-EN 1991-1-7 [2006] only concern

probability (as illustrated in Table 2.5), it is considered difficult to assess specific measures taken
in individual designs to achieve consequence-based safety on member level. Furthermore, a lack
of clearly formulated requirements concerning post-failure behaviour makes it difficult to discuss
structural safety of glass members. In order to address these problems, Bos [2007] proposes a set
of consequence-based safety requirements that can be used in coherence with existing
probabilistic approaches, which may result in a combined probabilistic consequence-based safety

approach.

The proposed consequence-based approach seeks to limit the consequences of failure of a
structural glass member by requiring the member to retain a certain amount of strength for a
certain period of time at different stages of glass damage. The three parameters by which the
consequence-based safety approach is defined (i.e. post-failure strength, time, glass damage) can
be used to construct a diagram in which requirements are given for the residual strength for a
period of time at only a limited number of damage levels. Based on the differentiation between
redundancy requirements on the scale of complete structures according to Consequence Classes
in NEN 1991-1-7 [2006], Bos [2007] introduces a similar approach focusing on the scale of
individual members by defining so-called Member Consequence Classes. These can then be

visually presented in diagrams as exemplified in Figure 2.14.
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A final remark should me made with regard to the required post-failure strength. It is important
to realize that the post-failure strength does not necessarily have to be provided by the structural
member itself, thus allowing for alternative load paths to carry the loads if the member itself is

unable to provide the required post-failure strength.
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Figure 2.14 Diagram showing the consequence-based safety requirement for Member Consequence

Class 1 (i.e. the lowest consequence class, applicable to secondary structural members in
non-public, private buildings), according to Bos [2007]. The diagram shows that for
MCC] significant post-failure strength should remain upon breakage of only one glass
layer. In that case the initial requiremenc is Sus for a short period of time, followed by a
requirement equal to Sa for a period of 24 hours. The initially rather high scrength
requirement is based on the fact that glass defects are more likely to become crucial at the
moment a high load is exerted. As MCCI only applies to secondary structural members in
private buildings, just enough time to flee, can be considered acceptable in case of 2 glass
layers breaking. If the glass member consists of more than two layers, no residual strength is
required upon breakage of all glass layers (i.e. Dgias = 1).

2.5 Glass connections

Since the structural application of glass often involves a combination with other materials and the
size of a glass pane is limited due to the manufacturing process, the need for the development of
connections is evident. Currently plenty of techniques and products exist for connecting either
glass-to-glass or glass to other materials. Generally, a distinction is to be made between two types
of connections namely mechanical connections (often referred to as mechanical fixings) and

adhesive or glued connections.

2.5.1 Maechanical connections

Three fundamentally different types of mechanical connections are to be distinguished based on

the way in which the glass pane is supported. This can either be linear supports (e.g. pressure
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caps), local edge supports (i.e. clamps) or local point supports [Haldimann et al., 2008]. This
section is only to provide a very brief overview of the different types with corresponding qualities

and shortcomings. Detailed information is to be found in literature.

Linear support glazing is often used in framed constructions where glass panes are mainly loaded
laterally and supported along two or more edges. The load is resisted mechanically by clamping
the glass between the frame system on one side and a glazing bead or a pressure plate on the other
side. This type of mechanical connection allows a good degree of rotation and may be considered
as a simple support for the purposes of analytical and numerical modelling. The main
disadvantage is to be found in the sensitivity to the induced deviations that result from
manufacturing or construction tolerances and post-installation dimensional changes. Although
less common, linear glass edge supports may also be used to transmit in-plane loads into the glass.

Recommendations for this type of application are given in [Haldimann et al., 2008].

Local edge supports are developed in order to minimize the visual impact of linear supporting
frames and pressure cap profiles. Connections are made at discrete locations. A distinction is to be
made between friction grip connections and low-friction clamped fixings. Low-friction clamped
fixings are mainly used to transfer loads perpendicular to the glass pane, whereas friction grip
connections are perfectly able to transfer in-plane loads as well. The force that can be transferred
by friction depends on the geometry of the connection, the stiffness of the materials involved,
and, in case of laminated glass elements, the lowest coefficient of friction between the various
interfaces and the long term load bearing capacity of the various components. Additional
information on friction grip connections can be found in literature, e.g. [Ryan et al., 1998],
[Nijsse, 2004], [Morcant et al., 2005] and Panait [2005].

Depending on the glass geometry and clamp location, clamps may cause local rotational restraints
in the glass which in turn result in stress concentrations at these locations [Haldimann et al.,
2008]. Unless a free rotation of the glass edge in the clamp fixing can be achieved in practice (i.e.
by adopting a sufficiently thick and sofr intermediate material) the restraint from the clamp must

be considered in analysis.

Local point supports are essentially bolted connections (e.g. glass-to-glass or glass ro a subframe)
that have been developed to further minimize the visual impact of the linear and local edge
supports. If members are joined by a bolted connection, high bearing stresses occur around the
bolt holes. However, in the case of members that are made of brittle materials such as glass, the
material is unable to redistribute any local stress concentrations. For circular holes stresses may
easily be three times higher than the average stresses in the full cross sectional area of the glass
panel. Any flaws caused by drilling of the hole may in fact result in even higher local stress
concentrations [Nijsse, 2008]. Therefore in this type of connections it is considered very
important to devise a connection in which the high stress concentrations and direct steel-to-glass
contact are avoided. This is in part achieved by intermediate materials in the form of bushings or
liners that have a lower modulus of elasticity than glass. Materials commonly used for bushings
are soft aluminium, plastics (e.g. EPDM, PEEK and POM) or resins [Haldimann et al., 2008].
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Several parameters that influence the structural behaviour of bolted connections are investigated
and discussed in literature (e.g. [IStructE, 1999], [Rice and Dutton, 1995], [Overend, 2002],
[Wellershoff et al., 2004], and [Maniatis, 2005]):

* The geometry of the glass panel and bolt hole; in particular the glass thickness, shape of
the bolt hole and the edge and end distances from the bolt hole to the glass perimeter

have a major influence on the stress distribution around the glass hole.

*  The glass type and quality of the glass surface as well as the technique used for drilling
the hole; the residual stresses in the glass pane and the bolt hole have a major influence

on the maximum tensile stress that often occurs close to the holes.

= The closeness of fit; a large clearance (as a result of the difference between bolt diameter
and hole diameter) leads to high maximum stresses in the glass hole and may cause a shift

in the location where maximum stresses occur.

=  The bushing material; the bushing material has an influence on the magnitude of the
maximum principal stress around the glass hole, however this influence is reduced to a

negligible level for tight-fitting connections.

= The friction between bushing material and glass; again, this parameter has an influence

on the maximum principal stress.

= The eccentric load application.

2.5.2 Glued connections

Adhesives offer great possibilities for use in structural connections (e.g. glass-to-glass or glass to a
subframe) as they may offer a solution for the two main disadvantages of mechanical connections
discussed by Weller and Tasche [2008]: the undesired visual impact of the mechanical fixings and

the stress concentrations that occur due to the introduction of loads at discrete locations.

Glued connections provide the opportunity to distribute the loads arising from the connections
in a more uniform manner. This is obviously advantageous in glass connections, which because of
the brittle nature of the material are sensitive to stress concentrations. Generally, two types of

glued connections are used for glass applications:

= Soft elastic adhesive connections (i.e. structural-silicone-sealant and polyurethane

adhesives);
= Rigid adhesive connection (i.e. acrylic adhesives, epoxy adhesives and polyester resin).
Adhesives are polymer materials that consist of simple monomer units recurrently chained to

macromolecules. The macromolecules are physically or chemically bonded to each other and

intertwining is inevitable [Haldimann et al., 2008]. Polymers can be classified accotding to their
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thermomechanical properties that are controlled by the molecular structure (Figure 2.15). A

description of the structure, classification, chemical and mechanical properties of polymers is
given in [Wellershoff, 2006].

According to Haldimann et al. [2008], structural silicone is basically the only adhesive product
with a proven record in architecture; however this product is unsuitable for minimal discrete
adhesive joints as it is neither strong nor stiff enough for this application. Rigid adhesives like
epoxies and acrylics are characterized by high cross-linked polymer chains which results in stiff
and rigid material behaviour. Although their performance is not tested extensively, these

adhesives seem to be the most promising for glass construction.

Polymer adhesives

|

Thermoplastics Elastomers Thermosets
Linear or Long cross-linked High cross-linked
branched chains polymer chains polymer chains
PVB Silicone (inorganic) Acrylic adhesive
Polyurethane (organic) Epoxy
Figure 2.15 Classification of polymer adhesives

2.5.2.1 Material properties

Current adhesives are all synthetic polymers based on either organic or inorganic chemical
bondings. According to Huveners and Soetens [2008] most of the commonly used polymers are
based on organic bondings. Despite the mutually identical chemical basis of many adhesives, the
material properties can strongly differ dependent on the specific molecular structure of the
adhesive. The molecular structure influences the thermomechanical properties. An important
indicator for the (thermo)mechanical behaviour of an adhesive is the glass transition temperature

(previously discussed in Section 2.4).

F
— F
Figure 2.16 Adhesive deformation of adhesives under short-term loading and small strain. The relation
between shear modulus, shear deformation and shear stress are defined as G = 7/ (tan )
with tany =v/ d.

Generally, an adhesive with a low glass transition temperature is flexible at normal temperatures,

i.e. temperatures significantly lower than the glass transition temperature. On the contrary,
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adhesives with a high glass transition temperature (e.g. epoxy) are rigid and stiff at normal
temperatures. In [CUR, 2007] the general properties of different types of adhesives are discussed.
The specific mechanical properties strongly depend on the adhesive product and are influenced
by aging, temperature and loading duration [Habenicht, 2006]. The mechanical behaviour of
adhesives under short-term loading and small strain is shown in Figure 2.16. As there has been a
wide variety of new products developed in recent years, a lot of research is to be done in order to
determine the specific mechanical properties. Examples are to be found in the studies of
Huveners et al. [2007] and Wellershoff and Sedlacek [2003].

2.5.2.2 Design
The strength of a glued connection does not only depend on the intrinsic strength of the bond

material, but is based on both the adhesive and cohesive qualities of the connection. According to
[CUR, 2007], the strength of the glued connection depends on the bond material (i.e. adhesive
and cohesive properties), the design of the joint (e.g. geometry of the bond, governing forces to

be transferred) and several aspects relating to workmanship and curing. These aspects include:
*  The preliminary treatment of the joint surfaces, like cleansing, degreasing or polishing;
= The mixture of components and the possible presence of enclosed air bubbles;
= The method of application and curing;
®  The ambient temperature and humidity;

In the design of the joint, important aspects include the way in which the governing forces are
transferred and the geometry of the bond. With respect to the latter, the thickness of the adhesive
layer and the perimeter shape of the joint are primary considerations [Haldimann et al., 2008].
One of the disadvantages in using stiff adhesives is their limited capacity to redistribute stress
concentrations and to absorb deformation. It is therefore considered necessary to avoid

geometrical singularities and sharp edges of the adherents.

In general, specific research on the use of glass and stiff adhesives has focused on the design of
all-glass systems or the development of composite structures. The former includes proposals for
glass adhesive T-beams composed of two glass panes [Pye, 1998], for a glass cruciform column
composed of three pieces of glass [Overend, 2005] and for a glass shell assembled by means of
adhesive butt joints [Blandini, 2005]. The composite structures include research on beams made
of a wooden frame glued onto glass [Kreher et al., 2004] and adhesively bonded reinforced glass-
steel beams, e.g. [Wellershoff and Sedlacek, 2003], [Englhardt and Bergmeister, 2007], [Louter,
2007] and [Louter et al., 2007].
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Chapter 3

Design of the glass-steel column

This chapter illustrates the selection of the most promising configuration alternatives for the design of
the glass-steel column. The objective for the design is based on the assumption that a transparent and
sufficiently safe column can exclusively be achieved in a combination of steel and glass, in which the
steel column section is laterally supported by glass panels. The glass-steel column is thus to be designed in
such a way that it fulfills structural as well as functional, aesthetic and architectural requirements. The
different requirements have led to a set of governing principles and assumptions for the design (Section
3.1). In order to select the most promising configuration for the glass-steel column, a variety of
alternatives is evaluated, based on the selection criteria discussed in Section 3.2. Eventually, the two

most promising configuration alternatives are selected for further analysis.

3.1 Principles and assumptions

The design of the glass-steel column is aimed at achieving a primary structural member with
maximum transparency and in that respect the glass-steel column is similar to the design of other
transparent columns. However, some basic principles for the design of the glass-steel column are
different from transparent columns that have been developed previously. Essential differences are

to be found in the scale-effect, load-bearing behaviour and safety concept.

Recent developments in transparent columns have resulted in few examples of glass columns
applied in roof supporting structures, for which the governing combination of loads remains
limited. The purpose for the design of the glass-steel column, however, is the support of at least
one floor in an office building with a customary grid of vertical supports. Consequently, the
governing combination of loads results in a significantly larger compressive load and a
considerable scale-effect on the governing design criterion, the column geometry, and the visual

impact.
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Furthermore, the glass-steel column is to be designed in such a way that only the steel column
section is subjected to an axial compressive load. The glass elements provide lateral support of the
steel column section, but are not to be subjected to an axial compressive load. Obviously, the
load-bearing behaviour of such a glass-steel column is completely different from an all-glass

column, again influencing the governing design criterion.

Moreover, in all-glass columns the concept for structural safety is often based on a probabilistic
approach, i.e. minimizing the probability of failure (as discussed in Section 2.4.6). The glass-steel
column, however, is to be designed according to a combined probabilistic and consequence-based

approach. Hence, upon cracking and breakage of one or more glass elements, the glass-steel

column must have significant residual strength and stiffness for a certain period of time.

k

Figure 3.1 A connection in which the glass clemencs are directly glued or clamped to the steel column
section results in the axial compressive load being spread and transferred into the glass
clements.

In conclusion, the afore-mentioned differences and the assumptions discussed in Section 1.2.3

combine a set of principles and assumptions for the design of the glass-steel column:

= The steel column section is subjected to an axial compressive load, whereas the glass

elements only provide support against lateral deformation of the steel column section.

= The glass elements in the glass-steel column are plane glass panes fabricated according to

the float glass manufacturing process.

=  Glued connections are preferable to mechanical connections for reasons of preventing
stress concentrations in the glass panes and less visual impact. In any case, however, the
connection between steel and glass elements is to be designed in such a way that the axial
compressive load is not transferred into the glass elements. Therefore, an alternative as

shown in Figure 3.1 is undesirable.
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*  The glass-steel column is to be designed in such a way that the ultimate limit state
approaches —and, ideally, reaches— the plastic axial load-bearing capacity (i.e. compressive
strength) of the steel column section. That implies that any form of buckling of the glass

panes prior to yielding of the steel column section is to be prevented.

= Sufficient structural safety is to be guaranteed based on a combined probabilistic and
consequence-based approach. Sudden failure is to be prevented and a significant residual

load-bearing capacity is required upon breakage of one or more glass panes.

= The glass-steel column is to be designed in such a way that an optimum is achieved in

both transparency and structural behaviour.

3.2  Configuration alternatives

Starting from the principles and assumptions discussed in the previous section, a variety of
configuration alternatives is explored of which a selection is shown in Figure 3.2. The alternatives

are based on two basic cross-sectional shapes being either a cruciform or box shape.
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Figure 3.2 A selection of configuration alternatives based on two basic cross-sectional shapes, i.c. a

cruciform or box shape. Although all alternatves have specific qualides, the most
promising alternatives are characterized by a limited number of steel secrions and
connections, no enclosed spaces and good possibilities for assembly and replacement. Note
that the design of all configuration alternatives is based on the use of plane glass panes.

For the purpose of this report an elaborative description of the specific qualities of the different
configuration alternatives is omitted. Instead, it is considered of much more interest to discuss the
most promising alternatives. Therefore, an assessment of the different alternatives is made based

on the following criteria:

=  Number of steel column sections; a single steel cross-section is preferred, as for multiple
sections it is of great importance to achieve an equal load distribution towards the
different sections. Moreover, an increasing number of steel column sections is

unfavourable since the slenderness of the separate column sections will be further
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increased, as well as the number of required connections. Consequently, the perception

of transparency is negatively affected.

Number of glass panes; an increasing number of glass panes can be either an advantage or
disadvantage. A high number of glass panes may positively affect the structural safety, but
it also results in a larger number of connections which reduces the transparency of the
column. On the other hand, slightly more yet smaller glass panes might as well result in

less visual impact and a higher material efficiency.

Figure 3.3 A glass-steel column consisting of a number of small glass panes, instead of one large pane,
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allows for higher material efficiency and better possibilities to ensure residual load capacity
upon breakage of one or more panes.

Enclosed spaces; enclosed spaces are considered unfavourable for reasons of assembly,
maintenance (e.g. condensation on the inside, accumulation of dust and dirt) and
possibilities for replacement. Furthermore, enclosed spaces increase the visual impact of

the column as steel sections and connections are positioned at the corners.

Assembly and possibilities for replacement; in general, the less elements the glass-steel
column comprises, the less demanding are the requirements for assembly. Moreover,
mechanical connections are slightly preferable to glued connections from the viewpoint
of replacement. Both mechanical and glued connections have strict requirements with
respect to assembly.

Structural behaviour; the glass-steel column is to be designed in such a way that only the
steel column section is subjected to an axial compressive load, while the glass panes
provide lateral stability. It is obvious that the design of the configuration alternative must
enable the column to act as such and attention should be paid in particular to the effect
of the connections, as the structural behaviour of the column will be strongly affected by
the design of the joints between the steel and glass elements. In order to gain a clear
understanding of the structural behaviour of a combined glass-steel column, it may be
considered preferable to start with a rather simple column configuration, i.e. a limited

number of different elements, marerials and connections.
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The most promising configuration alternatives are thus characterized by a single steel column
section and a limited number of connections. In addition, good assembly and replacement

possibilities are considered advantageous, whereas enclosed spaces are highly unfavourable.

3.3  Configuration selection

As enclosed spaces and multiple steel column sections are considered highly unfavourable, the box
shape configuration alternatives have significant disadvantages compared to the cruciform shape
alternatives. Hence, the most promising alternatives should have an open cruciform cross-section
with a single steel column section. Furthermore, a limited number of connections is generally

considered preferable.

Figure 3.4a shows a configuration alternative that comprises all previously discussed qualities.
Moreover, the unfavourable visual impact is minimized through a limited number of elements
and connections. The small number of glass panes, however, may result in insurmountable
difficulties with respect to the required structural safety, but as the configuration is faitly simple,

the alternative is highly suitable for studying the structural behaviour.

Figure 3.4b shows a similar configuration, yet with a number of smaller glass panes which may
result in a significant improvement with respect to the required structural safety. As the steel
column section is laterally supported by several smaller glass elements, a considerable residual
strength and stiffness can be achieved upon breakage of one or more elements. The visual impact

of the connections is considered to be small as the glass elements are glued to slender steel strips.
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Figure 3.4 Two most promising configuration alternatives.

The configuration alternative of Figure 3.4b thus combines a high level of transparency and great
potential with respect to the structural load-bearing capacity and consequence-based safety.
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3.4 Additional considerations

The configuration alternatives for the design of the glass-steel column shown in Figure 3.4 are
selected for further studies. Analysis of the structural behaviour may provide good results for
further optimization of the design in terms of transparency, material-efficiency, assembly and
structural safety. Note that the list of criteria for assessment of the configuration alternatives, as
discussed in Section 3.2, may be arbitrary and is by no means exhaustive. Additional criteria such
as fire safety, production and assembly techniques, and all cost-related aspects are not (or not yet)

taken into consideration.

Basic assumptions for modelling of the different alternatives are discussed in Section 1.2.3.
Additional assumptions and simplifications for analytical and numerical studies are discussed in

the respective Chapters 4 and 6.

3.5 Summary and conclusions

The design of the glass-steel column is aimed at achieving a primary structural member with
maximum transparency and in that respect the glass-steel column is similar to previously
developed transparent columns. However, essential differences are to be found in the scale-effect,
load-bearing behaviour and safety concept. As the glass-steel column is to be designed in such a
way that it fulfills structural as well as functional, aesthetic and architectural requirements, a set of
design principles and assumptions is made as a basis for the development of configuration
alternatives. The principle of plane glass panes resulted in a limited number of cross-sectional

typologies, essentially either a cruciform or box shape.

Although all configuration alternatives have specific qualities, the most promising alternatives are
characterized by a single steel column section, no enclosed spaces, a limited number of
connections and good structural behaviour including residual strength upon breakage of one or
more glass panes. In addition, good assembly and replacement possibilities are considered
advantageous. An assessment of the alternatives based on these criteria has led to the selection of

two alternatives for further analysis and optimization (Figure 3.4).
The set of criteria used for the assessment is arbitrary and by no means exhaustive. Additional

criteria such as fire safety, production and assembly techniques, as well as cost-related aspects are

not taken into consideration.
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Chapter 4

Analytical considerations

In general, the critical load of a compression member, obtained from the linear analysis of an idealized
perfect member, does not necessarily coincide with the load ar which collapse of a real imperfect
member occurs. In particular, the maximum buckling strength (also referred to as maximum load or
ultimate load) of an axially loaded slender column is often considerably smaller than the critical load.
According to Galambos [1998], in order to determine the failure load of an actual member it is
necessary to take initial imperfections into account and to consider the entire nonlinear load-deflection
curve of the member. Such a curve can be determined analytically for rather simple model.

This chapter primarily deals with the process of determining the load-deflection behaviour of a
compression member analytically, as it provides grear understanding of the global structural behaviour
of the glass-steel column. For this purpose, the glass-steel column is simplified into a pin-ended steel
column that is braced by discrete springs or a lean-on system. Since the ultimate load of an actual
column is highly affected by imperfections, it is necessary to obtain an accurate assumption on the

combined effect of geometrical and mechanical imperfections.

4.1 Introduction

Simple analytical calculations are generally considered highly convenient for preliminary design,
as they allow for a quick evaluation of the structural behaviour of different design alternatives.
Therefore, this chapter aims at providing an approach to the analytical determination of the load-
deformation behaviour and ultimate load of the glass-steel column through idealized models. The

focus is on simplicity, rather than on exact formulations.
A proper model for obraining the load-deflection behaviour and, consequently, the ultimate load,

must incorporate the evaluation of those effects that have significant influence. Section 4.2

discusses the essential parameters that must be taken into account for an accurate calculation of
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the maximum buckling strength. The concept of the imperfection parameter as introduced in
several European codes (e.g. NEN 6771 [2000] and Eurocode 3), is adopted to account for the
combined effect of all imperfections. Furthermore, the process is described of idealization of the
glass-steel column in 4 successive steps, such that the column can be represented by a simple
single-degree-of-freedom rigid bar model. From a discussion on stability bracing of columns in
Section 4.3, it is shown that the assumed idealizations in Section 4.2 are in accordance with

general design recommendations in national codes and literature (e.g. Galambos [1998]).

The load-deformation behaviour of the single-degree-of-freedom rigid bar model is illustrated in
Section 4.4, thereby applying the concept of the imperfection parameter. Four basic methods of
analysis are discussed, based on material behaviour and the geometry on which equilibrium is
formulated. Ultimately, the buckling load determined from NEN 6770 [1997] can be compared
to the ultimate load derived from an elastic-plastic analysis on the simple rigid bar model.

Additional considerations are discussed in Section 4.5. Conclusions are drawn in Section 4.6.

4.2 Analysis approach

Complex design situations are generally idealized and simplified, such that elements can be
thought of as isolated columns with perfect end conditions for which the load-deformation
behaviour can be determined analytically. The adopted analytical approach to determining the
Joad-deformation curve and buckling load of such a column is presented in the flow chart as
shown in Figure 4.1. The selection of a suitable mechanical model is illustrated in Section 4.2.1,

whereas the essential parameters for analysis are discussed in Section 4.2.2.

Mechanical model Material & physical properties

e.g. loading, restraints, effective length e.g. yield stress, cross sectional dimensions

v

y
e .
Critical Slenderness Buckling curve Fully plastic
buckling load ratio (NEN 6770) moment

v y
v

Imperfection parameter

»la
P

A

Elastic-plastic load-deformation

curve and ultimate buckling load

Figure 4.1 Flow chart representation of the analysis approach to the analyrical determination of the load-
deflection behaviour of the idealized glass-steel column, based on a single-degree-of-freedom
rigid bar model.
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It may be obvious that, in order to prevent structural instability, the maximum buckling load of
the glass-steel column must be greater than or equal to the design load. For the purpose of
preliminary design, an arbitrary design load of 550kN is assumed based on a typical fundamental
combination of dead load and live load on a single office building floor with an ordinary grid of
vertical supports (Appendix A.1). As the glass-steel column is to be designed in such a way that
the load-bearing capacity of the steel column section is utilized to an optimum, failure would
ideally occur due to exceeding of the fully plastic axial load bearing capacity (i.e., squashing of the
steel column section), instead of due to buckling. In that case, the cross-sectional area of the steel

column section can be minimized to:

N
fv:d

% (1)

If the visual impact of the steel section in the glass-steel column is to be minimized, the ratio of
perimeter over cross sectional area of the steel column section must be as small as possible, which
is obviously the case for a solid section. Based on the assumption of a square solid section, as a
result of which the buckling load is identical in both lateral y and z direction, the cross-sectional

dimensions can be expressed by:

b=h=+JA (2)

From eqs. (1) and (2), it can now be concluded that the cross-sectional area of the steel column
section must be approximately 50x50mm? for a glass-steel column that is subjected to a design

load of 550kN, under the assumption of prevented buckling and a yield stress of 235N/mm?.

4.2.1 Selection of mechanical model

In order to obtain the load-deformation behaviour of the glass-steel column analytically, the
actual column must be represented by an accurately idealized model, for which several techniques
are described in literature (e.g. [Galambos, 1998]). For the purpose of this research, the technique
of modelling an element by rigid body assemblages is adopted as it may be considered as the basis
for several equations often referred to in structural design textbooks. A rigid body assemblage is a
discrete model that consists of a system of rigid bodies (such as bars) wherein deformations are
limited entirely to localized spring elements. Figure 4.2 shows the single-degree-of-freedom rigid
bar model of a simply supported imperfect column and the corresponding free-body diagram of a
single rigid bar. By postulating suitable but realistic idealizations, it is possible to reduce the
stability problem of the glass-steel column to a simple problem that can be solved analytically.
The following idealizations have then to be accepted:

= Two-dimensional problem; as torsional buckling is assumed not to be the governing
failure criterion (Section 4.5) and any other out-of-plane effects (e.g. out-of-plane
imperfections) are considered negligible, the stability problem of the glass-steel column

may be considered as a two-dimensional problem. In addition, since the glass-steel
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column is symmetrical about both orthogonal axes in the horizontal cross-sectional

plane, any direction may be considered for the stability analysis of the column.

Single-sided lateral support; if it is assumed that for every possible direction of buckling,
lateral support is only provided by one side of the cruciform system of glass panes, the
model can be simplified into a single-sided laterally supported column as shown in
Figure 4.3a. This assumption may be conservative, but provides good possibilities for the

development of a combined probabilistic and consequence-based safety concept.

Braced steel column; the single-sided supporting system of glass panes can be considered
as a beam that is subjected to bending upon lateral deformation of the steel column. If
the connecting elements are considered as translational springs with a stiffness 4, the
glass-steel column can be represented by the lean-on bracing system as shown in Figure
4.3b. This model can be further simplified if the beam is replaced by independent
springs providing bracing at discrete locations (Figure 4.3¢), which is in accordance with
NEN 6770 [1997]. It must be stressed, however, that this simplification is not perfectly
correct and results in the column to be supported essentially different as the beam should
in fact be represented by a system of mutually dependent springs. Then, if the stiffness k
in Figure 3c is considered very large, the springs may be represented by rigid supports
and the model is reduced to a continuous column supported by rigid lateral supports at

discrete locations (Figure 4.3d).

Negligible rotational stiffness; if the rotational stiffness of the steel column at the
locations of lateral support is assumed negligibly small, each unsupported length of the
column in Figure 4.3d can be considered as a simply supported column with an effective

length of L/4 (Figure 4.3e).

T
L/2
L 3
L/2
1 L
(a) (b)
Figure 4.2 The continuous model (a) of a simply supported column with an initial imperfection wo can
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be represented by a discrete model with springs such as this single-degree-of-freedom rigid bar
assemblage (b). The corresponding free-body diagram of a single rigid bar is shown in (c).
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Figure 4.3 Process of idealization of the glass-steel column: the stability analysis is reduced to a 2D
problem in which the steel column section is latetally supported at only one side (a). While the
glass pane may be represented by a beam with bending stiffness £/2, the connecting elements
can be given a spring stiffness 4. This way, a lean-on bracing system is established (b). Under
the assumption chat the glass panes act as a system of independent springs, the model can be
further idealized into a disctete bracing system (c), in which 4 accounts for the combined
stiffness of the connecting elements and glass panes. If the spring stiffness 4 is considered to
be vety large, the springs may be considered as rigid supports (d). If che rotational stiffness ¢ at
the locations of lateral support is assumed negligibly small, each unsupported length can be
considered as a simply supported column with an effective length of L/4 (e).

Hence, the stability problem of the glass-steel column has been reduced to a buckling analysis of a
simply supported steel column with an effective length of L/4, for which the load-deformation
behaviour can be determined analytically by using the single-degree-of-freedom rigid bar model,
shown in Figure 4.2. Although the glass-steel column is simplified substantially, the idealizations
are considered realistic and valid under the conditions as discussed previously. Moreover, the
idealizations are essentially based on design recommendations and strategies that are frequently
found in national codes and literature (e.g. Winter [1960], Galambos [1998]).

4.2.2 Essential parameters for analysis

Reconsidering the flow chart representation presented in Figure 4.1, selecting appropriate input is
considered of great importance to achieve realistic results for the load-deformation behaviour of
the idealized glass-steel column. In addition to selecting a suitable mechanical model, essential

parameters for analysis include:

= Material and physical properties; the values of the yield strength and modulus of
elasticity of the material, as well as the cross-sectional shape and dimensions need to be
estimated accurately as they are essential to the determination of the critical buckling
load, the fully plastic axial load and bending moment capacity according to applied
mechanics, and slenderness ratio and buckling curve according to NEN 6770 [1997].

*  The initial out-of-straightness; the shape and magnitude of the initial out-of-straightness

have significant influence on the load-deformation behaviour of a compressive member.

The magnitude of the initial out-of-straightness can be selected based on experience,
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measurements or values given in literature and national codes. In order to account for all
other kinds of imperfections, the concept of the imperfection parameter is adopted as to
determine the magnitude of an equivalent initial deformation that can be applied to the
single-degree-of-freedom rigid bar model. The shape of the initial out-of-straightness is
generally chosen affinitive to the first Euler buckling mode, as only this shape is of
practical significance (i.e., resulting in the lowest buckling load). It must be stressed,
however, that the first Euler buckling mode may not necessarily coincide with

expectations for a realistic shape of the initial-out-of-straightness.

= Moment-rotation relations of the end restraints and the localized spring element; end
restraint conditions influence the critical buckling load as well as the slenderness ratio
which, in turn, affects the determination of the magnitude of the equivalent initial
deformation (Appendix A.2) and, consequently the load-deformation curve and ultimate
load. For the purpose of analysis of the idealized glass-steel column, the ends are assumed
perfectly pin-ended. The moment-rotation relation of the localized spring element is

assumed linear elastic.

4.2.3 Imperfection parameter

In order to determine the load-bearing capacity of an actual slender axially loaded compression
member, various design recommendations have been established based on experiments and
theoretical considerations. Most national codes provide buckling curves for the design of slender
steel columns. These curves are basically a numerical fit of curves obtained from maximum
strength analysis of representative geometrically imperfect columns containing residual stresses
[Galambos, 1998]. Although this approach allows for quick calculations, which can be considered
particularly advantageous for preliminary design, it provides little to no insight in the magnitude
of imperfections and the load-deformation behaviour of the column. Therefore, the concept of

the imperfection parameter is adopted here.

Imperfections are practically unavoidable and include initial curvature or crookedness, loading
eccentricities, residual stresses and nonhomogeneities. According to Timoshenko [1961], the
effect of different kinds of imperfections can be compensated for by selecting an appropriate
initial out-of-straightness. The proposed method, however, requires quantifying the separate
imperfections, which involves precise estimations or experimental testing. A slightly different
method, yet based on the exact same principle of selecting a proper initial out-of-straightness to
account for the combined effect of all imperfections, is presented in current national codes
including NEN 6771 [2000]. This method aims at the determination of a certain imperfection
parameter ¢, that can be derived from equating the buckling stability check for members
subjected to an axial compressive load with the buckling stability check of a centrally loaded
member subjected to a combination of compression and bending moments, eq. (3). A sinusoidal

imperfection shape is assumed with the largest initial deformation at the middle of the column.

Nr:- Nr:l; Nr;x;
sid 4 + n, 4€0 (3)
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In the limit state for which V.., = W NV.,.q, it follows:

g
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This way, an equivalent initial out-of-straightness is defined for which the ultimate load of the
column, determined from a second-order elastic-plastic analysis, corresponds to the load-bearing
capacity that is found from the buckling stability check using buckling curves (Figure 4.4). The
derivation of eqs. (3) and (4) is discussed in detail in Appendix A.2.

From eq. (4), an equivalent initial out-of-straightness of approximately 15mm is derived for the
case of a simply supported steel column with a length of 3600mm, a 50x50mm?® solid cross-
section and a yield stress of 235N/mm?” The imperfection ratio, given by initial out-of-
straightness over system length, then equals 16/3600, or L/225. For comparison, Timoshenko
[1961] suggests an initial deformation of L/400.

wbuch;u;d = Fu (W():C())

1 second-order

clastjc-plastic analysis
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Figure 4.4 The imperfection parameter e allows for determining an equivalent initial out-of-straightness
for which the ultimate load of the column £, determined from a second-order elastic-plastic
analysis (b), corresponds to the buckling strength ws. that is found from buckling curves (a).

4.3 Braced columns

As an adequate idealization of the glass-steel column strongly depends on the selection of a model
that accurately simplifies the lateral support provided by the glass panes into a bracing system,
realistic assumptions must be made with respect to the stiffness and strength of the bracing. As
the design of the glass-steel column aims at increasing the load-bearing capacity of the steel
column section to an optimum (see Chapter 3), the bracing system must be able to substantially
reduce the effective length of the steel column. Ideally, the effective length would be reduced to
the unsupported length between the lateral supports.
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In this section, two general types of bracing systems are considered: discrete bracing and lean-on
bracing. For both types, design recommendations provided in literature (e.g. Winter [1960],
Galambos [1998]) are discussed. The recommendations assume a particular out-of-straightness
and a spring stiffness that is sufficiently large so that the bracings can be considered as rigid

supports.

4.3.1 Discrete bracing

At discrete bracing of a column subjected to an axial compression load, the lateral deformation is
controlled only at one or more particular locations along the length of the column (i.e., at discrete
intervals). The model in Figure 4.3c corresponds to this type of bracing. Fundamental rules for
bracing at discrete intervals were established by Winter [1960]. Winter investigated the influence
of the two principal parameters, stiffness and strength, which are required to provide a
compression member with effective lateral bracing. For a column that is laterally supported by »
number of elastic supports, the required spring stiffness was found by Winter to be a function of
the Euler buckling strength Fr and the distance L, between the lateral supports. The number of
distances Ly (i.e., number of bays or unsupported lengths) that comprise the entire column length
is generally expressed by m=n+1. The ideal spring stiffness £; for an initially straight column

may then be written as:

k= k’f (5)

with:

= 2[1 + cos[z]] (6)
m

The recommendations of NEN 6770 [1997] for determining the critical spring stiffness 4., are
based on the same formulations, as can be illustrated by re-writing eq. (5) (Appendix A.3). For a
column with three springs at regular intervals, the relation between the Euler buckling strength
and spring stiffness is presented in Figure 4.5. Winter [1960], recommended to increase the value
of the spring stiffness to account for initial out-of-straightness of the column. The required
stiffness may then be written as a function of the ideal stiffness £;, initial deformation 4, and

additional deformation 4, as follows:

dy
kg = ki |—+1 7
[%-+1] 7

If it is assumed that the additional deformation equals the initial deformation, eq. (7) yields
kg = 2k; , which is in accordance with recommendations given by Galambos [1998]. NEN 6770
[1997] requires a spring stiffness of 2.54; in order to achieve sufficient stiffness so that the spring
can be considered as a rigid support. The actual spring stiffness 4, can be determined according

to applied mechanics.
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Figure 4.5 Simplified relation between the Euler buckling strength and spring stiffness for an axially

loaded member that is laterally supported by three springs at regular intervals. The ideal spring
stiffness, at which the member buckles between the supports (i.e., Ly=L/4), is 218zEl/L°.

According to NEN 6771 [2000], the force that is induced in the spring (i.e., the bracing force
Fi;) may then be determined by eq. (8) if the actual stiffness is smaller than 2.5%..

- kbyLd' 1 (8)
1000 7, —1

br
In eq. (8), Lyis the effective length of the braced column and 7, is the ratio of the Euler buckling
strength over the applied load of the braced column. In any case, the bracing must be checked for

a force equal to 1% of the buckling strength of the braced column:
L, =00 lwbuerl;d (9)

A final remark should be made regarding the initial out-of-straightness of the braced column.
Most recommendations are based on an assumed initial out-of-straightness 2, between L/500 and
L/750. As the brace force is a linear function of the initial out-of-straightness, the effect on the
brace force of an initial out-of-straightness that differs significantly from the assumed values, can

be accounted for by:

d
E,,m/u = Fb, = (10)
)

Here, L is the system length of the braced column, and Fy, is the brace force according to eqs. (8)

or (9).
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4.3.2 Lean-on bracing

In discrete bracings, the springs are considered independent (Section 4.3.1). However, if a
column relies on an adjacent member for support, the column is considered to be braced by
mutually dependent springs. The model in Figure 4.3b corresponds to this type of bracing, which
is called lean-on bracing. The design recommendations in NEN 6770 [1997] do not specifically
distinguish between discrete bracing and lean-on bracing, except for the determination of the
spring stiffness 4. As the springs are mutually dependent, a simplified approach is suggested that
allows for calculating a fictitious stiffness s, based on representing the bracing system by a
simply supported beam that is loaded by equal forces F at the locations of the connecting
elements. The stiffness is then given by the quotient of force Fand maximum deformation #. For
the model in Figure 4.3b, the beam can be considered as loaded by 3 equal forces at regular
intervals, for which the maximum deformation # at the middle is given by eq. (11), where L is the
length of the idealized beam [Young and Budynas, 2002].

3
L JorL an
384 F/
It then follows:
F 384FE[
by g = e = 12)
" u 190 (

Another approach to the design of lean-on columns is discussed by Galambos [1998], thereby
using the 2P concept of Yura [1971]. It must, however, be noted that this approach is only
verified for systems in which both the braced column and bracings are made of steel. From Figure
4.6, it can be seen that two principal buckling modes exist for the presented system: the sway and
no-sway mode. From an FE analysis, it is shown that as /; increases, F, increases linearly in the
sway mode. At /3 /Iy 2 15.3, column A buckles in the no-sway mode. The value required to

develop full bracing can be approximated using the >P concept.

F

o

\ s

% | I

S F.=
g Aj
’ I
[ 0 { 1 } » %
- 0 10 153 20 ’
Figure 4.6 Approach to lean-on bracing using the %P concept. It is assumed that the connecting elements

do not contribute to the sway stiffness.
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Equating the sum of the sway capacities in the sway mode to P, in the no-sway mode yields:

WZE([A +15) _ WZE[A

L (/)

(13)

From eq. (13) it can be found that 7, =15/, , which is close to the exact solution. This way, a
design approach is presented with respect to the stiffness of the bracing system. Additional
information on this approach is to be found in literature (e.g. Yura [1971], Galambos [1998]).

4.4 Load-deformation behaviour of a simply supported column

This section deals with describing the behaviour of an imperfect simply supported column for
which the relation between the axial compression load and lateral deformation is determined
analytically with the help of a single-degree-of-freedom rigid bar model, as shown in Figure 4.2.
Four basic methods of analysis are discussed, based on material behaviour and the geometry on
which equilibrium is formulated, being: first-order elastic analysis, second-order elastic analysis,
first-order plastic analysis and second-order elastic-plastic analysis. In a first-order analysis,
equilibrium is expressed on the undeformed geometry of the column, whereas in a second-order

analysis, equilibrium is expressed on the deformed geometry of the column.

4.4.1 Elastic behaviour

For an imperfect simply supported column represented by a single-degree-of-freedom rigid bar
model with an elastic spring at the middle (Figure 4.2), the first-order elastic load-deformation

relation can be expressed by:

F:F,,[ﬂ—l] (14)

Wy

The second-order elastic load-deformation relation can be approached by:

F:F,,[l—ﬂ] (15)
w
Or:
w:nilw0 1o
with:
E,
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For the purpose of this report, the derivation of egs. (14) to (17) is omitted here but included in
Appendix A.4. It should be noted that the second-order elastic load-deformation relation as
described above only holds for small deflections [Timoshenko, 1961].

4.4.2 Elastic-plastic behaviour

The first-order and second-order plastic load-deformation relations of an imperfect simply
supported column, represented by a single-degree-of-freedom rigid bar model, are included in
Appendix A.4. The plastic load-deformation relations are a function of the fully plastic bending
moment capacity M,. Strictly, M, must be reduced for the combination of an axial load and
bending moment. In Appendix A.4, it is shown that the reduced first-order plastic limit load can

then be given by:

N, ( AM? + N'wi — N,,wo)
P;z:rtd = (18)
oM,

The ultimate reduced second-order elastic-plastic load F,,.s can be approximated by a modified

Merchant-Rankine formula, as follows:

1 1 1
= +— (19)
E;rd P‘;z;rrd E‘r

The load-deformation curves from the different analyses discussed are shown in Figure 4.7. As
illustrated previously, the ultimate load of an imperfect simply supported column obtained from
a second-order elastic-plastic analysis must be similar to the maximum buckling strength NV,,..
derived from buckling curves, if the column is assumed to have an inital out-of-straightness equal
to the imperfection parameter. Table 4.1 shows the results for a steel column as described in
Section 4.2.3, with an effective length of 900mm and 3600mm and E =2.1-10° N/mm®.

F
A
5 2
4
F, T-
1
Fcr fm e N —————. —
3
Fu ________
I 1
i
: 1 : ______
r— { W
Wo W, Wy
1 critical buckling load F 2 firsc-order elastic analysis 3 sccond-order elastic analysis
4 first-order plastic analysis 5 second-order plastic analysis 6 second-order elastic-plastic analysis
Figure 4.7 Load-deformation curves for a single-degree-of-freedom rigid bar model with wo= 0.
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Table 4.1 Comparison of results obtained from 2nd-order elastic-plastic analysis and buckling curves.
Case lq At Whue N €o Fvet Eoi ! N.a
[mm] [-] [ [kN] [mm] [kN] -]
3600 2.66 0.12 70 15.0 67 0.95
2 900 0.66 0.75 439 2.8 376 0.86

From Table 5.1 it can be concluded that for both cases, the values of F,... and N,,.. correspond
rather well. The value of F,,.; underestimates the maximum buckling strength obtained from the
buckling curves in NEN 6770 [1997]. It can also be seen that the degree of underestimation is
small for case 1, and relatively large for case 2. This may be explained by looking at the
slenderness ratio. At a slenderness ratio of about 0.4 to 1.2, the range of test results on which the
buckling curves are based is relatively large, which might have resulted in a rather conservative
approach to the determination e, The variation in test results is considerably smaller for very
high slenderness ratios, which may explain the rather precise estimation of the ultimate load for
case 1. Results from additional analyses on columns with varying slenderness ratios seem to

confirm this explanation.

4.5 Additional considerations

The design recommendations for braced columns discussed in Section 4.3 and the analysis
approach based on the use of a rigid bar model can be employed for preliminary design and
dimensioning of the different elements of the glass-steel column. Important design decisions

include the number of idealized discrete springs and the required dimensions of the glass panes.

If the stiffness of the lateral bracing system of glass panes is considered sufficiently high, the
influence of the number of idealized discrete springs on the maximum buckling strength can be
investigated based on the assumption that the springs are positioned at regular intervals and the
effective length equals the unsupported length between two springs. Table 4.2 presents the results
for the steel column as described in Section 4.2.3. It can be seen that adding up to 3 lateral
supports to the initally unsupported steel column results in a significant increase in the
maximum buckling strength. Adding more lateral supports does slightly improve the maximum
buckling strength, but at the cost of substantial visual impact of the connecting elements.
According to calculations based on NEN 6770 [1997], the buckling strength cannot be further
increased upon application of 13 or more discrete springs, as the slenderness ratio becomes
smaller than 0.2. It can be argued that for this number of springs, the column may be considered
as continuously braced, which is in agreement with NEN 6770 [1997]. According to NEN 6770,

the column may already be considered as continuously braced at 7 or more lateral supports.

For the purpose of preliminary design, the dimensions of the glass panes can be established from
design recommendations discussed in Section 4.3. Table 4.3 shows the results for different values
of the moment of inertia Jy, in the direction of in-plane bending, based on a bracing system that
comprises three lateral supports at regular intervals. Design recommendations from NEN 6770
[1997] and NEN 6771 [2000] were used.
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Table 4.2 Influence of lateral supports on maximum buckling strength.
Mop At Whye N, ciusd A Noup Arz/ Whue N, cud A
-] [-] [l [kN]  [%] -] [-] [-] (kNI [%]
0 2.66 0.12 70 - 7 0.33 0.93 548 3
1 1.33 0.38 222 217 8 0.30 0.95 559 2
2 0.89 0.61 358 61 9 0.27 0.97 568 2
3 0.66 0.75 439 23 10 0.24 0.98 575 1
4 0.53 0.83 485 10 11 0.22 0.99 581 1
5 0.44 0.87 514 6 12 0.20 1.00 586 1
6 0.38 0.91 534 4 13 0.20 1.00 588 0

Table 4.3 Influence of the dimensions of the bracing system on strength and stiffness requirements.
1 g Ko k, o 1 ke oy | & '
[mm] [kN/mm]  [kN/mm]  [] l2] [kN] [kN]
1.0 - 10° 3.03 5.06 0.6' 2.5 4.4 3.7
2.0-10° 6.06 5.06 1.2 25 4.4 13.74
3.0-10® 9.10 5.06 1.82 25 4.41 13.74
5.0-10® 15.16 5.06 3.0° 2.5 4.4 13.7

Buckling of the steel column will occur along the entire length (i.e., in a half sine shape) due ro lack of
stiffness of the bracings.

Buckling of the steel column will occur between the bracings, but the idealized spring stiffness is insufficient
to consider the bracings as rigid supports.

3 Buckling of the steel column will occur between the bracings, and the idealized springs may be considered
as rigid supports.

The value of Fi is derived from eq. (8), but is required to be at least equal to the value determined from eq.

(9), which proves to be critical.

As the cross-section of the steel column is doubly symmetric, the column is generally assumed to
buckle in a flexural mode between the lateral supports if the supports prevent both twist and
displacement [Galambos, 1998]. However, if the connection detail does not prevent twist, the
column may buckle in a torsional mode. Torsional buckling of the 50x50mm? solid steel column
with a length of 3600mm has been checked, but proved not to be the governing buckling mode.

Lateral torsional buckling and plate buckling of the glass panes was not considered.

4.6  Summary and conclusions

For the purpose of this research, the design of the glass-steel column is aimed at increasing the
load-bearing capacity of the slender steel column section to an optimum, while minimum harm is
done to the desired transparency of the structure. As slender steel columns tend to fail due to
buckling, the design is focussed on increasing the maximum buckling strength by using the glass
panes to provide bracing. If the stiffness of the bracings is taken sufficiently large, the bracings
can be considered as rigid lateral supports. On the assumption of rigid supports and zero
rotational stiffness of the steel column section at the support locations, the effective length of the

steel column can be considered equal to the unsupported length between the supports.
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Thus, by postulating suitable but realistic idealizations, it is possible to reduce the stability
problem of the glass-steel column to a simple steel column buckling problem that can be solved
analytically. An analysis approach has been adopted for determining the load-deformation
behaviour of the idealized column by using a single-degree-of-freedom rigid bar model in which
the deformations are limited entirely to the localized spring element. Essential parameters for the
analysis include the material and physical properties, the shape and magnitude of the initial-out-
of-straightness, as well as the moment-rotation relations of the end restraints and localized spring

element.

The selection of a proper initial out-of-straightness allows for taking into account the combined
effect of all kinds of imperfections. For that purpose, the concept of the imperfection parameter
has been adopted. The imperfection parameter yields an equivalent initial out-of-straightness for
which the ultimate load of the column, determined from a second-order elastic-plastic analysis of
the single-degree-of-freedom rigid bar model, corresponds to the load-bearing capacity (i.e.,
maximum buckling strength) that is found from buckling curves in national codes. In particular
for columns with high slenderness ratios, the concept of the imperfection parameter seems to

provide an accurate approximation of the maximum buckling strength determined from NEN

6770 [1997].

For the purpose of preliminary design, the dimensions of the glass panes can be established from
design recommendations for braced columns. It is shown that for a column that is braced by
three intermediate supports at regular intervals, the moment of inertia of the glass panes should

be at least 2.0 - 10® mm* in order to achieve buckling of the steel column between the supports.
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Chapter 5

Experiments

Three full-scale experiments have been carried out to explore the behaviour of the designed glass-steel
column and to get an indication of the load-bearing capacity that can be achieved. Furthermore, load-
deformation relations and load-strain relations have been established on which an FE model can be
calibrated. All specimens have been dimensioned essentially different, with variations in the width of
the glass panes and the defined out-of-straightness of the steel column. This chapter describes the test
program, the preparation of the specimens, the design of the test setup, and the testing procedures and
measurements. At the end, the results of the different experiments are presented.

5.1 Introduction

The experiments are primarily aimed at obtaining enhanced understanding of the stability
behaviour of the designed glass-steel column and the influence of imperfections including initial
out-of-straightness. Secondly, the test program must provide valuable input for finite element
(FE) calculations, thereby offering good possibilities for calibration of an FE model. A test
program has therefore been formulated along with the following objectives:

= Capture the stability phenomenon of an axially loaded pin-ended steel column that is

laterally supported by glass panes.

=  Focus on the in-plane stability, i.e. buckling of the steel column in the direction in which
the column is laterally supported by glass panes. Try different glass pane dimensions and
magnitudes of initial out-of-straightness so that the influence of both aspects can be

explored.

= Determine load-deformation relations and strains for calibrating an FE model.
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The following restrictions have been formulated:

The experiments are carried out on a steel column that is laterally supported by glass
panes in only one direction. In the other three directions, buckling of the steel column is
prevented similarly in essence, but with alternative supports. The result is a significant
reduction in costs, time and size of the test setup while the intended structural behaviour

is considered identical to that of the designed glass-steel column.

As the experiments are aimed at buckling of the steel column in the direction in which
lateral support is provided by glass panes, the boundary conditions and initial out-of-
straightness of the steel column section are selected in such a way that a preferred
direction of buckling is achieved in the direction in which the steel column is supported

by glass panes.

The dimensions of the specimens are chosen such that failure can be achieved within the

capacity of the available equipment.

The design of the test setup is aimed at creating close to perfect boundary conditions, i.e.

frictionless pin-ended supports and centric loading.

Since producing the specimens is both laborious and costly all experiments are carried
out once, which means the experiments are best considered as pilot tests. Consequently,

the results are of little to no statistical significance.

From the objectives and restrictions the test program has been composed of three distinct

experiments on a pin-ended steel column that is stabilized by glass panes in only one direction.

The test specimens vary in the defined inital out-of-straightness of the steel column and the

width of the glass panes. Table 5.1 and Figure 5.1 show the distinctive properties in advance of

Section 5.2, in which the test specimens are discussed in further detail.

Table 5.1 Variations in the distinct test specimens if carried out at full scale
Test specimen Width of glass pane Out-of-straightness of the steel column
550 mm Applied, 16mm
550 mm As delivered
350 mm Applied, 16mm

ID\\ 7 | | >\
@ @ Ko ®
KB °k

A

Figure 5.1 Schematic representation of the different test specimens and distinctive properties.
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5.2  Test specimen

This section deals with the selection of materials as well as dimensioning and preparation of the
test specimen. In Section 5.2.1 the material specifications are described as a basis for selecting the
specimen dimensions, which is discussed in Section 5.2.2. Preparation of the steel column, the
steel strips and the adhesive bond line is discussed in the respective Sections 5.2.3, 5.2.4 and

5.2.5. Figure 5.2 shows a typical test specimen.

19mm single anncaled float glass —,  epoxy adhesive bonding surface —\ Aay

g T
o] [ P \I-l .
- v 2 i N
H ” .

e |:]
o 11
12|
i
-

et

N \I.ll

N steel column

i \”,

= welded steel strip  #
Figure 5.2 Typical test specimen.

5.2.1 Material specifications

The test specimen as shown in Figure 5.2 comprises various materials of which the mechanical
properties that are most essential to dimensioning the specimen are given in Table 5.2. If
available, specifications by the supplier have been adopted. Since the ultimate in-plane tensile
bending strength of annealed float glass could not be given by the supplier, characteristic values
and design values have been adopted from NEN 2608-2 [2007]. The mechanical properties of
the specified epoxy adhesive have been adopted from test results of Huveners and Koggel [2006]
and specification by the supplier. It must be stressed here that, as the shear strength of adhesives
strongly depends on aspects including joint thickness, surface preparation, curing time and

ambient conditions, comparing of strength properties of adhesives is a delicate matter.

Table 5.2 Mechanical propertics of the structural elements used in the test specimen

Element Material specification Properties

Steel column S235]R Fi® 215 N/mm?
S 360-510  N/mm?
Eua' 25 %

Steel strips S235]JRC + C Foa 260 N/mm?
S 390-690  N/mm?
Eud 10 %

Glass panes Annealed float glass s 2 45 N/mm?
S 25 N/mm?

Epoxy adhesive 3M Scotch-Weld 9323 B/A T prarg 4 24 N/mm?
Topiicik 2 14 N/mm?

Dependent on material thickness; value based on a thickness ranging from 40 to 63mm.

Characteristic value of the ultimate in-plane tensile bending strength according to NEN 2608-2 [2007].

> Design value of the ultimate in-plane tensile bending strength derived from NEN 2608-2 [2007], taking 4,
k. and kot equal to 1 and ym equal to 1.8.

Characretistic value of the ultimate tensile shear strength after seven days of curing at room temperature,
according to Huveners and Koggel [2006].

Characreristic value of the ultimate tensile shear strength after two days of curing at room temperature,

according to the supplier.
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5.2.2 Specimen dimensions

The dimensions of the steel column section have been selected based on a design load of 550kN,
as discussed in Section 4.2 and illustrated in Appendix A.1. From the theoretical situation of
achieving the fully plastic axial load capacity in the stabilized steel column, the required cross-
sectional dimensions become exclusively dependent on the yield strength. A specified yield

strength of 215N/mm’ then requires a square solid section of approximately 50x50mm?®.

However, the fully plastic axial load capacity is not likely to be reached and the actual yield
strength is generally higher than the specified minimum value as given in Table 5.2. Therefore, a
preliminary FE analysis has been performed on a solid 50x50 mm? steel column with a typical
system length of 3600 mm, an effective length of approximately 900 mm (dependent on the
anticipated stiffness of the lateral supporting system), and a yield stress varying from 215 N/mm?
to 310 N/mm’. A simple bi-linear stress-strain relation has been used for modelling the material
behaviour of steel. Table 5.3 shows the input and expected ultimate load capacity from the
preliminary FE analyses.

Table 5.3 Input and expected ultimate load capacity from a preliminary FE analysis
Test Yield seress [N/mm?) Ultimate load capacity [kN]
pFE 1 215 515
pFE 2 255 589
pFE 3 310 731

Table 5.3 shows that the largest expected ultimate load capacity from a preliminary FE analysis is
731kN, which is within the capacity of the actuator (i.e. 1000kN, see Section 5.3.2). Hence, the
experiments can be carried out at full scale, thereby avoiding any unfavourable effects of scaling

techniques.

All elements in the test specimen can now be dimensioned. Again, a preliminary FE analysis has
been performed for that purpose. An overview of the selected dimensions is given in Table 5.4.
The dimensions of test specimen 1 and 2 are identical, but they do differ in the defined initial
out-of-straightness (Section 5.2.3).

Table 5.4 Element dimensions of test specimens; all dimensions are given in mm

Specimen Steel column Glass panes Epoxy adhesive bond line
biom  daom  Lepmo  buom  doom  Taom  brom  duom  Asom'  Taom
50 50 3700 500 870 19 500 15 7500 0.5
50 50 3700 500 870 19 500 15 7500 0.5

3 50 50 3700 350 870 19 350 15 5250 0.5

Auom is the nominal bond line surface at one side of the glass pane edge, given in mm?.

i

The glass pane width of test specimen 1 and 2 (i.e. 550 mm) is selected such that the expected
maximum in-plane tensile bending stress does not exceed 15 N/mm? according to preliminary FE
analysis, whereas the glass pane width of test specimen 3 (i.e. 350 mm) is selected based on an

expected maximum in-plane tensile bending stress of 45 N/mm? which would generally be

60



CHAPTER 5: EXPERIMENTS

sufficient to cause breakage of the glass pane prior to buckling of the steel column section. The
glass thickness of 19mm is deliberately chosen identical for each test specimen as it allows for
standardization of the strips that are welded to the steel column section. Section 5.2.4 deals with

the preparation of the strips in further detail.

The nominal length of the epoxy adhesive bond line is identical to the width of the glass panes
and it is therefore that the nominal adhesive bond line surface of test specimen 3 is smaller than
that of specimen 1 and 2 at equal width of the bond line. The thickness of the bond line is

chosen identical to specimens tested by Huveners and Koggel [2006], showing good results.

5.2.3 Preparation of steel column

The steel columns have been delivered at a length of 4 meter. Then cutting down the length to
the selected dimension of 3.7 meter for each test specimen, allowed for taking coupons for tensile
testing from the remainder material of approximately 300 mm length. This way, the mechanical
properties of each individual column could be accurately determined, which is further discussed

in Section 5.4.1.

All steel columns have been measured for determining the initial out-of-straightness due to the
manufacturing process. The steel columns of test specimen 1 and 3 have then been given an
additional imperfection in a four point bend test setup. This way, a defined out-of-straightness of
16 mm has been applied for reasons of comparing the ultimate load from experimental results

with the buckling curves in NEN 6770 [1997].

5.2.3.1 Determining the initial out-of-straightness
The geometrical imperfections have been measured at regular intervals along the length of the

column. All 4 sides have been measured for the purpose of determining the initial out-of-
straightness in the directions perpendicular to the column axis. To facilitate this process, the
measuring positions have first been marked at all sides, thereby keeping the outer positions 50

mm from the ends of the column.

The steel column has been laid down on a large bench with a practically level surface, thus serving
as a horizontal reference plane, as illustrated in Figure 5.3. From the reference plane, the distance
¢ was measured to the top of the column surface. The values for 2 and & represent the distances
from the reference plane to the top of the column surface at the different ends of the column. If
any twist imperfections and deviations in the cross-sectional dimensions are not taken into
account, the lateral imperfections can then be expressed relative to an imaginary chord through

the center of the column section at both ends:

bx—a 0<x<L (1)

The initial out-of-straightness e’is then defined as the imperfection e at the middle of the column
length, i.e. x = L/2. Table 5.5 shows the governing initial out-of-straightness of each column and

the corresponding side. In parenthesis, the maximum lateral imperfection measured is given if the
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position did not coincide with the middle of the column length. A complete overview of the
measurement results has been presented in Appendix B.2. From these results it can be seen that
slight deviations in the cross-sectional dimensions account for the differences that are found in

the imperfections measured at opposite sides of a single column.

horizonrtal reference
plane

2 column centerline
3 imaginary chord
through both ends

Figure 5.3 Approach for determining the initial out-of-straightness of the steel column from a horizontal
reference plane.

Table 5.5 Initial out-of-straightness and maximum imperfection measured
Column nr. Side Initial out-of-straightness [mm]
T1 2 1.4 (1.5)
T2 1 2.3
T3 1 -0.8
T4 (reserve) 1 1.2

5.2.3.2 Applying a defined out-of-straightness

For the purpose of exploring the influence of the magnitude of the out-of-straightness of the steel
column section on the load-deflection behaviour and ultimate load capacity of the glass-steel
column, two steel columns have been given a lateral imperfection that is significantly larger than
the initial out-of-straightness. For the steel columns of test specimen 1 and 3, a sinusoidal shaped
imperfection with an out-of-straightness of 16 mm was decided on, as this value allows for
comparing the experimental results with results from the buckling curves in NEN 6770 [1997].
The value of 16 mm represents the combined effect of all kinds of imperfections that have been
taken into account for determining the buckling curves in the Dutch national code (see also
Section 4.2.3 and Appendix A.2).

In order to apply an out-of-straightness of 16 mm to the columns of test specimen 1 and 3, the
columns were placed in a four point bend (4PB) test setup, thus in fact acting as a beam. The
additional imperfection was applied to the side with the largest initial out-of-straightness
measured. An FE analysis has been performed to determine the required level of loading such that
a permanent deflection of exactly 16 mm was achieved after unloading. The elastic-plastic
material behaviour has been modelled as accurately as possible, using the results from tensile tests
(Section 5.4.1). Figure 5.4a shows the load-deflection diagram from the FE analysis, as well as the
different stress distributions for loading beyond the elastic limit. The difference between both

lines represents the permanent deflection which is shown in Figure 5.4b.
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Figure 5.4a (L) Load-deflection graphs from FE analysis of the steel column in a 4PB test setup based on elastic
and elastic-plastic material behaviour.

Figure 5.4b (R) The difference berween the lines in Figure 5.4a represents the permanent deflection. Thus, an
applied load of approximately 9kN is required to achieve a permanent deflection of 16mm.

In the 4PB test setup the column (though acting as a beam) was simply supported at the ends and
subjected to two equal loads that were placed symmetrically about the center of the column with
a and & equal to 900mm, being respectively the distance from each support to the position of
load application and the distance from the position of load application to the center of the
column (Figure 5.5). The bending process was performed in load control, while monitoring the
deflections at midspan and at the position of load application for comparison with the results
from the FE analysis. The lateral imperfection applied through this 4PB test accurately fits the

intended sinusoidal shaped imperfection, as can be seen from Figure 5.6.

S, L IR,

Figure 5.5 Four point bend test setup for applying a defined out-of-straightness to the steel column of test
specimen 1 and 3. Two equal loads were placed symmetrically about the center of the column
with #and 4 equal to 900mm.
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Figure 5.6 Differences in imperfection pactern: 1. is a perfect sine shape, 2. is the deflected shape resulting

from a perfectly elastic four point bend test (4PBT), 3. is the deflected shape resulting from a
4PBT with elastic-plastic deformation. The relatively largest deviation between curve 1 and 3 is
found at x=225mm and x=3375mm: 7.6%.

5.2.4 Preparation of strips

The dimensions of the strip (Figure 5.7) have been selected based on the governing anticipated
loading situation from preliminary FE analysis, irrespective of the position along the length of the
steel column section and the width of the selected glass panes. In order to keep the different parts
of each strip together and to guarantee a sufficiently stiff connection for transferring the
anticipated loads, a long bolted joint with fitted holes has been designed according to NEN 6771
[2000].

front view cross-section

top view

1 steel column 2 20x20mm center strip 3 550x60x5mm outer strip 4 19mm annealed float glass pane

Figure 5.7 Design of standard strip for all specimens and all locations along the length of the steel column.

For the purpose of welding the strips perfectly perpendicular to the steel column surface, the
strips have been positioned carefully with the help of an aligned bracing system. Subsequently,
two aluminium profiles have been temporarily fixed to the strips to prevent major inaccuracies
during and after welding, as shown in Figure 5.8. Then, starting from the strip at the middle and
continuing towards the ends of the column, the circumferential T-butt joints have been made
using the TIG welding technique. This way, a high quality weld was achieved and any

unfavourable effects of the heat affected zone remained limited. After cooling, the temporary
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aluminium profiles were removed and slight deviations were corrected by carefully bending the
strips. The upper aluminium profile was then put back in place in order to prevent potential

damaging.

[ — |
elevation AT section A-A

1 aluminium profile

Figure 5.8 Specimen assembly setup; aluminium profiles provide bracing during and after welding of the
strips to the steel column.

5.2.5 Preparation of adhesive bonded joint

Proper preparations are pivotal to ensure maximum joint properties such as sufficient strength
and stiffness. This section therefore describes in detail the surface preparations, the application of
the epoxy adhesive as well as the curing conditions and requirements. All specimens have been
prepared in exactly the same manner and according to a fixed time schedule. Figure 5.9 shows the
preparation process of the adhesive bonded joint in successive steps. The numbers refer to the

different subroutines that are described hereafter.

5.2.5.1 Surface preparations
The preparations started with smoothing the strip surfaces by removing burs and sharp edges,

followed by cleaning the surfaces in accordance with NEN-ISO 17212 [2004] and the advice of
the adhesive manufacturer. The first cleaning routine consisted of rubbing off dust as well as oil-
and grease-based residues using a clean cotton cloth. Then, 0.5 mm thick spacers of polyethylene
(approximately 10 x 4 mm?®) were glued to the bonding surface of the outer strips in order to
guarantee a uniform joint thickness of 0.5 mm upon prestressing as well as to avoid contact
between the steel and glass pane surface. The following second and more intensive cleaning
routine was performed aimed at removing all residual contaminants and producing a break free
water film on the bonding surface. A clean cotton cloth perfused with acetone was used to
repeatedly wipe the surfaces until traces of residue were no longer found on the cloth. The outer
strips were then stored in a box containing silica gel beads to control humidity in order to prevent
oxidation of the cleaned surfaces and were kept in there until few moments before application of

the adhesive. No primer was needed.

Closed cell foam rubber tape was applied to the thoroughly cleaned surface of the center strips as
shown in Figure 5.9a/b. This way, contact between the steel center strip and glass pane edges was
prevented while allowing for in-plane deformations of the glass panes under shear and bending

action.
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The glass pane surfaces were cleaned in a similar manner as the steel strips. A clean cotton cloth
P p
perfused with acetone was used to remove all contaminants. The epoxy adhesive was then applied

soon after evaporation of the solvent.

5.2.5.2 Application of the adbesive

In the assembly setup shown in Figure 5.8 the specimen has been placed in an upright (vertical)
position, resulting in limitations with regard to the simultaneous application of the adhesive at
both sides of each glass pane. Positioning the specimen horizontally, for example on a large table,
would allow for application of the adhesive at both sides of the glass pane at the same time.
However, especially removing any surplus of adhesive at the side facing downwards would be
problematical as moving or turning the specimen directly after application of the adhesive was
considered highly undesirable. Therefore, a method was adopted in which the specimen was
placed in an upright position and the adhesive bonded joint could be made at one side after the

other.

The selected epoxy adhesive was a two part room temperature curing adhesive with a toughened
epoxy base and modified amine accelerator [3M, 1996]. Mixing was carried out manually in
accordance with the instructions given by the manufacturer in order to achieve optimum physical
properties of the adhesive. An aluminium spatula was chosen to thoroughly mix the base and
accelerator part, thereby carefully acting as to prevent incorporating excessive air into the adhesive

during mixing,.

2)

T

(b) (© i

(a)

() (i)
© 0.5 mm polyethylene spacer @ application of temporary clamp @ application of outer strip
@ cleaned steel strip surface ® rtemporary polyethylene spacer @ 0.5 mm polyethylene spacer
@ fixation through bolt holes @ surplus of adhesive @@ cleaned steel strip surface
@ closed cell foam rubber tape @ clamping at every other position epoxy adhesive
® cleaned glass pane surface @ removal of remporary clamp @ surplus of adhesive
® epoxy adhesive @ removal of polyethylene spacer
Figure 5.9 Preparation process of the adhesive bonded joint in 9 steps.
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Immediately after mixing, the epoxy adhesive was carefully applied to the glass pane bonding
surface that was confined by masking tape. After removing the tape, the glass panes were
positioned one by one with the use of suction caps (Figure 5.9¢). Blocks were used to temporarily
support the glass panes and to guarantee accurate positioning. In order to create an even bond
line, spacers were glued to rthe bonding surface of the outer strip (Section 5.2.5.1) and a
prestressing force was applied through temporary clamps so that a close-to-uniformly distributed
bonding pressure was achieved (Figure 5.10). Damage to the glass surface due to clamping was
avoided by 0.5 mm ethylene spacing strips, as shown in Figure 5.9d and 5.9e. Surplus of adhesive
was wiped off using a small plastic spatula.

All glass panes were bonded at one side first, followed by 3 hours of curing at room temperature
(Figure 5.91). After this intermediate curing, the temporary clamps were removed (Figure 5.9g) so
that the adhesive bond could be completed on the other side of the glass panes. The bonding
surfaces were cleaned identically to previous routines, yet the adhesive was applied to the outer
strip instead of to the glass surface for practical reasons. The outer strip was then positioned
(Figure 5.11) and fixed by bolts, providing a close-to-uniformly distributed bonding pressure at
the same time (Figure 5.9h). Again, a uniform joint thickness was guaranteed by 0.5 mm thick
polyethylene spacers that were glued to the outer strip. Finally, any surplus of adhesive was

removed (Figure 5.9i).

Temporary clamping ensures a close-to-uniformly distributed bonding pressure; blocks were

Figure 5.10 (L)
used for temporary support and accurate positioning in vertical direction.
Figure 5.11 (R)  Application of the outer strip provided with epoxy adhesive and 0.5mm polyethylene spacers.

ool { » £ y
Figure 5.12 (L)  Typical flaw to the surface geometry of the adhesive bonded joint, caused by a lack of bonding

pressure at the end of the bond line surface.
Figure 5.13 (R) Typical flaw to homogeneity of the adhesive bonded joint, caused by inadequate mixing.
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A visual inspection was performed to determine flaws to the homogeneity and surface geometry
of the adhesive bonded joint. Figure 5.12 and Figure 5.13 show the two most frequently found
inaccuracies. The thickness of the joint was verified by taking measurements of which the results

are given in Appendix B.3.

5.2.5.3 Curing

Curing conditions and curing time were selected in accordance with instructions given by the
adhesive manufacturer [3M, 1996]. All specimens were allowed to cure undisturbed for at least
90 hours at room temperature (i.e. approximately 22 °C). After 90 hours of undisturbed curing,
the specimen was transported to be positioned in the test-setup after which curing was allowed
for approximately one more day. The relative humidity was not monitored, but it was not subject

to abnormalities neither.

In order to avoid variations in the strength properties of the adhesive bonded joints of different
specimens due to varying cure cycles, a fixed time schedule was adopted for the preparation and
curing of the adhesive bonded joint. Table 5.6 shows the different actions that are relevant to the

curing process.

Table 5.6 Time schedule for the preparation and curing of the adhesive bonded joint of each specimen
Day Action
Wednesday Preparation of strips
Thursday 08:30 — 10:30: Preparation and application of adhesive bond at side 1

10:30 — 13:30: Intermediate curing
13:30 — 15:30: Preparation and application of adhesive bond at side 2
15:30: Start of at least 90 hours undisturbed curing cycle

Friday Undisturbed curing

Saturday Undisturbed curing

Sunday Undisturbed curing

Monday 10:00 — 11:00: Positioning the specimen in the test setup
Tuesday 13:30 — 14:30: Full-scale experiment on test specimen

5.3  Design of test setup

This section deals with the design of the test setup and all special fittings that were produced for
the experiments. The basic considerations for the design of the test rig are discussed in Section
5.3.1. Section 5.3.2 focuses on the design of the boundary conditions for load introduction and

end supports. The design of the lateral supports is discussed in Section 5.3.3.

5.3.1 Test rig

In Section 5.2.2 the maximum expected ultimate load capacity of a laterally supported steel
column was determined on the basis of a preliminary FE analysis. From a similar preliminary
analysis on a pin-ended steel column that is stabilized by glass panes in only one direction, the

reaction forces have been adopted for design of the test rig. Additional forces and bending
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moments due to inaccuracies in the test setup (e.g. eccentricities, out-of-plane action, friction)

were either considered in the design of the supports or considered negligibly small.

For practical reasons, the test setup was designed in such a way that the test specimen was
installed horizontally, i.e. with the longitudinal axis of the steel column pointing in a horizontal
direction. This way, the test setup allowed for considerable advantages with respect to
transporting and positioning of the test specimens. As positioning of the test specimens was
assumed to be less complicated if installing the test specimen horizontally, it was also argued that
imperfections could be significantly limited. Besides, the entire test rig could be assembled

directly from the ground and applying measuring equipment would be less complicated.
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Figure 5.14 Overview of the test rig and position of the specimen. The design of the end supports, Joad
introduction (encircled by 1) and lateral supports (encircled by 2) is discussed in respectively

Section 5.3.2 and Section 5.3.3.

Figure 5.14 shows an overview of the designed test rig. The rig was composed of standard
laboratory HEB 300 members of various lengths, with regularly spaced bolt holes in the web and
flanges. The four main members were bolted together to establish a rectangular rig onto which
the supports were mounted. The design of the boundary conditions required special attention
which is discussed in detail in Section 5.3.2 and Section 5.3.3. The rig was chosen as compact as
possible to limit the bending moments in the main members induced by reaction forces from the
supports. In order to considerably increase the stiffness of the rig in longitudinal direction, two
transversal members were added at either side of the rig in between which tension rods were
tightened. The rig was considered sufficiently stiff so that deformations of the rig were assumed

to remain limited.
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5.3.2 Load introduction and end supports

The test setup was designed such that the load introduction was established by using a bearing
block that was fitted to a 1000 kN acruator. As the load was introduced at the end of the steel
column section of the test specimen, the bearing block was designed to serve as a pinned-end
support at the same time. At the opposite end of the steel column section of the test specimen, a
similar bearing block was used exclusively as an end support, thus no accommodations were
required for load introduction. The design of the bearing blocks is discussed hereafter. First, the

selection of the bearings is considered.

In order to provide the in-plane pinned-end conditions to the test specimen (often referred to in
literature as direction-fixed pinned ends), virtually zero friction was required. Several practical
pinned ends were suggested by Singer et al. [1998], but as knife edges, conical points and free
warping ends were considered suitable only for small columns, the solution was narrowed down
to using cylindrical bearings. Three essentially different bearing principles were considered:

rolling-element bearings (roller bearings), fluid film bearings and sliding bearings.

In roller bearings, rolling elements allow for the relative motion of the two load carrying surfaces
at very low friction losses. However, at the contact with the rolling elements stress concentrations
occur as a result of which the suitability of roller bearings is limited if the application of large axial
loads is required. Still, examples of ‘heavy duty’ roller bearings are found in literature (e.g. Singer
et al. [1998]), with a reported friction coefficient of less than 0.07. Fluid film bearings allow for
even lower friction coefficients (Maljaars et al. [2002] reported a friction coefficient between
0.004 and 0.007), but designing, dimensioning and manufacturing two customized fluid film
bearings is both costly and laborious. A much more economical solution is the use of sliding
bearings, in which two surfaces slide over one another. Although sliding bearings are considered
to produce significant friction losses, recent developments have resulted in reported friction

coefficients as low as 0.03. Therefore, a sliding bearing was selected.

Figure 5.15 shows the bearing that was designed for the test setup. The sliding bearing was
basically made of two parts: a half cylindrical plain bushing and a notched shaft. The plain
bushing was composed of a sheet steel backing, an intermediate layer of porous bronze and a self-
lubricating sliding layer based on PTFE (polytetrafluorethylene), yielding a combination of good
mechanical strength properties with low friction. The bushings were ordered from AKN and were
of type GLI BM 657070 FB/F-920 with a radial static load capacity of 1337.7 kN (equivalent to
a static stress of 294 N/mm?®) and a reported friction coefficient of 0.04 — 0.18. For reasons of
comparison, the friction coefficient and permissible loads of similar bushings available from other

manufacturers are given in Table 5.7.

Table 5.8 Friction coefficient and permissible loads of plain bushings with a PTFE-based sliding layer
Manufacturer Friction coeff. Static load Dynamicload ~ Temp. range
[-] [N/mm2] [N/mm?2] [°C]
AKN 0.04-0.18 294 147 -200 / +200
Schaeffler/INA 0.05-0.2 400 300 ‘ -50 [ +150
SKF 0.03-0.25 250 80 -200 / +250
Lagermetall 0.04-0.20 250 140 n/a [/ +280
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Figure 5.15 Design of the sliding bearing: a half cylindrical plain bushing and a notched shaft.

The shaft, with a length of 70 mm and diameter of 65 mm, was partially notched to the center,
which allowed for the 50 x 50 mm® cross section at the end of the steel column to be positioned
at the center of rotation. The notched shaft was made of cold-formed unalloyed steel C45+C, as
defined by NEN-EN 10277-2 [2008], thus creating a hard and smooth surface and avoiding
damaging of the shaft at high loads. The raised edges wete designed to facilitate the geometrical
aligning of the test specimen. If necessary the column ends were milled to fit the notched shaft. A
Imm thick lead plate was added to allow for a better stress distribution at the contact area

between the column end and the notched shaft.

Figure 5.16 shows the bearing block at the side of load introduction. In order to approach the
conditions of a centrally loaded column, the bearing block was designed such that the center of
the load introduction and sliding bearing coincided with the centroidal axis of the bearing block.
The bearing was fitted in a half cylindrical bore hole, using two steel pins to guarantee perfectly

central positioning of the bearing.

At one end, the bearing block was fitted on the actuator which was mounted to the vertical
member of the tesr rig by a bolted base plate. A 2.5 mm clearance between the bottom of the
bearing block and the horizontal member of the test rig allowed for unrestricted horizontal
movement of the bearing block (i.e., without friction). At the other end, the bearing block was
bolted directly to the test rig, so that the large axial load was transferred immediately to the
vertical member of the test rig of which the web was reinforced at either side. The relatively small
transversal load induced due to bending of the steel column was carried by shear action of the
bolts. A bending moment resulting from any out-of-plane deformations of the specimen was
carried by a couple of opposite axial loads at the double row of bolts. Figure 5.17 shows the

support in the test setup.
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Figure 5.16 Bearing block at the side of load introduction.

Figure 5.17 Bearing block in test setup. The end of the steel column of the test specimen perfectly fits in
the notched shaft.
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5.3.3 Lateral supports

As discussed in Section 5.1, the experiments were aimed at buckling of the steel column section
in the direction in which lateral support was provided by glass panes. In order to achieve this, the
effective length of the steel column in the other orthogonal directions needed to be reduced. It
was considered sufficient to reduce the effective length in the other directions to the same value as
in the glass-supported direction, since the preferred direction of buckling would then be
determined primarily by the largest initial out-of-straightness of the steel column section, which

was applied in the glass-supported direction.

Figure 5.18 shows the way in which lateral support was provided in the test setup. Bending of the
steel column in the y-direction of the global coordinate system (GCS) was prevented by bolts that
were mounted to support plates. Roller plates were placed at either side between the bolts and the
column surface to allow for virtually frictionless motion in the z-direction. Adjustments to the
position of the roller plates and the alignment of the test specimen were made by tightening or
loosening the bolts. In the positive z-direction, a similar principle was adopted to provide lateral

support to the steel column section.

R, a6
—»J 0 = @
= 6 o [0 : @ roller plates
R, z (? (@ bolts for support and alignment
A B ‘ & support plate
} =y @ blocks
[EE & bolt for downward support

& base plate

cross-section

Figure 5.18 Lateral support of the steel column section by roller plates and bolts in horizontal direction and
positive z-direction. The lateral support in negative z-direction is provided by the glass panes.

In order to prevent deformations of the test specimen due to out-of-plane imperfections caused
by welding the center strips not exactly perpendicular to the steel column section, the specimen
was supported in lateral direction (y-direction of GCS) at the end of each strip as well. This way,
out-of-plane deformations of the test specimen were kept very limited, thus allowing for the

influence of out-of-plane deformations on the in-plane load-bearing behaviour to be neglected.
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5.4  Essential parameters

This section deals with the various parameters that strongly affect the load-deformation behaviour
and ultimate load capacity of the test specimens. The parameter considered first, is the yield stress
of the delivered steel for the column section of the test specimen (Section 5.4.1). Tensile tests
were carried out to establish the stress-strain relation of the delivered steel, and the procedure was
followed as described in Galambos [1998] to determine both the static and dynamic value of the
yield stress. In Section 5.4.2 the influence of anticipated imperfections on the load-deformation
behaviour of the test specimen is briefly discussed. Section 5.4.3 discusses the influence of friction

at the end supports and describes the performed test to determine the friction coefficient.

5.4.1 Yield stress

Tensile tests were primarily performed to determine the stress-strain relation of the delivered steel
as it allowed for accurate modelling of the material behaviour in FE analyses and estimating the
ultimate load capacity. In order to estimate the ultimate load capacity according to the Dutch
standard NEN 6770 [1997], accurately determining the yield stress was of particular interest. The
material ordered was steel grade S235]R, as defined by standard NEN-EN 10025 [2004], with a
reported minimum yield stress of 215 N/mm” for a nominal material thickness ranging from 40
to 63 mm. Two tensile test coupons were taken from each column at locations as indicated in
Figure 5.19. For practical reasons, the locations were chosen slightly different from Appendix A
of NEN-EN 10025 [2004]. Although the coupons were taken at one end of each column, the
location was considered to represent average properties resulting from strain hardening and

residual stresses.

i--——a

Figure 5.19 Two tensile test coupons were taken from the end of each column, at locations slightly
different from Appendix A of NEN-EN 10025 [2004].

All coupons had a proportional gage length of L, = 5.65 VS, , in which S, is the original cross
sectional area (i.e. the cross sectional area prior to testing). The original cross sectional dimensions
of each coupon were measured at three different locations by using a micrometer caliper. One
coupon did not satisfy the tolerances on the transverse dimensions of machined coupons as set by
NEN-EN 10002-1 [2001]. This coupon, however, was still subjected to tensile testing, but the

results were excluded from determining average values.

The coupons were tested in a 250 kN Schenck servo-controlled screw-driven testing machine
with hydraulic grips. In the elastic range, the stress was applied at 52.5 N/mm’s" (equivalent to a
strain rate of 0.00025 s™" or 1.1 mm/min based on a gage length of 70 mm), which is within the
limits given in NEN-EN 10002-1 [2001]. During yielding of the parallel length, which is the

parallel portion of the reduced section of the coupon, the strain rate was kept constant at a
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minimum value of 0.00025 s for determining the lower yield strength. After strain hardening
had clearly started the strain rate was increased to 0.0008 s, again in conformity with NEN-EN
10002-1 [2001].

The static and dynamic values of both the yield strength and ultimate tensile strength were
determined according to the procedure described in Galambos [1998]. In order to determine the
static yield strength, the cross head motion of the testing machine was stopped three times during
yielding, at a recorded strain of approximately 0.003, 0.008 and 0.013. A period of 2 minutes
was adopted for the load to stabilize at nearly zero cross-head motion as Galambos recommends a
maximum of five minutes, whereas for instance Young and Lui [2005] suggest a stopping time of
only 1.5 minutes. In all tests, a clear horizontal yielding plateau was found, which allowed for the
static yield strength to be calculated as the average of the three minimum values (Figure 5.20).
The static ultimate tensile strength was determined in a similar manner, yet the cross head
motion of the testing machine was stopped three times as the tangent of the monitored load-
deformation curve approached a horizontal line (Figure 5.21). Table 5.8 gives the static yield
strength and static ultimate tensile strength for all tested coupons. Figure 5.22 shows the stress-

strain curves of all A-coupons. Detailed results are to be found in Appendix B.4.

Table 5.8 Static yield strength and static ultimate tensile strength from tensile testing
Coupon: TIA TIB T2A T2B T3A' T3B T4A T4B
fs [N/mm?] 257 257 253 252 250 261 251 256

fis [N/mm? 401 400 395 391 385 406 399 399

Coupon did not satisfy the tolerances on the transverse dimensions of coupons as st by NEN-EN 10002-1

[2001], caused by erroneous machining of the coupon.
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Figure 5.20 (L) A clear horizontal yielding plateau is visible from the stress-strain curve of coupon T1A. Cross
head motion was stopped three times during yielding to determine the static yield stress.

Figure 5.21 (R) Complete stress-strain curve of coupon T1A. Cross head motion was stopped three times as the
tangent of the curve approached a horizontal line. The static ultimate tensile strength is
determined as the average of the three minimum values.
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Figure 5.22 Stress-strain curves of all A-coupons. Very litde variation is found in the yield stress and

ultimate tensile stress of the different coupons.

5.4.2 Imperfections

As discussed in previous sections, imperfections strongly affect the load-deformation behaviour
and ultimate load capacity of slender columns. Several types of imperfections can be distinguished
including geometrical imperfections (i.e. out-of-straightness), material nonhomogeneity, residual
stresses, eccentric load application, variation in the action of the loading machines and
imperfections in the end conditions. The first three types of imperfections are basically related to

the test specimen, whereas the latter three are related to the test setup.

For the purpose of this research, of all imperfections related to the specimen only out-of-
straightness of the steel column section was measured. The out-of-straightness of the steel column
section was discussed previously in Section 5.3.2 since it was relevant to the preparation of the
specimens. It is, however, noted that out-of-straightness is actually not only dependent on the test
specimen itself, but also on aligning the specimen in the test setup. As great care was taken to
accurate aligning of the specimen in the test setup, the influence of misalignment on the out-of-
straightness was considered negligibly small. This section further deals with imperfections related
to the test setup, particularly addressing restraint end rotation and the influence of eccentric load
application as well as the way in which these imperfections cause the specimen to behave
differently from an ideal column. The specific problem of friction at the sliding surfaces of the
bearings is further discussed in Section 5.4.3.

The ends of a pin-ended column subjected to an axial compression load are assumed to rotate
freely. In practice, the ends are usually restrained to some degree. In such cases, the effective
length and, consequently, the critical value of the load depend on the magnitude of the
coefficients of restraint. In order to get an indication of the degree of restraint at the supports in
the test setup, two additional tests have been performed in the same test setup on a single steel

column without any lateral supports.
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The principal imperfections that make the load-deformation behaviour of an actual column
different from an ideal column are unavoidable eccentricity in the application of the compressive
load, initial out-of-straightness of the column and nonhomogeneity of the material. From
discussions in literature (e.g. Timoshenko [1961]), it is shown that the effect on the deformation
of eccentricity in load application and nonhomogeneity can be compensated for by assuming a
properly chosen initial out-of-straightness of the column. It is also shown that for relatively small
loads (i.e. considerably smaller than the critical load) an irregular behaviour in the lateral
deformation of an initially curved column can be expected, known as the phenomenon of a
reversal in the direction of deflection [Zimmermann, 1930]. This is considered of great

importance in anticipation of the discussion of the experimental results in Section 5.6.

A final remark is made to point out that the conditions at the end supports and eccentricity in the
load application are subject to changes under increasing compressive loads during testing. Thus,
the effective length and deformation behaviour are not a constant but a function of the applied
load. In general, the magnitude of the coefficients of restraint and the degree of eccentricity in the
load application due to the indeterminate nature of the stress distribution at the column ends

diminish under an increasing load.

5.4.3 Friction at end supports

Rotational restraint at the end supports influences the effective slenderness ratio and,
consequently, the ultimate load capacity of the steel column section of the test specimen. In order
to experimentally determine the level of rotational restraint as a result of friction at the sliding
surfaces of the bearings, a little test was carried out as presented in Figure 5.23. At one end, the
short shaft was provided with a cap which allowed for the application of a torque wrench. The
torque required to start rotation of the shaft in its bearings was measured at various load steps.

From the torque measured, the friction force was calculated as follows:

Fﬁfr == = (2)

T T
"

The friction coefficient was then calculated as the ratio of friction force over applied axial force:

_ B
F

L ©)

The test results are shown in Figure 5.24. Typically for PTFE-based sliding layers, the relative
friction losses decrease under an increasing load. It must, however, be stressed that the friction
coefficient depends not only on the applied load, but also on the rotation speed, ambient
temperature and surface quality of the shaft. In Figure 5.24 the friction coefficient approaches a
horizontal asymptote at approximately p = 0.015. This value is considerably lower than the values

given in the manufacturer’s product description, ranging from 0.04 to 0.18.
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Figure 5.23 Test setup for determining the friction coefficient at the sliding surfaces of the bearings. The
test was carried out with bushings of type GLI BM 657070 FB/F-920, manufactured by AKN.
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Figure 5.24 Values for the friction coefficient of the bushings at varying axial compressive loads, derived
from measurements of the torque requited to start rotation of the shaft in its bearings. The test
was carried out with bushings of type GLI BM 657070 FB/F-920, manufactured by AKN.

5.5 Testing procedures and measurements

This section deals with the procedures and measurements related to the full-scale tests discussed
in previous sections. First, the testing procedures are described in Section 5.5.1, followed by a
specification of the measurement system in Section 5.5.2. In Section 5.5.3 measuring of the
deformations and strains is discussed. As the deformations of the specimen were measured from a
separate frame (i.e. independent from the test setup), the measuring frame is illustrated in this
section as well. Finally, Section 5.5.4 deals with a brief discussion on measurement inaccuracies

including the effect of insufficient stiffness of the test rig.
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5.5.1 Testing procedures

Prior to positioning of the specimen in the test setup, the steel column section and glass panes of
the specimen were provided with strain gages at defined locations. Also, the notched shafts were
already mounted to the ends of the steel column section of the specimen. Then, the ram was
pulled back and the upper beam of the test rig was removed to allow for lowering the specimen
into the test setup by using an overhead travelling crane. While still hanging on the crane, the
specimen was aligned carefully by initially positioning the notched shaft in its bearing at one side.
The ram was then moved forth so that the notched shafts at both sides of the steel column section
of the specimen made contact with its bearings without introducing considerable pressure. Next,
the lateral supports were applied and, if necessary, small adjustments were made to the alignment
of the test specimen. After that the upper beam of the test rig was put back in place and fixed by
bolts. All wires for measuring deformations and strains were connected and the LVDTs (i.e.

linear variable displacement transducers) and digital gage were positioned precisely.

The start of the actual test was marked by turning on the data acquisition system. The signal
generator was activated which controlled the displacement of the actuator. Because of play in the
bearings and between the actuator and the test rig, it took some time before load started to build
up. Load was applied with stroke control at an equal rate for all experiments. During the
experiment, the deformation rate was kept constant at an equivalent value of 0.15 mm/min. The

ultimate load was generally reached after 40 to 45 minutes, after which unloading was started.

5.5.2 Data acquisition

In order to measure the various physical parameters force, displacement and strain, different
sensors were used. Force was measured with a load cell, strain with strain gages and displacement
with LVDTs or a digital gage. The analogue signals from the different sensors were processed by a
data acquisition unit which communicated with a personal computer (PC). Displacements
measured by the digital gage, however, were directly digitized and transmitted by a Mitutoyo-
proprietary communication language to a multiplexing unit that, in turn, transmitted the values
to the same PC [La Poutré, 2005]. All data were then assembled in an ASCII output file. As the
measurements were taken at an interval of 1 second, the numerous data points formed a
continuous curve upon graphical representation. Therefore, no markers were plotted in the

graphs in Section 5.6.

5.5.3 Measuring deformations and strains

In all full-scale tests, the vertical in-plane deformations of the steel column section were measured
at defined locations. Besides, the displacement of the bearing block at the side of the actuator was
measured in the direction of the longitudinal axis of the steel column. Strain was measured at the
top and bottom surface at 4 locations along the length of the column as well as at the front and

back side of the glass surface at 2 (experiment 1 and 2) or 4 (experiment 3) locations.
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5.5.3.1 Deformations

The deformations of the steel column section of the specimen were measured from a separate
frame that was independent of the test setup. This way, any deformation of the test setup would
not influence the measurements. Figure 5.25 shows the independent measuring frame and the
locations at which deformations were measured. The vertical in-plane deformations of the steel
column (i.e. in z-direction of the global coordinate system) were measured at the top surface at 7
locations along the length of the column, being at midspan of each unsupported length and at the
three intermediate locations where the center strips were welded to the steel column section. For
the latter, sufficient space was lacking to measure the deformations directly at the top surface.
[nstead, a small aluminium angle section was glued to the center strips just above the surface of
the steel column section. The deformation of the steel column section was then measured from

this aluminium angle section, as it was considered that the influence of any deformation of the
center strips was negligible.
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Figure 5.25 [ndependent measuring frame and locations of the LVDTs and digital gage.
5.5.3.2 Strains

Strain was measured at the top and bottom surface at 4 locations along the length of the column
as well as at the front and back side of the glass surface at defined locations. Initially, strain at the
surface of the glass panes was only measured near the middle of the upper edge of the two center
panes (experiment 1 and 2), as the upper edge was assumed to be loaded by the governing tensile
stresses due to in-plane bending. In experiment 3, strain was also measured at the lower edge of
the two center glass panes in order to get insight in the actual stress distribution over the width of
the glass panes. In all experiments, in-plane bending of the steel column section was measured at
midspan of each unsupported length, as the governing bending moments were anticipated in

these regions. In Figure 5.26 the locations of the strain gages are presented as applied to the test
specimen of experiment 3.
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Figure 5.26 Locations of the strain gages as applied to the test specimen of experiment 3.

5.5.4 Inaccuracies

The deformations of the steel column section were measured only in the vertical direction (i.e. z-
direction in the GCS) by the LVDTs. The position of the LVDTs was fixed in all directions. As
the steel column section shortened due to the high axial compression load, the vertical
deformation measured from the LVDTs should be corrected for the change in measurement
position along the length of the column, if necessary. The largest effect was to be expected at the
positions of high curvature and closest to the load application. Calculations within the elastic
region resulted in a maximum error of approximately 0.2%. Therefore, this effect was neglected

in further analyses.

Another aspect that was expected to affect the accuracy of the deformations measured was the
stiffness of the test rig. As a result of insufficient stiffness of the test rig, the supports may undergo
(an additional) horizontal displacement. In experiment 2 and 3, the displacement of the bearing
block at the side of the actuator was measured in the direction of the longitudinal axis of the steel
column (i.e. the horizontal in-plane displacement). For experiment 2, Figure 5.27 shows the
applied load at the vertical axis and the displacement plotted on the horizontal axis. If the test rig
was assumed infinitely stiff, the displacement of the bearing block would only be due to
shortening and bending of the steel column section of the test specimen. As the lateral
deformation of the steel column was very small compared to the length of the column, the effect
of bending on the horizontal in-plane displacement was negligibly small. Shortening of the steel
column was calculated using eq. (4). The difference Ax between the horizontal in-plane
displacement of the bearing block # and the calculated shortening of the steel column section
Awu was assumed to be the result of insufficient stiffness of the test rig.

Ay—=-= (4)

The steel column could then be considered as supported by a spring in the horizontal in-plane
direction, with stiffness 4., given by eq. (5). The experimentally determined values of the stiffness
are given in Table 5.9 for experiment 2 and 3. The value of the stiffness for experiment 1 was not

determined experimentally, but taking as the average of the experimentally determined values.
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Figure 5.27 Determination of the stiffness £uy. The deformation « is measured at the bearing block, dx is

given by eq. (4). The difference between # and du is Ax, and k., is determined as the slope of
the F-Ax graph, as given by eq. (5). If A, is taken constant, the £ 4-graph is a straight line that
accurately approximates the actual behaviour.

Table 5.9 Determined horizontal in-plane support stiffness
Experiment 1 Experiment 2 Experiment 3
ks [KN/mm] 248 259 237

5.6  Experimental results

This section shows the results of the three full-scale experiments. As all experiments are essentially
different (Table 5.1) and have been performed only once, the experimental results are of little to
no statistical significance. However, the results may confirm the anticipated influence of initial
out-of-straightness of the steel column section and stiffness of the stabilizing glass panes on the
stability behaviour of the designed glass-steel column. Therefore, the discussion of the
experimental results primarily focuses on the ultimate load measured and the stiffness derived

from the experimentally determined load-deformation behaviour.
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Figure 5.28 Measurement locations and numbering.
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The results are presented in load-deformation graphs and load-strain graphs. The measurement
locations are shown in Figure 5.28. In general, the experiments were performed successfully,
though failure occurred unexpected in experiment 3. In experiment 1 and 2, failure occurred due
to buckling of the steel column between the lateral supports, both times at the unsupported
length closest to the load introduction. In experiment 3, the steel column underwent a sudden
upward deflection over the entire length of the column, causing the glass panes to break

immediately and completely.

5.6.1 Experiment 1

The test specimen of experiment 1 consisted of an initially curved steel column, with a defined
out-of-straightness of 16mm, and 19mm single annealed float glass panes with a width of
550mm. The load-deformation graphs for all measurement locations along the length of the steel
column are given in Figure 5.29. The load-deformation graphs are stopped at the point where the
load drops after failure has been reached; the load-deformation behaviour after this point is
omitted as the process of unloading was subject to irregularities and some LVDTs were either
dislocated or gone out of range. Immediately after the load started to build up, the actuator
moved upwards approximately 1mm, causing the specimen to be lifted at the end of load
introduction without being bent. This can be clearly seen from the load-deformation graphs in
Figure 5.29. Figure 5.30 shows the load-deformation graphs that are corrected for the effect of
lifting of the test specimen at the end of load introduction. At about 250kN the steel column
started to deflect substantially in the in-plane lateral direction. The largest deflection was
measured at location 1 (i.e. at the location closest to load introduction), in negative z-direction of
the GCS. At the other end, the steel column section initially deflected downwards and reversed

direction upon increased loading.

The load-deformation behaviour at location 1 is studied in further detail, as failure occurred due
to buckling of the steel column at this location. From Figure 5.31 it can be seen that the load-
deformation behaviour can be captured in three straight lines. The first line is a tangent to the
load-deformation graph at the initial stage of substantial load build-up. The second line is a
tangent to the nearly straight part of the load-deformation graph that is characterized by a
reduced stiffness. The third line is a secant through the origin and the point of ultimate load. The
slope of the respective lines is referred to as the initial stiffness, reduced stiffness and ultimate load
stiffness. These lines are determined manually, based on an arbitrarily best visual fit. The point at
which the lines of the initial and reduced stiffness intersect, is referred to as F.q. At approximately
550kN, the in-plane lateral deformation of the steel column starts to increase progressively. From
Figure 5.32 it can be seen that this corresponds to the point of first yielding, which is at a strain
of approximately 1.23 mm/m (equivalent to a stress of 256 N/mm?, with E=2.08-10° N/mm’
determined experimentally). The ultimate load F,, being 660kN, is reached at a strain of 2.77
mm/m at the most compressed surface. Table 5.10 summarizes the determined values of
experiment 1. Figure 5.33 shows the buckled steel column section in the test setup. A close-up of
this section, Figure 5.34, clearly shows the rolling scale being flaked off. The glass panes remained
intact, which is in line with expectations from the strains measured at the edges of maximum
tensile bending, being 0.26 mm/m (equivalent stress of 18.2 N/mm?). Damage to the glass panes
was only found locally (Figure 5.35). No deterioration of the adhesive bonded joints was found.
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Figure 5.29 (L)  Load-deformation graphs for all 7 measurement locations on the steel column of experiment 1.
The numbers 1 to 7 refer to the measurement locations as indicated in Figure 5.28.

Figure 5.30 (R) Load-deformation graphs of experiment 1 corrected for lifting caused by the actuator. The
numbers 1 to 7 refer to the measurement locations as indicated in Figure 5.28.
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Figure 5.31 (L) Load-deformation graph for location 1 on the steel column of experiment 1, where the largest
deflection was measured. The load-deformation behaviour can be captured by three straight
lines, indicatng the stiffness of the test specimen.

Figure 5.32 (R) Load-strain relation at the top and bottom surface of the steel column at location | of
experiment 1.

Table 5.10 Values for stiffnesses and loads determined experimentally in experiment 1
Experiment kisic Kied k, Fred E,
[kN/mm] [kN/mm} [kN/mm] [kIN] [kN]
1 604 274 156 280 660
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Fgurc 5.33 (L) Buckling of the steel column section of specimen 1 occurred at midspan of the unsupported
length closest to the load introduction.

Figure 5.34 (M) Closc-up of the buckled section, where the rolling scale is flaked off.

Figure 5.35 (R) Local damage to the glass pane near the adhesively bonded joint.

5.6.2 Experiment 2

The test specimen of experiment 2 consisted of a virtually straight steel column. The initial out-
of-straightness of the steel column section as delivered was 2.3mm (i.e. approximately L/1600)
and no additional bending was introduced. Similar to the test specimen of experiment 1, 19mm
single annealed float glass panes were applied with a width of 550mm. The experimental results
are presented in the same way as in Section 5.6.1. Again, the actuator caused the specimen to be
lifted at one end as soon as the load started to build up, as can be seen from Figure 5.36. For
similar reasons as discussed in the previous section, the load-deformation graphs are stopped at
the point where the load drops after failure has been reached. Figure 5.37 shows the load-
deformation graphs that are corrected for the effect of lifting of the test specimen at the end of
load introduction. The largest deflection was measured at location 1 (i.e. at the location closest to
load introduction), in negative z-direction of the GCS. At the other end, the steel column section

initially deflected downwards and reversed direction upon increased loading.

Failure occurred due to buckling of the steel column at location 1; the corresponding load-
deformation graph is shown in Figure 5.38. From this figure, the initial, reduced and ultimate
load stiffness are derived, tabulated in Table 5.11. The in-plane lateral deformation of the steel
column starts to increase progressively at about 650kN, yet no distinct yielding behaviour is
found from the load-strain graph in Figure 5.39 until the applied load reaches a value of 690kN.
The ultimate load measured is 699kN, the corresponding strain at the most compressed surface
being 1.43 mm/m. Figure 5.40 shows the buckled steel column section in the test setup. Again,
the flaked off rolling scale indicates yielding of the steel column section (Figure 5.41). As
expected, no signs of damage to the adhesive bonded joints and glass panes were found. The
strains measured at the edges of maximum tensile bending remained limited to 0.11 mm/m (i.e.

an equivalent tensile bending stress of 7.7 N/mm?).
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- Experiment 2

Figure 5.36 (L)

Figure 5.37 (R)
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Load-deformation graphs for all 7 measurement locations on the steel column of experiment 2.
The numbers 1 to 7 refer to the measurement locations as indicated in Figure 5.28.
Load-deformation graphs of experiment 2 corrected for lifting caused by the actuator. The
numbers 1 to 7 refer to the measurement locations as indicated in Figure 5.28.
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Figure 5.38 (L)

Figure 5.39 (R)

F [kN] F[kN]
800
|
| 600
o
400

200

" 4 . ! | I
-3 -2 -1 0 -3 -25 -2
w [mm]

-1.5 -1
& [mm/m]

Load-deformation graph for location 1 on the steel column of experiment 2, where the largest
deflection was measured. The load-deformation behaviour can be captured by three straight
lines, indicating the stiffness of the test specimen.

Load-strain relation at the top and bottom surface of the steel column at location 1 of
cxperiment 2.

Table 5.11 Values for stiffnesses and loads determined experimentally in experiment 2
Experiment Kini Keca ke Fred F,
[kN/mm)] [kN/mm] (kN/mm] [kN] [kN]
2 794 378 224 279 699
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Figure 5.40 (L) Buckling of the steel column section of specimen 2 occurred at midspan of the unsupported

length closest to the load introduction.
Figure 541 (R)  Close-up of the buckled section, where the rolling scale is flaked off.

5.6.3 Experiment 3

The test specimen of experiment 3 consisted of an initially curved steel column, with a defined
out-of-straightness of 16mm, and 19mm single annealed float glass panes with a width of
350mm. The load-deformation graphs for all measurement locations along the length of the steel
column are given in Figure 5.42. It can be seen that the load-deformation behaviour of the steel
column is quite different from previous experiments. The largest deformation is found at the
middle of the column length (i.e. location 4), and the deformations at location 3 and 5, and at
location 2 and 6 are almost identical, which means the load-deformation behaviour of the steel
column section can be considered essentially symmetrical about the center of the column. In
general, the steel column deflected upwards (i.e. in negative z-direction of the GCS), but at

location 7 a downward deflection was measured similar to previous experiments.

At a load of approximately 490kN, failure occurred suddenly, resulting in breakage of all glass
panes. As the failure behaviour was extremely explosive and measurements were only taken at an
interval of 1 second, the load-deformation behaviour of the steel column upon failure was not
recorded properly. Therefore, the load-deformation graphs in Figure 5.42 appear to be curt off.
Table 5.12 shows the stiffnesses determined from the load-deformation graphs at location 4 of
the steel column section. The ultimate load is considered equal to the last recorded value of the
applied load. Up to the moment of failure, no yielding of the steel column section occurred and
no cracks initiated in the glass panes, which is in line with what could be expected from the
strains measured at the edges of both minimum and maximum in-plane tensile bending, as
shown in Figure 5.43. Strains at the edges of maximum tensile bending remained smaller than
0.31 mm/m (i.e. an equivalent tensile bending stress smaller than 22 N/mm?) Thus, failure was
not caused by cracking of one or more glass panes, followed by buckling of the steel column.
Instead, it is assumed that the glass panes were unable to provide sufficient lateral support,
causing the steel column to buckle over its entire length, followed by immediate breakage of the
glass panes. This assumption is in accordance with what can be seen from images taken by a high
speed camera. The high speed camera was focused on the two center glass panes and recorded
5000 images (i.e. frames) per second. From these frames, of which the most essential are

displayed in Figure 5.44a-f, it can be clearly seen that the steel column rapidly deflected upwards
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prior to the first crack initiation. Within 4 frames the crack propagated over the entire length of
the glass pane and within about 550 frames (equivalent to 0.11 seconds), breakage of all glass

panes had occurred. The adhesive bonded joints, however, remained perfectly intact.

w [mm] - v & [mm/m]

Figure 5.42 (L) Load-deformation graphs for all 7 measurement locations on the steel column of experiment 3.
The numbers 1 to 7 refer to the measurement locations as indicated in Figure 5.28.

Figure 5.43 (R) Load-strain relations ac the glass pane surfaces, necar the edges of minimum and maximum in-
plane tensile bending. The numbers 10A/B to 13A/B refer to the measurement locations as
indicated in Figure 5.28.

Table 5.12 Values for stiffnesses and loads determined experimentally in experiment 3
Experiment Kinic Kred k, Fred E,
[kN/mm] [kN/mm] [kN/mm] [kN] [kN]
3 310 145 174! 292 491"

' Value based on an ultimate load that is considered equal to the last recorded value of the applied load.

5.6.4 Overview

The results of the three full-scale experiments discussed in previous sections, are summarized in
Table 5.13. The relevant stiffnesses and loads are presented, as well as the ratios ked / kinits ki / Kini
and F.q / F.. From Table 5.13, it can be concluded that the highest stiffnesses are found in
experiment 2. In experiment 2, also the highest value of the ultimate load is found, which is in
line with expectations. Furthermore, it can be seen that the differences in F.q are very small, as

well as the differences in the ratios of experiment 1 and 2. Conclusions follow in Section 5.7.

Table 5.13 Values for stiffnesses and loads determined experimentally in experiment 1 to 3
EXP- k«'.m kmd ku Frcd F, krcd / k«'ni[ k, / kinil Frcd /' F,
(kN/mm] [kN/mm] [(kN/mm] [kN] [kN] [kN] [-] [-]
604 274 156 280 660 0.45 0.26 0.42
2 794 378 224 279 699 0.48 0.28 0.40
3 310 145 174! 292 491" 0.47 0.56" 0.59'

Value based on an ultimate load thac is considered equal to che last recorded value of the applied load.
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Figure 5.44
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Images (i.e. frames) of the center part of test specimen 3, taken by a high speed camera at 5000
frames per second. In the initial situadon (a), the in-plane lateral deformadon of the steel
column is very small. Suddenly the steel column starts to deflect rapidly in upward direction,
first noticed in (b). In (c), substantial deformation of the steel column can be seen, particularly
on the left side. First crack initiation is noticed in the glass pane on the lefr, at about mid-
height to the left of the center of the pane. The crack propagates over the diagonal of the glass
pane within 4/5000 second (d). Then, crack initiation is noticed in the glass pane on the right,
(¢), again at about mid-height to the left of the center of the pane. Crack propagation
continues and the glass panes break completely in (f).
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5.7  Summary and conclusions

Full-scale experiments have been carried out to gain understanding of the stability behaviour of
the glass-steel column and the influence of imperfections including the in-plane initial out-of-
straightness of the steel column section. Secondly, the experiments were aimed at obtaining
valuable input for finite element (FE) calculations. The test program consisted of three distinct
experiments, though all of which on an axially loaded solid steel column (i.e., L=3700mm,
A=50x50mm?), that was laterally supported by 19mm single annealed float glass panes in only
one direction. The specimens varied in the defined in-plane initial out-of-straightness of the steel
column and the width of the glass panes. The thickness of the glass panes was deliberately chosen
identical for all test specimens as it allowed for standardization of the connecting elements. All

dimensions have been selected on the basis of a preliminary FE analysis.

As the experiments were focussed on buckling of the steel column in the direction in which the
column was braced by glass panes, the test setup was designed such that buckling of the steel
column in any other direction was limited by lateral supports. Additionally, great care was taken
with respect to the design of the end supports and load introduction. In order to establish central
load application and in-plane pinned-end conditions to the test specimens, a sliding bearing was
designed made of a half cylindrical plain bushing and a notched shaft, which effectively resulted

in very low rotational restraint.

A separate measuring frame was installed so that the measurements at the test specimens were
unaffected by possible deformations of the test setup. Lateral in-plane deformations of the steel
column were measured at seven defined locations along the length of the column. Besides, the
displacement of the bearing block at the side of the actuator was measured in the direction of
loading. Strain was measured at the top and bottom surface at the center of each unsupported
length of the steel column (i.e., the length between the connecting elements of the single-sided
lateral bracing system of glass panes), as well as at the front and back side of the glass pane surface

at the locations of maximum bending stresses.

The test specimen of experiment 1 consisted of an initially curved steel column, with a defined
out-of-straightness of 16mm, and glass panes with a width of 550mm. Buckling occurred at the
unsupported length closest to the load introduction. An ultimate load of 660kN was achieved.
The glass panes remained intact at a maximum tensile bending stress of about 18.2 N/mm?, and
damage to the glass panes was only found locally. The test specimen of experiment 2 consisted of
a virtually straight steel column. The measured initial out-of-straightness was 2.3mm. Similar to
experiment 1, glass panes were used with a width of 550mm. Again, buckling occurred at the
unsupported length closest to the load introduction, yet at an ultimate load of 699kN. The
maximum tensile bending stresses remained limited to about 7.7 N/mm? and no damage was
found to the glass panes. The test specimen of experiment 3 consisted of an initially curved steel
column, with a defined out-of-straightness of 16mm, and glass panes with a width of 350mm. In
contrast to the other experiments, buckling of the steel column occurred over the entire length of
the column, causing immediate and complete breakage of all glass panes at an ultimate load of
490kN, which was considerably smaller than for the previous experiments. Failure of the glass

panes was assumed not to be caused by high bending stresses, considering the maximum tensile
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bending stress did not exceed 22 N/mm?®. Moreover, from images taken by a high speed camera,

it could be seen that crack initiation did not occur at the location of maximum bending stresses.

The results from all experiments were compared with respect to the ultimate load measured and
the load-deformation behaviour. For the purpose of comparing the load-deformation curves, each
curve was captured in three straight lines that allowed for determining the initial stiffness,
reduced stiffness and ultimate load stiffness. From a comparison of the results, it was concluded
that the highest stiffnesses were found in experiment 2, and the lowest in experiment 3. It could
also be seen that the load at which a reduced stiffness was noticeable was nearly the same for all
experiments. Then, the ratio of reduced stiffness over initial stiffness showed very little variation
neither. For experiment 1 and 2, also the ratio of ultimate load stiffness over initial stiffness
showed little variation. Although the results from the three full-scale experiments are of no

statistical significance, the following conclusions were drawn:

= The results seem to provide strong indications to assume that a bracing system consisting
of glass panes is able to provide lateral support to a slender steel column, thus resulting in

a higher load-bearing capacity of the steel column;

= The results seem to provide strong indications to assume that a minimum stiffness of the
bracing system consisting of glass panes is required in order to cause buckling of the steel
column between the connecting elements of the bracing system instead of over its entire
length. It has been seen that for a specimen with relatively small glass panes (i.e., low
stiffness of the bracing system), buckling of the steel column over its entire length still
occurred, yet at a considerably higher load than expected. This may explain the explosive
failure behaviour, for it is shown that breakage of the glass panes was not caused by high

tensile bending stresses;

=  The results seem to provide strong indications to assume that, due to second-order
effects, a large initial out-of-straightness of the steel column significantly reduces the
load-bearing capacity of the glass-steel column, similar to simple steel columns. However,

the influence seems to be not as pronounced as for simple steel columns.

= Imperfections strongly influence the load-deformation behaviour and ultimate load of
the glass-steel column. The magnitude and shape of the initial out-of-straightness of the
steel column has been measured, which allowed for studying their influence on the load-
deformation behaviour and ultimate load of the glass-steel column. However, the initial
downward deflection at one end of the steel column could not be explained by the initial
out-of-straightness, but might be attributed to other kinds of imperfections that have not

been measured such as residual stresses or eccentricity of load application.

*= The ultimate load measured in experiment 1 and 2 was considerably higher than
determined from buckling curves. This may be explained 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 and a smaller effective length due to end restraint and non-zero

rotational stiffness of the steel column at the locations of lateral support.
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Chapter 6

Finite element analyses

The conclusiveness of observations from the experiments described in the previous chapter is tempered by
the extremely limited number of experiments. Full-scale tests, such as performed for the purpose of this
research, are both laborious and costly. In this respect, the development of a numerical model may be
considered advantageous, provided that the model is a fair representation of the physical experiments.

Furthermore, an appropriate model can be a convenient tool to support experimental results, predict
behaviour and study the influence of essential parameters.

This chapter deals with three key aspects of developing a numerical model, being the representation of
geometry and material properties, the assembly and selection of an appropriate solution procedure, as
well as the calibration based on data obtained from experiments. Preliminary models were developed
first and served as a basis for the calibration of the final models. A comparison of the numerical and
experimental results shows that the calibrated models correspond rather well to the experiments, which

means the concept of the glass-steel column becomes more and more feasible.

6.1 Introduction

A numerical model was developed to simulate the experiments discussed in the previous chapter,
as well as to corroborate and obrain additional understanding of the global structural behaviour of
the glass-steel column. Although an effort was made to accurately represent the rather complex
behaviour of the structure, no more parameters were incorporated than were measured in
experiments. In other words, imperfections due to any other kind than initial out-of-straightness
of the steel column, rotational restraint at the end supports due to friction and lack of stiffness of
the test rig, were not modelled. In addition, simplifications were made to the physical properties
of some elements, as well as to the actual material behaviour. Furthermore, the supports, the

joints and the load introduction were idealized in modelling the structure.
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The development of the numerical model may be divided into three main aspects. The first
aspect includes the description of the physical representation and the definition of the material
behaviour of the different parts of the structure. Section 6.2 deals with this specific aspect,
thereby discussing the elements used and the assumed stress-strain or stress-relative displacement
relations of the respective materials or interfaces. The second aspect includes the assembly of the
model, as well as the selection of an appropriate solution procedure. The final and third aspect
deals with the calibration of the numerical model on the input from experiments. The assembly
and evaluation of the models are discussed in Section 6.3, where Section 6.3.2 specifically
addresses the calibration of the final model. Conclusions from a comparison of the numerical and

experimental results are dealt with in Section 6.4.

For the purpose of performing numerical analyses, the commercial general purpose Finite
Element (FE) code DIANA, developed by TNO DIANA bv, was utilized. A comprehensive
description of the use and capabilities of the DIANA code can be found in the DIANA User’s
Manual [TNO DIANA, 2007].

From the experimental observations, it was concluded that in no case cracking of the glass panes
occurred prior to buckling of the steel column section. As the glass-steel column was assumed to
have failed completely upon buckling of the steel column, a satisfactory model could be made
without the simulation of cracking of the glass panes in order to study the structural behaviour of
the glass-steel column op to that point. Naturally, advancing the model such that cracking of the
glass panes can be simulated properly might be a desirable future development if the post-critical
behaviour of the glass-steel column is to be studied and improved for reasons of enhancing the

structural safety of this type of structure.

6.2  Geometry and material modelling

[n this section, modelling of the geometry and material behaviour are described, as well as the
selection of element types. The descriptions are given according to the different parts of the glass-
steel column. The parts that can be distinguished include the steel column, the steel connecting
strips, the glass panes and the adhesive bonded joints. Modelling the boundary conditions is
described separately. In accordance with restrictions on the experiments as formulated in the

previous chapter, numerical modelling of the glass-steel column was limited to:

= Astability problem of a steel column that is laterally supported by glass panes in only one

direction;
= A wwo-dimensional (2D) problem.
In particular, the latter was of great influence on the modelling of the structure, as it required

significant simplification of the adhesive bonded joint. Furthermore, the assumption of a two-

dimensional problem implied no out-of-plane imperfections or deformations.
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6.2.1 Modelling the steel column

A common way of representing columns in frame analysis, which has been adopted here, is by
using line-type beam elements of which the longitudinal axis passes through the centerline of the
actual member. Beam elements typically have small cross-sectional dimensions in relation to their

length and can describe axial force, shear force and bending moment.

For the purpose of modelling the glass-steel column, the steel column was represented by classical
two-node two-dimensional class-1I beam elements of type L7BEN (Figure 6.1). As class-1I beams
are not only integrated along their axis but also over their cross-section, these elements may be
used in geometrical and physical nonlinear analysis [TNO DIANA, 2007]. Class-II beam
elements are based on the Bernouilli theory which does not take shear deformation into account
and assumes that the cross-sections remain plane and perpendicular to the slope of the beam axis.

The basic variables the L7BEN element are translations #, and #, and the rotation ¢, .
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Figure 6.1 The L7BEN element, a two-node two-dimensional line-type beam element based on the

Bernouilli theory.

The geometry properties of the beam element were assigned on the basis of a predefined
rectangular cross-sectional shape of which the beam axis coincides with the elastic neutral axis. A
width and height of 50mm were specified, in accordance with the nominal dimensions of the

actual steel column.

The beam axis of class-II beams with a predefined rectangular cross-section coincides with the
isoparametric §-axis of the single quadrilateral integration zone into which the predefined
rectangular cross-section is divided. Along the -axis, the default 2-point Gauss integration
scheme was adopted. In the n-direction, a 7-point Simpson integration scheme was selected (i.e.,
with two integration points at the extreme fibers), which allows for an accurate description of the
bending stress distribution over the height of the cross-section up to virtually fully plastic
bending. Thus, the complete integration scheme of the selected beam element comprises a total

of 14 integration points, as shown in Figure 6.2.
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Figure 6.2 The rectangular L7BEN element with a 2-point Gauss integration scheme in &-direction (i.c.,

along the longitudinal axis) and a 7-point Simpson integration scheme in 1 -direction.
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From the observations of the full-scale experiments, it was seen that the steel column was loaded
beyond the elastic range of the material. Therefore, modelling the stress-strain relation of the
material as linear elastic was considered insufficient. Instead, for preliminary analyses an idealized
multi-linear strain hardening diagram was modelled based on the Von Mises plasticity model and
material properties as described in NEN 6770 [1997], with:
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Figure 6.3 The idealized strain hardening diagram in accordance with NEN 6770 [1997], and the Von

Mises plasticity model that was adopted for the purpose of preliminary FE analyses. Note that
the values on the horizontal axis of the Von Mises plasticity model are not the same as in the
idealized strain hardening diagram determined by using egs. (1) o (6), since the Von Mises
plasticity model is corrected for the effect of the elastic branch.

Figure 6.3 shows the idealized strain hardening diagram as incorporated in this model. The stress-
strain relations for the final model for calibration were based on the results of tensile coupon
testing and are therefore discussed in Section 6.3.2. Modelling the heat affected zone resulting
from welding the center strips to the column section was not taken into account, since it would

suggest a certain accuracy that was not matched throughout the complete model.
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6.2.2 Modelling the strips

The test specimens discussed in Section 5.2 included connecting elements (i.e., parts that provide
the connection between the steel column and glass panes) composed of a cold-deformed center
strip and two outer strips that were bolted together. A long joint with fitted holes was established,
providing rotational stiffness and allowing for virtually zero movement of the bolts in the holes.
Hence, it was assumed that play in the connection would not occur and, consequently, modelling
of the bolted connection could be omitted for the purpose of a global structural behaviour
analysis of the glass-steel column. Furthermore, simplifications were applied to the geometry of

the strips and the welded connection between the center strip and the column section.

Beam elements of type L7BEN were used for modelling the strips. As discussed in the previous
section, this two-node two-dimensional class-II beam element may be used in geometric and
physic nonlinear analysis. As beam elements are connected through the centerline of the actual
members, the length of the strips and height of the glass panes were adapted to compensate for
the effect of shifting the location of connection. The H-shaped cross-section of the assemblage of
strips was simplified into a rectangular cross-sectional shape to allow for two-dimensional
modelling of the adhesive bonded joint, which is discussed in further detail in Section 6.2.4. The
geometry properties of the beam element were then assigned on the basis of a predefined
rectangular cross-sectional shape with a width and height equal to 20mm, in accordance with the

nominal dimensions of the actual center strip.

Under the anticipated loads and deformations, it was assumed insufficient to model the cold-
deformed steel of the strips as a linear elastic material. Instead, a bilinear strain hardening diagram
was modelled with f, = 260N/mm?, f = 540N/mm” and & = 0.8. Modelling the heat affected zone

resulting from welding the center strips to the column section was not taken into account.

6.2.3 Modelling the glass panes

For the purpose of a two-dimensional model, the glass panes were represented by plane stress
elements (also referred to as membrane elements) which are, unsurprisingly, characterized by zero
stress components perpendicular to the face. Plane stress elements typically have a small thickness
in relation to the width and height in the plane of the element. The basic variables are the

translations of the nodes: #, and #, in the element xy-direction.
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Figure 6.4 The CQI16M plane stress element.
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An eight-node plane stress element of type CQ16M was selected for modelling the glass panes, as
it may be used in geometrical and physical nonlinear analysis. The CQ16M element, shown in
Figure 6.4, is based on quadratic interpolation and reduced 2x2 integration, yielding optimal
stress points [Barlow, 1976]. Three stress components, 6., 0, and o,,, at each integration point

are related to strain components £, £,y and &,,.

The geometry properties of the plane stress element were assigned on the basis of a uniform
isotropic thickness. A linear elastic stress-strain relation was adopted, with E = 70000N/mm? and
v=0.23.

6.2.4 Modelling the adhesive bonded joint

As discussed in Section 6.2.2, the H-shaped cross-section of the connecting elements was
simplified into a rectangular cross-sectional shape to allow for two-dimensional modelling of the
adhesive bonded joint. This representation, however, affects the geometry of the joint and, even
more important, the way in which loads are transferred. Figure 6.5 shows the essential differences
between the actual situation and the two-dimensional representation. From Figure 6.5a it can be
seen that the adhesive joint is primarily subjected to shear stress in the global x- and y-direction if
loading is applied in the plane of the glass panes. In the simplified representation, illustrated in
Figure 6.5b, the adhesive joint is subjected to a shear stress in global x-direction and a normal
stress in global y-direction. Furthermore, the bond area of the simplified representation is
significantly smaller than the actual joint, which can be compensated for by a proportional
increase of the adhesive stiffness properties in the separate directions. Thus, the properties of the

interface must be selected with great care so that they correspond to the actual adhesive bonded

joint.
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Figure 6.5 The actual adhesive bonded joint (a) and the simplified representation (b).

An adhesive bonded joint can be represented by interface elements. Interface elements serve to
transfer normal and shear forces across discontinuities in the model. Three approaches to model
interface behaviour are generally distinguished: the use of springs, surface or line interfaces and
contact elements. All approaches are based on an assessment of the relative position of the
interacting parts and the use of a stiffness that corresponds to their relative positions. For the
purpose of this model, the approach based on the use of line interface elements was adopted from
Huveners [2009].
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A two-dimensional structural line interface element of type CL12I was selected, as the element
may be used in geometrical and physical nonlinear analysis and its pair of three-node sides can be
placed between the beam and plane stress elements. The basic variables of the structural interface
are the nodal displacements. The derived values are the relative displacements A« and tractions 2.
The normal traction # is perpendicular to the line interface, whereas the shear traction ¢, is
tangential to the line interface (Figure 6.6). Similarly, a normal and shear relative displacement
component is distinguished. The geometry properties were assigned on the basis of specification
of the configuration and the thickness in perpendicular direction to the line interface (i.e., the

out-of-plane thickness).

5 uy Auy T = s
6 o
et Y
1 £ 3
(@ (b) (o) (d)
Figure 6.6 Topology of the two-dimensional line interface element CL121 (a), displacements (b), relative

displacements (c), and tractions (d).

The general constitutive behaviour of the joints is described by eq. (7), where £.; and 4,; are the

normal and shear stiffnesses of the epoxy joint, determined from egs. (8) and (9) respectively.
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In egs. (8) and (9) 4; is the (in-plane) thickness of the interface. In eq. (8), £, is the modulus of
elasticity of the epoxy joint, whereas in eq. (9), G; is the shear modulus of the epoxy joint. Eq.

(10) is used to determine the shear modulus, where v; is the Poisson’s ratio of the epoxy adhesive.

Ej
O30 "

The shear stress-relative displacement relation of the exact same epoxy adhesive as applied in the
experiments of this research was described in research by Huveners et al. [2008]. The idealized
shear behaviour was converted from the experimentally found shear stress-strain relation and is
shown in Figure 6.7a. From observations of the experiments and simple calculations, it was
assumed that loading of the epoxy joint was well within the elastic range. It was therefore

considered sufficient to model the shear behaviour of the epoxy adhesive as a linear elastic
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material (Figure 6.7b). According to Huveners [2008], the normal stress-relative displacement

relation may be assumed linear elastic as well, with £,;= 1260N/mm? (Figure 6.7¢).
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Figure 6.7 The idealized shear behaviour of epoxy described by Huveners (a). Under the assumed level of

loading, modelling a linear elastic material law was considered sufficient (b). The normal
stress-relative displacement relation was assumed linear elastic as well (c).

6.2.5 Modelling boundary conditions

The end conditions of the steel column were initially assumed perfectly pin-ended and rigid.
From observations of the experiments, it was shown that the steel column experienced a certain
rotational end restraint (Section 5.4.3) and lack of frame stiffness (Section 5.5.4). To account for

these effects, translational and rotational springs can be modelled, as shown in Figure 6.8.
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Figure 6.8 Model with clastic rotational and tanslational springs.

For the final models, the translational and rotational spring stiffnesses were calibrated based on

experimental results which are discussed in further detail in Section 6.3.2.

6.2.6 Overview

An overview of the element types applied in the preliminary and final models, as well as the

geometrical data assigned to the various elements is given in Table 6.1.

Table 6.1 Element types applied and geometrical data assigned.
Part Element Element Width Height Thickness
name type [mm] [mm] [mm]

Steel column Beam L7BEN 50 50 .

Steel strip Beam L7BEN 20 20 -

Glass pane Membrane CQI6M -- - 19
Adhesive bonded joint 2D interface CL121 19 - 0.5
Translational spring Discrete spring ~ SP1TR - - -
Rotational spring Discrete spring ~ SP1RO 5 - ==
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6.3  Assembly and analysis

In the previous section, the various element types and material behaviour models adopted in this
research have been described. This section deals with the assembly and evaluation of the models

through the following steps:
= Analyses of a preliminary model of a pin-ended imperfect steel column;

= Analyses of a preliminary model of a pin-ended imperfect steel column that is single-

sided laterally supported by glass panes;
=  Calibration of the model;

All analyses performed were geometrical nonlinear analyses in which large displacements and
large rotations are accounted for. The solution strategy adopted was identical to the default
commands of the FE package to initiate a geometrical nonlinear analysis according to the Total
Lagrange formulation (i.e., strain and stress measures are defined with reference to the

undeformed geometry) and based on conservative load application [TNO DIANA, 2007].

As illustrated in the previous section, a nonlinear material law was used for simulating the
material behaviour (i.e., in terms of a stress-strain relation) of steel. In the FE analysis, the
relation between a force vector and displacement vector is then no longer linear. In order to
enable a numerical solution of the force-deformation response of a structure, a time discretisation
must be performed, with the stiffness of the elements being evaluated after each time increment.
This solution process is illustrated in Figure 6.9. It must be emphasized that in this research, time
has no real physical meaning, but instead only describes a certain sequence of situations. In fact,
the increments are defined by load steps based on displacement control. Displacement control
involves prescribed displacements that must be incorporated in the external force vector, yielding

a certain effective force.
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Figure 6.9 (L)  Incremental solution procedure.

Figure 6.10 (R)  [terative solution procedure based on the Regular Newton-Raphson method.
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To find the correct stiffness for each load step (i.e., resulting in equilibrium at the end of the
increment) an iterative solution algorithm is used. Different iteration procedures have been
established, of which the Regular Newton-Raphson method is adopted in this research. The
method, which is illustrated in Figure 6.10, is based on a total displacement increment A that is
adapted iteratively by iterative increments 8u until equilibrium is reached, up to a prescribed

tolerance. The tangent stiffness is used to predict §#, which corresponds to point B at a load F..

A reasonable prediction of 8 is pivotal to the convergence of the iteration process. If the
prediction is too far from equilibrium the iteration process may diverge. A line-search method
may be adopted to improve the prediction of 8x and, consequently, try to avoid divergence and
increase the convergence rate. The method is based on scaling the vector §x with a certain value
such that the energy potential IT is minimized. As the background theory is beyond the scope of
this report, it is omitted here. Additional information can be found in, for instance, TNO
DIANA [2007].

In conclusion, all analyses performed in this research were displacement controlled geometrical
and physical nonlinear imperfect analyses, in which an incremental-iterative solution procedure
was adopted based on the combined use of the Regular Newton-Raphson iteration method and
line-search method. The input file for the DIANA analyses of the final model can be found in
Appendix C.1. In all analyses, a minimum of 30 load steps was used to obtain smooth graphs and

to omit plotting markers at each load step.

6.3.1 Preliminary analyses

This section deals with the preliminary analyses that were performed prior to completion and
calibration of the final model. First, a simple pin-ended imperfect steel column was modelled.
The results from analyses of this FE model could be comfortably compared to analytical solutions
so that the applicability of the model could be verified. Then, the model has been gradually
extended to a pin-ended imperfect steel column that is single-sided laterally supported by glass

panes.

6.3.1.1 Pin-ended imperfect steel column

Modelling a simple pin-ended imperfect steel column was considered as the basic step to ascertain
that the FE model captured the real behaviour of the steel column. Modelling the initial out-of-
straightness was of particular interest, as was the mesh division required for sufficiently accurate
results.

Three techniques of simulating the initial out-of-straightness were studied. The first technique,
illustrated in Figure 6.11a, was fairly straight-forward and involved the modelling of an imperfect
geometry through the definition of the node coordinates. The second technique, illustrated in
Figure 6.11b, was based on assigning a maximum value to an imperfection pattern that is equal to
the first buckling mode obtained from a preliminary Euler stability analysis (i.e., an eigenvalue
problem). Although in general only an initial out-of-straightness shape that is equal to the first
Euler buckling mode is considered of practical significance, this technique has considerable
limitations with respect to the shape of the initial out-of-straightness. The third technique

involved the introduction of an equivalent uniformly distributed load that caused the column to
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bend so that a certain shape and magnitude of the out-of-straightness was established (Figure
6.11c). This technique is suitable for relatively simple structures. However, for rather complex
structures, determining an equivalent load to achieve a defined initial out-of-straightness becomes

complicated. Therefore, the first technique was adopted in this research.
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Figure 6.11 Three methods of simulating the initial out-of-straightness: (a) by definition of the node
coordinates, (b) by assigning a value to the maximum of the 1* buckling mode obtained from
an Euler stability analysis, and (c) by introduction of an equivalent uniformly distributed load.

The number of nodes to define the assumed sinusoidal initial out-of-straightness was varied to
determine the minimum number of nodes required to obtain converging results for the lateral
deformation at the middle of the steel column. It was shown that for 17 or more defined nodes
the results converged based on the assumption of an initial out-of-straightness shape equal to a
half sine wave. The model of the pin-ended imperfect steel column is shown in Figure 6.12. The
steel column was represented by L7BEN beam elements with an assigned rectangular cross-
sectional geometry of 50x50mm’ in accordance with the nominal dimensions of the test
specimens. Ideal elastic-plastic material behaviour was assumed, with f, = 235 N/mm? and E =

2.1-10° N/mm?®. Load was introduced at the top end through a prescribed displacement.
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Figure 6.12 (L)  Preliminary model of the pin-ended imperfect steel column with 17 nodes on a half sine wave.
Figure 6.13 (R) Load-deformation graph at the middle of the column obrained from a nonlinear FE analysis.
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Figure 6.13 shows the load-deformation curve at the middle of the steel column obtained from a
geometrical and physical nonlinear FE analysis. For the purpose of comparison, the analytically
calculated curves are shown as well. It can be seen that the load-deformation behaviour obtained
from the FE analysis corresponds very well to the analytically calculated curves. The difference
between the numerically determined value and the calculated value of the ultimate load is 3.8%,

which is considered sufficiently small.

6.3.2.2 Pin-ended laterally supported imperfect steel column

The specimens for experimental testing consisted of a pin-ended imperfect steel column that was
single-sided laterally supported by glass panes. To obtain an accurate estimation on the load-
bearing capacity and load-deformation behaviour of such a column, preliminary models were

made for FE analyses.

The model illustrated in Figure 6.14a was assembled to represent the geometry of the test
specimen of experiment 1. The test specimen of experiment 1 consisted of an initially curved steel
column, with a defined out-of-straightness of 16mm, and 19mm single annealed float glass panes
with a width of 550mm (Section 5.6.1). The beam elements representing the strips were
connected in the nodes to the beam elements representing the column, thus creating a rigid
connection. In fact, the actual welded joint may not provide a completely rigid connection, but it
was assumed that only a marginal error was made because of the relatively small bending
moments involved and the high effective stiffness of the actual weld. The interface elements were
connected as shown in Figure 6.15. A regular mesh was applied to the glass panes, dividing each
pane into 8x16 CQ16M elements. This resulted in a ratio of length « over width & of 1.22 to
1.28 depending on the width of the glass panes which varied between 350mm and 550mm. The
geometry properties were the same as presented in Table 6.1, and the representation of the
supports and load introduction was kept identical to the model of the pin-ended imperfect steel
column discussed in Section 6.3.1.1. The material behaviour of steel was modelled by an
idealized strain hardening diagram, while linear elastic behaviour was assumed for all other

materials. An overview of the material properties adopted is given in Table 6.2.

| CQI6M i
18.2
Ql < 16.5
14.8
/? o

Wi = 2.2mm | ] 2
L7BEN 2@
:1_25

,2.5

o P 7

L7BEN CL121 :_1

Ormax = 15.7N/mm?
e
(a) (b) (c)

Figure 6.14 Pin-ended single-sided laterally supported imperfect steel column; (a) mesh, (b) deformed
shape, (c) principal tensile stresses at attainment of the ultimate load.
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Figure 6.15 The connection of a CL12] line intetface element to a L7BEN beam clementc and CQI16M
plane stress element. Nodes 1 and 3 have the exact same coordinates and ate merged aftec
meshing. The same goes for nodes 2 and 5, 6 and 9, 7 and 10, as well as 8 and 11.

Table 6.2 Material properties adopted in preliminary analyses.
Part Property Source
Steel column E 210000 N/mm? Literature, e.g. NEN 6770 [1997]
03 - Literature, e.g. NEN 6770 [1997]

f, 235 N/mm? Literature, e.g. NEN 6770 [1997]
I 0.0011 - Equation (2)
fin 235.14  N/mm? Equation (3)
£h 0.0078 - Equation (4)
K 360 N/mm? Literature, e.g. NEN 6770 [1997]
£ 0.08 - Equation (6)

Steel strip E 210000 N/mm? Literature, e.g. NEN 6770 [1997]
v 0.2 - Literature, e.g. MCB [2007]
f, 260  N/mm? Literature, ¢.g. MCB [2007]
g 0.0012 - Equation (2)
fi 540 N/mm? Literature, e.g. MCB [2007]
£ 0.08 - Equation (6)

Glass pane E 70000 N/mm? Literature, e.g. NEN 2608-2 [2007]
v 0.23 - Literature, e.g. Haldimann et al. [2008]

Adhesive bonded joint  E 650 N/mm? Literature, e.g. Huveners [2008]
v 03 - Literature, e.g. Huveners [2008]
Kuj 1300 N/mm? Equation (8)
ky; 500 N/mm’ Equation (9)

From geometrical and physical nonlinear FE analyses of the models representing the different
experiments, it showed for all analyses that the largest lateral deformation was found at about the
middle of the unsupported length closest to the end at which the load was introduced (Figure
6.14b). The governing principal tensile stresses in the glass panes just before attainment of the
ultimate load are presented in Figure 6.14c. In order to get an indication of the accuracy of the
FE model, the numerically obtained ultimate load F,, as well as the maximum lateral deformation
of the steel column w, and the maximum tensile bending stresses in the glass panes ousmax just
before attainment of the ultimate load are compared to the experimentally found values in Table

6.3. The stiffness 4, was calculated as follows:

k. = (11)
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Table 6.3 Comparison between tesults from a preliminary FE model and results from experiment 1.
Source F. w, ky Obimax
[kN] [mm] [kN/mm] [N/mm?]
Preliminary FE model 547 1.79 306 14.8
Experiment 660 4.23 156 14.0

From the results shown in Table 6.3, it can be seen that:

* the ultimate load obtained from the FE analysis is significantly lower than the
experimentally found value. It is assumed that the discrepancy is primarily caused by the
difference between the modelled yield stress of 235N/mm* and the actual yield stress that
is assumed to be considerably higher.

= the stiffness 4, derived from the results of the preliminary FE analysis is approximately 2
times higher than the experimentally found value, which cannot be attributed to a single
aspect. Possible sources of the discrepancy are: 1. deviations in the normal and shear
stiffness of the adhesive bonded joint, 2. slight differences between the assumed shape of
the initial out-of-straightness and the actual out-of-straightness, and 3. high level of stress
redistribution in the actual column that allows for a slight increase of the load-bearing
capacity under large deformations, as a result of which the calculated stiffness just before

attainment of the ultimate load drops dramatically.

= the maximum tensile bending stresses in the glass panes obtained from the FE analysis

slightly overestimate the measured stresses in the experiment.

6.3.2 Calibration of the FE model

This section deals with the calibration of the FE model based on data obtained from the
experiments discussed in the previous chapter. The preliminary model discussed in the previous
section served as the basis for the final FE model. Three calibration parameters were selected,
being the yield stress of the steel used for the column section, the rotational end restraint of the
steel column due to friction, and the stiffness of the test rig. All three full-scale experiments were
simulated separately, thus requiring nine analyses to be performed. For each experiment, the first
analysis was a geometrical and physical nonlinear imperfect analysis (GPNIA) including the
approximated actual material-law of the steel used for the column section. For the second
analysis, the effect of rotational end restraint was added to the model. The simulated stiffness of

the test rig was then added in the third and final model (Table 6.4).

The cross-sectional dimensions of the steel column section were kept constant and equal to the
nominal values, as it proved that the maximum deviation from the measured values was about
0.5% (Appendix B.3). Similarly, the thickness of the glass panes was kept constant and equal to
the nominal value, as it was assumed that a maximum deviation of about 3% was considered
negligibly small. Variations in the thickness of the adhesive bonded joint were not taken into

account either.
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Table 6.4 Overview of the geometrical and physical nonlinear FE analyses on the calibrated models.
Experiment 1 Experiment 2 Experiment 3
Analysis set 1 Analysis set 2 Analysis set 3
Analysis nr. 1 2 3 4 5 6 7 8 9
Model A B C A B C A B C
Material law X X X X X X X X X
Rotational end restraint X X X X X X
Frame stiffness X X X

6.3.2.1 Calibration parameters
For the representation of the steel column of each test specimen, a different material-law was

simulated based on the stress-strain relations obtained from tensile coupon testing (Section
5.4.1). In order to accurately represent the actual stress-strain relation, a multi-linear material-law
was modelled through six stress-strain coordinates. An important aspect that needed to be taken
into account was the influence of the strain rate. The tensile tests already showed that the level of
stress is related to the strain rate, since the stress dropped significantly upon stopping the cross-
head motion of the testing machine which resulted in obtaining the static values. It was thus
important to know the actual strain rate in the steel column during the experiments. Figure 6.16
shows the strain rate at an arbitrary location along the length of the steel column for one
particular experiment. On the vertical axis on the right, the load is plotted in order to relate the
strain rate to the course of the experiment. Up to attainment of the ultimate load, the strain rate

was more or less constant at a value of 5-107 s™'.
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Figure 6.16 Strain rate of the steel column over the course of experiment 3.

The influence of the strain rate was assessed with eq. (12), adopted from Galambos [1998], in
which the dynamic yield stress a,4 is related to the static yield stress o, stress based on the type of
steel and the strain rate £. Furthermore, 4 is a constant with value 0.021, and # is a constant with
value 0.26 for A36 steel, which is fairly comparable to $235 steel. From eq. (12), it follows that
the dynamic yield stress for the full-scale experiments was approximately 2% larger than the static
yield stress determined from tensile coupon testing. As the tensile tests showed that the difference
between the static and dynamic ultimate stress was almost the same as the difference berween the

static and dynamic yield stress, it was assumed that an increase of 2% of the static values was
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acceptable for the entire stress-strain curve. This way, an approximated material-law could be
modelled as shown in Figure 6.17.

U,,,zo,,(l+/e6") (12)
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Figure 6.17 Approximated stress-strain relation based on the actual stress-strain relation obtained from
tensile coupon testing. In accordance with eq. (12) and Figure 6.16, the modelled values are
chosen approximately 2% larger than che stacic values.

The rotational end restraint due to friction was modelled by an elastic rotational spring with
stiffness 4,, as discussed previously in Section 6.2.5. The value of 4, can be assessed with eq. (13),
in which the spring stiffness relates to a restraint parameter p, based on the length L and bending
stiffness £/ of the column. Although the actual degree of restraint was shown ro be dependent on
the applied axial load (see Section 5.4.3), the restraint parameter was assumed to be constant, at a
value that corresponded to the frictional behaviour of the bearings under relatively high axial
loads (i.e., larger than 100kN). On the assumption of equal conditions at both ends of the steel
column, the value of p was then derived from Newmark’s approximate formula for effective end-

fixity of columns [Newmark, 1949], yielding p =3.0.

b =1— (13)

The effect of a lack of stiffness of the test rig has been previously discussed in Section 5.5.4. The
effect was simulated by modelling an elastic translational spring, as illustrated in Section 6.2.5.
Table 6.5 shows the values of the calibration parameters for the three sets of analyses representing

the three full-scale experiments.

Table 6.5 Calibradion parameters for the sets of analyses, where ser 1 corresponds to experiment 1, etc.
Set Yield stress Rotational spring stiffness Translational spring stiffness
[N/mm?| [kNm] [kN/mm}
262.1 87.7 248.0
257.3 89.4 259.0
3 258.1 87.5 237.0
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6.3.2.2 Comparison of results
Figure 6.19 shows the load-deformation graphs of the steel column at the location of failure,

which is at the middle of the unsupported length closest to load introduction, obtained from FE
analyses on the calibrated models that correspond to experiment 1. The location of failure found
in the FE analyses, is identical to the location of failure in the experiment, as illustrated in Figure
6.18. For reasons of comparison, the load-deformation graph obtained from the experiment is
presented as well. It can be seen that the numerically obtained global structural behaviour is more
or less the same as the experimentally found behaviour, yet three significant differences can be

observed:

= In the experiment, an initial stage of loading can be observed that is characterized by
relatively large lateral deformations, which is not observed in the numerically obtained
load-deformation graphs. As discussed in Section 5.6.1, an upward movement of the
actuator was observed immediately after load started to build up, which may be
considered the primary explanation for the nonlinear load-deflection relation obtained
from the experiment at an initial stage of loading. Furthermore, in contrary to the
experimental results, the load-deformation graphs obtained from FE analyses show no
initial deformation in opposite direction to the defined initial out-of-straightness, as can

be seen in Figure 6.22.

= The results from FE analyses show a virtually linear load-deformation relation up to an
axial load of approximately 570kN. The load-deformation graph obtained from the
experiment, however, is only close-to-linear for axial loads ranging from approximately
100kN to 350kN. A secant through the F-w coordinates at F=100kN and 350kN, yields
a straight line that represent an equivalent stiffness 4., which corresponds rather well to
the linear part of the load-deflection graph obtained from FE analyses (see Table 6.6). At
about 350kN a reduced stiffness is observed from the load-deformation graph obtained
from the experiment, which is not found from the results of FE analyses. This may be
explained by the fact that in the experiment, local exceeding of the yield stress may have
occurred due to the presence of residual stresses and assembly stresses, as a result of which
the bending stiffness is reduced at a considerably lower level of axial loading than would

be expected from the FE analyses, where residual stresses were not taken into account.

= The FE analyses underestimate the measured ultimate load of experiment 1. The
difference between the ultimate load obtained from an FE analysis of model C and the
actual ultimate load is approximately 8.3% (Table 6.6). The explanation can be found in
the representation of the material-law in the calibrated FE models: the yield stress
modelled to represent experiment 1 was 262.1N/mm? (see Table 6.5). This allowed for a
fully plastic axial load capacity of only 655kN, which is in fact smaller than the ultimate
load measured in experiment 1. As discussed in the previous section, the strain rate may
strongly affect the actual yield stress. Taking a closer look at the strain rate just prior to
attainment of the ultimate load in experiment 1, a steep peak in the strain rate is
observed. Hence, the steel column may have experienced an increased yield strength, as a

result of which a higher ultimate load was achieved.
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The load-deformation relation obtained from the FE analysis of model C was considered the best
match to the actual load-deformation behaviour obtained from experiment 1. Therefore, model
C was selected for further comparison of the numerical and experimental results. Figure 6.21
shows the load-stress relation at the top and bottom surface of the steel column (i.e. the surfaces
of maximum and minimum bending stresses, respectively) at the location of failure. It can be seen
that the numerical and experimental results match very well. Figure 6.22 shows the load-stress
relation near the edges of maximum compression and tensile bending stresses of the glass panes. A
close-to-linear relation is observed from the results of experiment 1 as well as from the results of
the FE analysis of model C. However, at increased loading, the FE analysis slightly overestimates

the tensile bending stresses measured in experiment 1.

(b) ' L 1

Figure 6.18 Buckled shape in experiment 1 (a), and graphical representation of the buckled shape obtained
from the FE analysis of model C corresponding to experiment 1 (b).
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Load-deformation graphs of the steel column ar the location of failure, which is at the middle
of the unsupported length closest to the load introduction, obrained from experiment 1 and
the corresponding models A, B and C, as shown in Table 6.4.
Load-deformation graphs of the steel column at 7 locations obtained from the final model C.
The locations are identical to the measurement locations in expetiment 1. The numbers 1 to 7
refer to rhe measurement locations as indicated in Figure 5.28.
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Stresses at the top and bottom surface of the steel column at the location of failure, which is ac
the middle of the unsupported length closest to the load introduction, obtained from
experiment 1 (black lines) and the corresponding final model C (grey lines).

Maximum compression and tensile bending stresses in the glass panes, obtained from
expetiment 1 (black line) and the corresponding final model C (grey lines). Compression
bending stresses were not measured in experiment 1, as a result of which no line is plotted.

Table 6.6 Comparison of the results obtained from experiment 1 and the corresponding final model C.
F. ky Kice Osticimax Ost;t:max Oplic;max Opliumax
[kN] [kN/mm] [kN/mm] [N/mm?] [N/mm? [N/mm? [N/mm?]
Final model C 605 300 409 -262 -185 -18.9 14.8
Experiment 660 156 366 -301 -189 n/a 12.8
Difference -8.3% 92.3% 11.7% -13.0%  -2.1% n/a 15.6%
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In the FE analyses corresponding to experiment 2, the location at which failure of the steel
column occurred was identical to the location of failure in the actual experiment. Figure 6.23
shows the load-deformation graphs of the steel column at the location of failure, which is at the
middle of the unsupported length closest to load introduction, obtained from FE analyses on the
calibrated models that correspond to experiment 2. For reasons of comparison, the load-
deformation graph obtained from the experiment is presented as well. It can be observed from
Figure 6.23 that the numerically obtained load-deformation graphs deviate in a similar manner as
for experiment 1. The stage of initial loading of the test specimen, characterized by a relatively
large lateral deformation, is absent in the load-deformation graphs obtained from FE analyses.
The numerical load-deformation behaviour corresponds rather well for axial loads ranging from
approximately 100kN to 350kN, but the reduction in stiffness at increased loading as found
experimentally, is not matched. Furthermore, the FE analyses of model B and C underestimate
the measured ultimate load of experiment 2 by 9.7% (Table 6.7). The load-deformation relation
obuined from the FE analysis of model C was considered the best match to the actual load-
deformation behaviour obtained from experiment 2. Therefore, model C was selected for further
comparison of the numerical and experimental results. From Figure 6.25 it can be concluded that
the numerically and experimentally obtained load-stress relation at the top and bottom surface of
the steel column match very well at the location of failure. The load-stress relation near the edge
of maximum tensile bending stresses of the glass panes obtained from the FE analysis of model C

almost coincides with the load-stress relation obtained experimentally (Figure 6.26).

Figure 6.27 shows the load-deformation graphs of the steel column obtained from FE analyses
corresponding to experiment 3. In experiment 3, failure occurred unexpected and suddenly,
resulting in breakage of all glass panes. Due to modelling of linear elastic material behaviour of
glass, stresses in the glass panes could increase indefinitely in the FE analyses. Hence, breakage of
the glass panes could not occur. Instead, in the FE analyses, failure was reached upon buckling of
the steel column at the same location as in the analyses representing experiment 1 and 2. A
comparison of the numerical and experimental results is therefore only performed up to the point
of sudden failure experienced in the experiment. Up to approximately 200kN, the numerically
and experimentally obtained load-deformation relations match rather well, but the experimental
results indicate a stiffer behaviour than the graphs from FE analyses at increased loading. Then, at
a load of approximately 350kN, a reduction of the stiffness is observed again, and the slope of the
numerical and experimental load-deformation is pretty much the same up to the point of sudden
failure. FE model C was arbitrarily selected for further comparison of the numerical and
experimental results. Figure 6.28 shows the load-deformation graphs of the steel column at 7
locations obtained from the analysis of model C. From a comparison with Figure 5.42, it can be
concluded that the global load-deformation behaviour corresponds very well to the experimental
results. Similar to the discussion of experiment 1 and 2, the numerically and experimentally
obtained load-stress relation at the top and bottom surface of the steel column match very well
(Figure 6.29), although the FE model slightly overestimates the stress at the bottom surface.
Figure 6.30 shows the load-stress relation near the edges of maximum compression and tensile
bending stresses of the glass panes. A close-to-linear relation is observed from the results of
experiment 3 as well as from the results of the FE analysis of model C. However, at increased
loading, the FE analysis slightly overestimates both the compression and tensile bending stresses

measured in CXPCI‘ian[ 3,
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Load-deformation graphs of the steel column at the location of failure in the FE analyses,
which is at the middle of the unsupported length closest to the load introduction, obtained
from experiment 2 and the corresponding models A, B and C, as shown in Table 6.4.

Load-deformation graphs of the steel column at 7 locations obtained from the final model C.
The locations are identical to the measurement locations in experiment 2. The numbers 1 to 7

refer to the measurement locations as indicated in Figure 5.28.
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Stresses at the top and bottom surface of the steel column at the location of failure in the FE
analysis, which is at the middle of the unsupported length closest to the load introduction,
obtained from experiment 2 (black lines) and the corresponding final model C (grey lines).
Maximum compression and tensile bending stresses in the glass panes, obtained from
experiment 2 (black line) and the corresponding final model C (grey lines). Compression
bending stresses were not measured in experiment 2, as a result of which no line is plotted.

Table 6.7 Comparison of the results obtained from experiment 2 and the corresponding final model C.
F. ka Keec o — o T— Ophcman Oalimax
[kN] [kN/mm] [kN/mm] [N/mm?] [N/mm?] [N/mm?] [N/mm?]
Final model C 631 779 780 -257.3 -201.4 -10.7 6.7
Experiment 699 224 702 -276.7 -213.7 n/a 6.5
Difference -9.7% 247.8% 11.1% -7.0% -5.8% n/a 3.1%
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Figure 6.27 (L)

Figure 6.28 (R)

Load-deformation graphs of the steel column at the location of failure, which is at the middle
of the unsupported length closest to the load introduction, obtained from experiment 3 and
the corresponding models A, B and C, as shown in Table 6.4.
Load-deformation graphs of the steel column at 7 locations obtained from the final model C.
The locations are identical to the measurement locations in experiment 3. The numbers 1 to 7
refer to the measurement locations as indicated in Figure 5.28.
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Figure 6.29 (L)

Figure 6.30 (R)

Stresses at the top and bottom surface of the steel column ar the location of failure, which is at
the middle of the unsupported length closest to the load introduction, obtained from
experiment 3 (black lines) and the corresponding final model C (grey lines).
Maximum compression and tensile bending stresses in the glass panes, obtained from
experiment 3 (black line) and the corresponding final model C (grey lines).

Table 6.8 Comparison of the results obtained from experiment 3 and the corresponding final model C.
F, k, ke Tavicimax o A— Tylicimax Olitimax
[kN] [kN/mm] [kN/mm] [N/mm? [N/mm?] [N/mm? [N/mm?]
Final model C 595 157 232 -226.0 -159.2 -27.2 24.1
Experiment 491 174 285 -212.8 -159.9 -22.7 20.9
Difference 21.1% -9.8% -18.6%  6.2% -0.1% 19.8% 15.3%
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6.4 Summary and conclusions

Numerical models, based on the Finite Element (FE) code DIANA, were developed to simulate
the experiments discussed in the previous chapter, as well as to corroborate and obtain additional
understanding of the global structural behaviour of the glass-steel column. Although an effort was
made to accurately represent the rather complex behaviour of the structure, no more parameters
were incorporated than were measured in experiments. In addition, simplifications were made to

the geometry and material properties.

For the purpose of this research, all analyses performed were displacement controlled geometrical
and physical nonlinear imperfect analyses. In order to account for the geometrical nonlinearity a
Total Lagrange formulation was used, whereas for the physical (i.e., material) nonlinearity an
incremental-iterative solution procedure was adopted based on the combined use of a Regular

Newton-Raphson iteration method and line-search method.

The steel column was modelled by line-type beam elements based on the Bernoulli theory. In the
direction of in-plane bending, a 7-point Simpson integration scheme was adopted, which allowed
for an accurate description of the bending stress distribution over the height of the cross-section
up to virtually fully plastic bending. As the results obtained from full-scale experiments showed
loading of the steel column beyond the elastic range of the material, simulating linear elastic
material behaviour was considered insufficient. Instead, a multi-linear strain hardening diagram
was modelled. The steel strips were represented by the same line-type beam elements as used for
the representation of the steel column, yet the stress-strain relation was modelled by a bilinear
strain hardening diagram. The glass panes were modelled by eight-node plane stress elements
with a reduced 2x2 integration scheme. Furthermore, linear elastic material behaviour was
assumed, thus not allowing for the simulation of cracking of the glass panes. A two-dimensional
structural line interface element was selected to represent the adhesive bonded joint, and the

assigned stress-relative displacement relations were assumed linear elastic.

Preliminary models were developed through assembly of the different elements, in which
particular attention was paid to the connection of the interface elements to the beam elements of
the strip and the plane stress elements representing the glass panes. The preliminary models
served as a basis for the final FE models. Three calibration parameters were selected, being the
yield stress of the steel used for the column section, the rotational end restraint of the steel
column due to friction, and the stiffness of the test rig. All three full-scale experiments were
simulated separately, thus requiring nine analyses to be performed. For each experiment, the first
analysis was a geometrical and physical nonlinear imperfect analysis (GPNIA) including the
approximated actual material-law of the steel used for the column section. For the second
analysis, the effect of rotational end restraint was added to the model. The simulated stiffness of

the test rig was then added in the third and final model.

For each experiment, the numerical and experimental results were primarily compared with
respect to: 1. the load-deformation graphs of the steel column, in particular at the location of
failure observed in the experiment, 2. the stresses at the top and bottom surface (i.e., the surfaces

of maximum and minimum bending stresses, respectively) of the steel column at the location of
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failure, and 3. the stresses near the edges of maximum compression and tensile bending of the

glass panes. Based on the comparison of the results obtained from FE analyses and experiments,

the following conclusions were drawn:
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The type and location of failure obtained from the FE analyses, being buckling of the
steel column at the middle of the unsupported length closest to the load introduction,
corresponds to the failure behaviour observed in experiment 1 and 2. In experiment 3,
failure occurred unexpected, characterized by sudden and complete breakage of all glass
panes. Naturally, this type of failure was not obtained from the FE analyses of the model
corresponding to experiment 3, as a linear elastic material law was assigned to the glass

panes.

The numerically and experimentally obtained load-deformation graphs at an arbitrary
location of the steel column do not match completely. Relatively large deviations are
observed at the locations far from the load introduction. In all experiments, initial
deformations were observed in the direction opposite to the in-plane initial out-of-
straightness, followed by a reversal of the deformations at increased loading. This
behaviour was not matched by the results obtained from FE analysis, and it is therefore
concluded that the initial downward deformation was caused by a certain aspect that was
not measured, nor incorporated in the FE models. At the location of failure, however,
the load-deformation graphs obtained numerically are more or less the same as the
measured load-deformation graph and correspond very well with respect to the stiffness
behaviour at loads ranging from about 100kN to 350kN.

The load-deformation graphs at the location of failure of the steel column, obtained from
FE analyses corresponding to experiment 1 and 2, do not display an initial stage of large
lateral deformations at relatively small loads, nor a reduction in stiffness at loads higher
than approximately 350kN as observed in the experiments. The latter was considered to
be probably due to the fact that residual stresses and assembly stresses were not
incorporated in the FE models. In experiment 3, an initial stage characterized by large
lateral deformations was not observed and, consequently, the numerically obtained load-

deformation graphs corresponded considerably better at relatively small loads.

The ultimate load obtained from FE analyses underestimates the actual ultimate load of
experiment 1 and 2. The difference in the values of the ultimate load is considered to be
caused primarily by the definition of the modelled material law and, in particular, the
yield stress. The modelled material law was independent of the strain rate and based on a
constant strain rate that only allowed for a marginal increase of the static yield stress (i.e.,
by 2%). Yet, the actual strain rate just before attainment of the ultimate load proved to
be considerably higher in experiment 1 and 2, thus experiencing an increased yield

strength, as a result of which a higher ultimate load was achieved.

The ultimate load obtained from FE analyses overestimates the actual ultimate load of
experiment 3, which is strongly related to the different types of failure obtained from FE

analyses and experiments (see first conclusion).



CHAPTER 6: FINITE ELEMENT ANALYSES

Of the calibrated models A, B and C, model C —which includes the actual material law
obtained from tensile coupon testing, the rotational end restraint due to friction based on
experiments and theory, and the stiffness of the test rig— was considered the best match
for all experiments, based on a qualitative comparison of the load-deformation relation

and a quantitative comparison of the ultimate load.

The numerically and experimentally obtained stresses at the at the top and bottom
surface of the steel column correspond very well for all experiments. Yet, the stresses at
the bottom surface obtained from the FE analysis of the corresponding models C slightly

overestimate the actual stresses for experiment 2 and 3.

The load-stress relation near the edge of maximum tensile bending of the glass panes
obtained from FE analyses correspond very well to the results of the experiments, in
particular experiment 2. For experiment 1 and 3, the values of tensile bending stresses
obtained from the FE analysis of the corresponding models C slightly overestimate the
actual values. The numerically obtained load-stress relation near the edge of maximum
compression bending of the glass panes was only compared to the results of experiment
3. It was observed that the numerical and experimental results match very well, although
the FE analysis of the corresponding model C slightly overestimates the stresses at

increased loading.
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Chapter 7

Conclusions and recommendations

The final section of each of the previous Chapters 3 to 6 stated conclusions with respect to the specific
subjects discussed in the respective chapter. This chapter aims at providing an overview of the most
important conclusions throughout this research report, as well as stating overall conclusions that reflect
on the objectives set in Chapter 1. In addition, recommendations for further research are briefly

discussed.

7.1  Conclusions

The first chapter of this report introduced the research topic. It was shown that slender steel
columns tend to fail due to instability as a result of which the axial load bearing capacity is not
utilized to an optimum, while slender glass columns are generally considered unsafe because of
the intrinsically brittle material behaviour. This research aimed at designing a transparent column
of glass and steel that fulfills the requirements for an optimal utilization of the axial load bearing
capacity of the steel column section as well as sufficient structural safety against sudden failure.
The primary objectives were to determine the global structural behaviour (i.e., load-deformation
behaviour and global stress distribution) of a glass-steel column through simple analytical
approximations and full-scale experiments, as well as to calibrate a Finite Element (FE) model on
experimental data. By comparing the experimentally and numerically obtained load-deformation

relations and stress distributions, the accuracy of the FE model was determined.

Based on the research presented in this report, a number of conclusions were drawn. This section
further deals with conclusions drawn from Chapters 3 and 4. Conclusions based on experiments
(Chapter 5) and FE analyses (Chapter 6) are specifically addressed in the respective Sections 7.1.1
and 7.1.2. Finally, overall conclusions are given in Section 7.1.3.
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Based on Chapter 3 the following is concluded:

As the glass-steel column was to be designed in such a way that it fulfilled structural, functional,
aesthetic and architectural requirements, a set of design principles and assumptions was made on
the basis of which the most promising configuration of the glass-steel column was selected for
further research. This configuration is characterized by a cruciform cross-sectional shape
comprising a single square solid steel section in the middle and glass panes in each of the
orthogonal directions. Good possibilities for enhanced structural safety, in terms of a significant
residual load bearing capacity upon failure of one or more glass panes, can be achieved by

connecting several small glass panes along the length of the steel column on each side.
Based on Chapter 4 the following is concluded:

By postulating suitable but realistic idealizations, it was possible to reduce the stability problem of
the glass-steel column to a simple steel column buckling problem that can be solved analytically.
An analysis approach was adopted for determining the load-deformation behaviour of the
idealized column by using a single-degree-of-freedom rigid bar model in which the deformations
are limited entirely to the localized spring element. Essential parameters for the analysis include
the material and physical properties, the shape and magnitude of the initial-out-of-straightness, as
well as the moment-rotation relations of the end restraints and localized spring element. The
selection of a proper initial out-of-straightness allowed for taking into account the combined
effect of all kinds of imperfections. For that purpose, the concept of the imperfection parameter

was adopted.

7.1.1 Experiments

A primary objective of this research was to gain understanding of the global stability behaviour of
the glass-steel column by performing experiments. Three distinct full-scale experiments were
carried out on specimens consisting of a 50x50mm solid steel column with a length of 3700mm,
supported by 19mm single annealed float glass panes in only one direction. Lateral in-plane
deformations of the steel column were measured at seven defined locations in order to generate
essential load-deformation graphs. Strains were measured at the surfaces of the steel column and

glass panes such that stress distributions were obtained at critical locations.

In experiments 1 and 2, failure occurred due to significant lateral in-plane deformation of the
steel column at the unsupported length closest to the load introduction, while no considerable
damage to the glass panes was observed. The type and location of failure were fully in
correspondence with expectations and confirmed that the ultimate limit loads attained were due
to a loss of stability of the steel column between the lateral supports. An FE analysis, discussed in
Section 6.3.2, further supports this conclusion. In experiment 3, however, failure occurred early
and unexpectedly, resulting in complete and simultaneous breakage of all glass panes. Naturally,
this type of failure was not obtained from an FE analysis, as a linear elastic material law was
assigned to the glass panes of the FE model and cracks could thus not be described. The
experimentally obtained ultimate loads of the laterally supported specimens were up to about 10

times larger than the calculated ultimate load of a simply supported steel column with identical
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geometrical and material properties. This provides a strong indication to assume that a primary

objective of this research was met.

Rotational end restraint could unintentionally increase the ultimate load substantially. In order to
establish close-to-perfect in-plane pinned-end conditions to the test specimens, a sliding bearing
was designed with a half cylindrical PTFE-based plain bushing. Furthermore, great care was taken
to avoid eccentric load introduction. Still, some irregularities occutred in the experiments as soon
as the applied load started to build up, most probably caused by lifting of one end of the steel

column due to an upward movement of the actuator.

All experiments showed a reduced stiffness of the steel column at an advanced stage of loading.
For experiment 1 and 2, the reduced stiffness was observed at approximately half of the ultimate
load with a ratio of reduced stiffness over initial stiffness of about 45%. The FE analyses did not
show a reduced stiffness until just prior to attainment of the ultimate load. Hence, the stiffness
reduction cannot be attributed to any of the parameters incorporated in the FE model. Instead, it
is assumed that the stiffness reduction is caused by the emergence of local plastic zones due to the

presence of residual stresses and assembly stresses.

7.1.2  Finite Element analyses

A wwo-dimensional FE model was developed to simulate the experiments. Although an effort was
made to accurately represent the rather complex behaviour of the structure, no more parameters
were incorporated than were measured in experiments. In addition, some major simplifications
were made to the representation of the adhesive bonded joints and the welded connection of the

strips to the steel column.

The parameters for calibration of the FE model included the experimentally determined actual
stress-strain relation of the steel column, the rotational end restraint of the steel column due to
friction and the stiffness of the test rig. All three full-scale experiments were simulated separately,
thereby modelling the actual initial out-of-straightness of the steel column from measurements of
each specimen. The calibration of the FE model —based on experimental data— illustrated that if
the actual dimensions, out-of-straightness, end conditions and material behaviour of the steel
column are included, both the ultimate loads and stress distributions show fairly good
correspondence with the experimental results. For experiments 1 and 2, the FE model
underestimated the experimentally obtained ultimate load by approximately 9%. The calibration

of the FE model showed that this is due to the representation of the material law.

The experimentally and numerically obtained load-deformation graphs only correspond
moderately due to significant differences in the lateral in-plane deformations of the steel column
at an initial stage of loading and the stiffness of the steel column at increased loading. Yet, for the
FE models corresponding to experiment 1 and 2, the type and location of failure were in

agreement with the respective experiments.

Finally, the calibration of the FE model showed that imperfections strongly influence the load-

deformation behaviour but have relatively little influence on the ultimate load. The modelled
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rotational end restraint influenced the stiffness behaviour of the steel column, but had virtually
no influence on the ultimate load. Furthermore, the dimensions of the glass panes were of great
influence on both the load-deformation behaviour and ultimate load. Based on the comparison of
the experimental and numerical results, it is concluded that the calibration of the FE model was
fairly successful, although significant improvements can be made to matching the experimental
and numerical load-deformation graphs. In order to calibrate the FE model to full satisfaction,
additional research is required and an enhanced three-dimensional FE model could be considered
to incorporate all kinds of imperfections and allow for a better representation of the adhesive

bonded joint and welded connections.

7.1.3 Overall conclusions

The research objective was phrased as to design a transparent column of glass and steel that fulfills
the requirements for an optimal utilization of the axial load bearing capacity of the steel column
section as well as sufficient structural safety against sudden failure. Based on the experimental and
numerical research described in this report it can be concluded that a system of in-plane loaded
glass panes is perfectly able to provide lateral support to an axially loaded steel column, thereby
substantially increasing the ultimate load of the steel column. The utilization of the axial load

bearing capacity can thus be significantly improved.

Obviously, an important condition to the ability of the system of in-plane loaded glass panes to
provide lateral stability to the steel column is that the glass panes remain intact and do not break.
In the case that the glass panes remain intact, consequence-based structural safety is achieved
based on the implicit redundancy through the material behaviour of steel. It was shown in
experiment 3 that immediate and complete failure of the single-sided laterally supported
specimen occurred upon breakage of the glass panes. However, in the actual design, the steel
column is laterally supported by glass panes at all four sides. It is therefore assumed that
significant residual load bearing capacity may be attributed to the glass panes that remain intact
upon breakage of one or more panes. It is recognized that additional research is required to
confirm this assumption and eventually quantify the level of residual load bearing capacity at

different stages of damage.

The size and number of connections strongly influence the perception of transparency of the
column. For the purpose of this research, a design was selected in which the steel column was
supported at three intermediate locations. Experimental results showed that an ultimate load
could be achieved that approached the fully plastic axial load bearing capacity very well. It can
thus be argued that an optimum utilization of the axial load bearing capacity was achieved at

minimum visual impact.

To conclude, this research has met the objectives formulated in Chapter 1 and has convincingly

shown that the concepr of a glass-steel column is perfectly feasible.
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7.2 Recommendations

Based on the research described in this report, the following recommendations for further

research are given:

It was shown that imperfections are of great influence on the stability behaviour of the glass-steel
column. For the purpose of this research, only the in-plane out-of-straightness of the steel column
was taken into consideration. It is reccommended to extend the research of the stability behaviour
of the glass-steel column to other imperfections, which should primarily include residual stresses
and assembly stresses in the steel section, as well as eccentricity in the load introduction. This

research should be done both experimentally and numerically.

The effect of rotational end restraint in the test setup should be investigated more extensively
than presented in Chapter 5 of this report. Furthermore, the detailling of the load introduction in
the test setup should be reconsidered as to avoid disturbances due to an upward movement of the
actuator which was observed in two of three experiments described in Section 5.6. The results
from additional experiments should then be compared to numerical results based on the FE
model developed in this research. If the results correspond very well, it may be concluded that the

existing FE model can be comfortably calibrated on experimental data.

A three-dimensional FE model could be considered to allow for a better representation of the
geometry of the glass-steel column (i.e., the adhesive bonded joint and welded connections) as
well as to incorporate all kinds of imperfections more accurately and, if necessary, investigate out-
of-plane action. Moreover, a three-dimensional model would allow for modelling the complete
geometry of the glass-steel column in which the steel column section is laterally supported by
glass panes in each orthogonal direction. Finally, cracking of the glass panes could be modelled in
order to quantify the residual load bearing capacity of the column upon breakage of one or more
glass panes.

The structural safety of the concept of the glass-steel column must be thoroughly investigated in
further research. Emphasis should be laid on a combined probabilistic and consequence-based
safety approach, thereby most preferably quantifying the residual load bearing capacity at
different stages of damage to the glass panes.
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Appendix A.1

Design load

A design load was selected on the basis of a typical fundamental combination of dead load and live load
(i.e., in accordance with NEN 6702 [2007]) on a fairly ordinary office floor layout. The grid of
vertical supports was based on a multiple of 1.8m, which is considered customary practice in the design
of office buildings.

Figure A.1.1 shows an office floor with a grid of 5.4m (i.e., 3x 1.8m) by 7.2m (i.e., 4x 1.8m).
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Figure A.1.1 Typical office floor layout with a fairly customary grid of vertical supports, measuring
5.4m by 7.2m.

The floor is assumed to be an equivalent of a solid concrete floor slab with a thickness of 250mm.
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Hence, the representative value of the dead load (also referred to as permanent action) is:

pg:rrp :0-25'25:6.3kN/m2 (1)
The live load (also referred to as variable action) consists of action induced by people and
furniture (i.e., Py, as well as action induced by light-weight separation walls and lowered
Ceilings (i.e., pq;Z;r(p).

Prsws = Paver + Pty = 2.5+ 1.5=4.0N [m’ )

The partial factors in the ultimate limit state are:

Vg = 1.2

Vigw =1.5
And:

P»=0.5

The fundamental combination of actions yields:
P4 =Yt Pere + Vragn W Pumy =1.2-6.34+1.5-4.0=13.6 kN [m’ (3)

The area of which the actions are transferred to a single vertical support is indicated in Figure
A.1.1. It follows:

Apupnom =5.4-7.2=389m" (4)
And:
Fopd = Aftspinom » P2 = 38.9-13.6 =529 kN (5)

For the purpose of preliminary design, the design load is set at S50kN.
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Imperfection parameter

The imperfection parameter (or equivalent initial deflection) takes into account the combined effect of
all kinds of imperfections such as initial out-of-straightness and residual stresses. According to the
Dutch national code the use of this imperfection parameter is allowed for determining the load bearing
capacity of slender columns that are sensitive to buckling. This way, it provides an alternative to the use
of buckling curves. Moreover, using an equivalent initial deflection is particularly useful for numerical

analysis.

A simply supported column subjected to an axial compression load and initial deflection yo.

Figure 1.
A simply supported column of length L is considered with an assumed initial deflection that

equals a half-sine wave with magnitude ¢, (Figure 1). The initial deformation along the length of

the column can then be described by:

. X
Jo = €0 Sin—
L
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The differential equation for the deformation of the simply supported column subjected to an

axial compression load is given by:

d_2y+N(y+yo)

=0 2
dx’ El b

Combining egs. (1) and (2) and taking into account the boundary conditions, the solution of the

differential equation is given by:

sin— (3

The maximum total deformation ¢ is found at x = L/2 and it follows:

e=y(x=L[2)+ p(x=1/2)= N:’o P .
N -1 1_,Nn,

Introducing the amplification factor with n= % eq. (4) can be written as:

n—1

Taking into account the maximum bending moment Ne due to buckling of the column, the

equilibrium of the column requires that:

N  Ne
S
A

Ly (©)

If N is the ultimate load, limited by buckling, and the corresponding stress o, = N /A it follows:

N N Ae Ae
—t——=0,+0,—= 7
A AW ’ “w 5 )

Substituting ¢ according to eq. (5) and introducing the Euler critical stress yields:

e A e
l_oizo'b'FUle_oo,_b:fy (8)
N, o8

or—l—ori
b /zW
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Eq. (8) can be rewritten as:

(f _‘7”)[1—&]205@§

O

A
(f,'—(fb)((fn-(fb):(fb(fné’o—\;‘ (9)

h N

€o
Or, introducing n=—:
gn o

(f, —0s)(0. —0)=n0.0. (10)
This equation is the classical form of the Ayrton-Perry formula.

Introducing N = (7,,/f, , and dividing all terms by £,}, eq. 10 can also be written as:

["f' _ﬁ](l_ﬁ):nﬁ"_" 1)
y y

The coefficient 77 represents the initial out-of-straightness imperfection of the column, but it can
include other defects such as residual stresses as well in which case the coefficient is called the

‘generalized imperfection factor’.

The generalized imperfection factor thus takes into account all relevant defects in a real column
sensitive to buckling such as geometric imperfections, eccentricity of load application and residual

stresses.

Introducing <y = L/e, , which represents the equivalent geometrical imperfection as the ratio of

length over the equivalent initial deflection of the column, the generalized imperfection factor can

be written as:

A LA
n=2C_ 2 (12)
A 4

Introducing L=Xi, W = I/z and #* = ]/A , it follows:

LA X7 A
= =" — (13
" YWy Iz 'y(z'/z) )
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A,
X Ia
Figure 2. Dimensionless representation of the buckling curve for a initially straight simply supported

column of ideal elastic-plastic material.

Furthermore, it is known that A\, = —/\— with A = mE = £ and thus:
Ao V £ \ £,
E
A= /\u//\o = /\n/ﬂ' — (14)
\ £,

As European buckling curves are based on the introduction of a horizontal plateau at N =1 for
A <X (Figure 2), combining egs. (13) and (14) yields:

A :(/\r,/_/\o)/\o :W\]E/f! (/\"’M/\") (15)

R R R (i)

Eq. (15) can be written in a more general form in which « takes into account the effect of all

kinds of imperfections:
n=a(h— ) U

If eq. (11) is now re-considered, multiplying all terms by ﬁ/o,, yields:

[1_@](1_1\7):m (17)

O

As N\, = f, /0. , it follows:

(1- N\ )(1=N)=nN (18)
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Or:
1-N—-NMN+ N\, —nN =0 (19)
Or:

NALS =N\ +7+1)+1=0 (20)

Substituting 1 according to eq. (16), yields for NV :

o ralu =) 0+ = X) +007) — 4N

21)
204 (
In the limit state in which ¢, = 0., it is found:
= g, O puc
N=—= = Whue (22)
J 2
Furthermore, combining egs. (12) en (16) yields:
LA A
= — o—za )\” —/\0 23
== g (A =) (23)
And:
W
€y — a()\”/ - /\0)7 (24)

This equation is referred to as the ‘imperfection parameter’ [NEN 6771, 2000]. The imperfection
parameter represents an equivalent initial bow imperfection of a simply supported column
including initial out-of-straightness and residual stresses. The imperfection parameter thus takes
into account the combined effect of all imperfections and must produce identical results for the

ultimate buckling load compared to the method based on buckling curves.
If eq. (6) is now re-considered, the equilibrium of the column (Figure 3) can also be written as:

Naoa N,
i5id 4+ 46 _ 1 25)
Nr;u;d Mr;u;d

This equation is found in NEN 6771 [2000] as well. Combining eqs. (5) and (25), yields:

Nr;ul + Nr;;;,jeo n
Nf;u;d Mr:u;:l n— l

=1 (26)
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Nc,;;d Ms:d Nc-,‘-.d + Nc;-.de

tension A W A <f
— _J‘l!:l ~. ("\’J J T "
compression + — {
I P
n
P M,s = Nowe = Naw ——¢o N
n—1
Figure 3. Stress distribution based on elastic response in the cross section of a simply supported

column with a vircual initial imperfection eo that takes into account the combined effect of
all imperfections including initial out-of-straightness and residual stresses.

For cross-section classes 1 and 2 according to NEN 6770 [1997], M... can be replaced by M, .
Furthermore, taking V.., = N, eq. (26) becomes:

Ne, :[1_ N ][n—l] -
MP’ Np/ n

In the limit state in which NV = w,..V,/, it follows:

— — —1\M
€ = 1——/\_/_ [72 I]MP[ :(1—(4)/,.4()[” 1} MP/ == L (1_0)1,.,[)[” 1] £ (28)
N, n N n ) WulNy Wi n )N,
Or:
e‘,:[ : —1]["—_1]%’ (29)
Whue n N,/
Or:
1 1 —1 1] 1 |l —wh.
€o — — —— [n ]M,/:[n ] W Mp/ (30)
WulNy Ny n n )W | N,

From eq. (25) it follows:

Ne Ne Ne
M = ININ ) TNV, 1= oy
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Combining egs. (30) and (31) yields:

eo_[n—l}#l—wbw Ne :[n—l] 1 Ne (32)
n ) Whe N ol 1 — W n )W N 2
Or:
1
802[1—1}L il :[1—N"] L % :[L—N"]N" | (3
n) Wee Ny N )W N, Wie Ny )Ny W Ny N,
Or:
30:[1 - 1 ]Ne (34)
N N,

1 1
0 = —— Myt
o 6

e 1 (36)

L (37)

This equation shows great similarities to the Merchant-Rankine formula. By applying the
imperfection parameter given in eq. (24), the result for £, from eq. (36) must be identical to

the result from using buckling curves and determining wy, /V,, .

Note that at first yielding in the cross-section at the middle of the length of the simply supported
column, plastic redistribution of stresses (i.e spreading of yielding) allow for a slight increase in
the ultimate load capacity. If fully plastic behaviour is considered, eq. (31) must be modified and

the reduced plastic bending moment capacity M,,... becomes:

(38)

2
2l

Nz
MP,,Q{ZMP/[I— ]
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And:

N,./ (\,4M,/2 1 Nplze()z - N,ﬂt’o)

oM,

(39)

E,,m/ -

The ultimate second-order elastic-reduced plastic load F.. can then be approximated by

applying eq. (37).
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Winter's bracing formulas

Winter’s paper “Lateral Bracing of Columns and Beams”, published first in 1958 and later in 1960
[Winter, 1960], is generally considered to be the paper that provided the basis for modern design
provisions for bracing of beams and columns. Winter experimentally demonstrated thar effective
bracing must not only possess a definable strength, but must also possess sufficient stiffness. Using the
tests as a basis, Winter developed mathematical models for required bracing strength and stiffness for

beams and columns.

This appendix briefly discusses the formulas derived by Winter for a pin-ended column thar is
laterally supported by three equally spaced intermediate supports. In addition, it is shown that the
design recommendations in NEN 6770 [1997] and NEN 6771 [2000] are essentially identical to

Winter’s bracing formulas.

Winter developed a rigid-bar model to calculate the ideal spring stiffness, i.e. the stiffness
necessary to force a perfect (i.e., initially straight) column to buckle between the intermediate
supports. Figure A.3.1 shows a rigid-bar model with three equally spaced intermediate supports at
which the displacements 4, A¢c and Ap are unknown. Taking summation of moments at point
E, yields:

E, :f(sAB 120 +A) W

Similarly, it follows:

FE ZE(AB + 2Ac +3AD) (2)
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iF

+ {
L

+ -\ 0.707A ) A ) 0.707A
L

T A A
L

T -] 07078 {H A 1y 0.707A
L

[ I1 I

Figure A.3.1 (L) Winter’s model: a rigid-bar model with three equally spaced intermediate supports at
which the displacements 4s, Acand 4p are unknown.
Figure A.3.2 (R) Three modes (i.e., buckled shapes); the third mode represents full bracing.

Cutting the structure and summing moments at the respective points B, C and D gives:

FA, = %k(aAB +20c 4+ A) (3)

FA :%k(m,, 1 4Ac +2A,) )

Lk
Fl, = Y(AB +2Ac +3A,) )

Defining X, EAC/AB and X, EAD/AB and solving egs. (3) to (5) simultaneously, yields

three solutions:

X=d2 k=l and kL/F =0.586 (©6)
X, =0 ; Xo=—1 and kL/F =2.000 (7)
X=—2 X.=1  and kL/F=3.414 ®)

Figure A.3.2 shows the buckled shapes corresponding to the three solutions given by egs. (6) to
(8). The solution given by eq. (8) represents the spring stiffness necessary for full bracing. Thus,
full bracing occurs at F=Fp=nEl/L* when kL/F=3.414.
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Accordingly, the ideal spring stiffness for a pin-ended perfect column that is laterally supported

by three equally spaced intermediate springs can be given by:

kE

k with £ =3.414 9)

Similarly, the ideal spring stiffness can be determined for any number of equally spaced
intermediate supports (and, thus, number of bays 7, with length L). The general form of eq. (9) is

given by:

kE

k with £ = 2[1 + cosl] (10)

n,

From a comparsion of eq. (10) with design recommendations given in the Dutch national code,
it can be seen that NEN 6770 [1997] requires the stiffness to be equal to 2.54; in order to achieve
sufficient stiffness so that the spring can be considered as a rigid support. The required stiffness
according to NEN 6770 [1997] is given by:

k, = Ay 2—5 (11)
ﬂué A
with:
i
62———7 (12)
2[1 +cos—]
n

Taking N, = Af,u, ay =lfn =L, {=1[k and N, = ,/N,,/FE , it follows:

knzk,n,,N/,/ ZSF[ :25krlF[ :zsk,F[ (13)

[ N/,/ n, L

And thus:

k, = 2.5k (14)
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Rigid bar model equations

The relation between the applied axial compression load and lateral deformation of an imperfect
simply supported column can be determined analytically with the help of a single-degree-of-freedom
rigid bar model. The methods and equations presented in this Appendix are largely based on the work
of Bakker and Kerstens [2008].

A rigid body assemblage is a discrete model that consists of a system of rigid bodies (such as bars)
wherein deformations are limited entirely to localized spring elements. Figure A.4.1a-c shows the
single-degree-of-freedom rigid bar model of a simply supported imperfect column and the

corresponding free-body diagrams of a single rigid bar.

-
L/2 T
+ Fe. -
L/2 M b
i
(a) (b) () (d)
FigureA4.]1  Single-degree-of-freedom rigid bar model (a); equilibrium expressed on the undeformed (b)

and deformed (c) geometry of a single rigid bar; load-deformation relations of the single-
degree-of-freedom rigid bar model (d).
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For the purpose of this report, only a simply supported imperfect rigid bar model is considered.
By considering a perfect rigid bar model (i.e., without initial imperfection) it is shown by Bakker
and Kerstens [2008] that the Euler buckling load equals:

E=— (1)

The first-order elastic behaviour of the single-degree-of-freedom rigid bar model representing an

imperfect column can be described by expressing equilibrium on the undeformed geometry
(Figure A.4.1b):

M = Fuw, (2)
The kinematic conditions (Figure A.4.1a) include:

Pro =po = 4w, [ L (3)

@ =¢p=4w|L (4)
The constitutive relation is given by:

M=c(p—p) (5)

The load-deformation relation can then be described by inserting egs. (3), (4) and (5) in eq. (2):

4e(w—wo
Fwn~c(<p—<p0):M 6)
L
And, by inserting eq. (1) in eq. (6):
4 — Wy — Wy
Fe c(w w)zﬁw w:F,,[i—l] 7)
ZUOL L Wy Wo

Figure A.4.1d shows the first-order elastic load-deformation relation, indicated by curve 2. The

curve has a constant slope, which is obvious as:

dF _F,

dw  w,

(8)

Figure A.4.1¢ shows the deformed single-degree-of-freedom rigid bar model. Similar to eq. (2),

equilibrium can be expressed on the deformed geometry:

M = Fw )
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By applying the same kinematic and constitutive relations given by egs. (3), (4) and (5),

respectively, the second-order elastic load-deformation relation can given by:

4 —w,
Fw:c(w—goo):% (10)
It then follows:
podelw—w) dew—w _ "[1_ﬂ] (11)
wl L w w
Or:
E/F
w— 0 = w, E' = W ( / ) = a Wy with ﬂ:E’ (12)
i F F,—F (E[F)-1 n-—I
E

Figure A.4.1d shows the second-order elastic load-deformation relation in curve 3. The curve no

longer has a constant slope, as the first derivative of F with respect to w follows from:

dF - FLow,

dw w’

(13)

In order to describe the plastic behaviour of the single-degree-of-freedom rigid bar model, the
spring is assumed to be no longer elastic, but instead plastic. The constitutive relation can then be

given by:
M=M, (14)

As the expression of equilibrium (i.e., eq. (2)) remains the same, the first-order plastic load-

deformation relation can be given by:

Fw, =M, (15)
And thus:
e e (16)
Wy

From eq. (16), it can be seen that F is constant for any value of w and only depends on wy. F, is
called the first-order plastic limit load and becomes infinite for perfect columns (w, = 0). In

Figure A.4.1d, the first-order plastic load-deformation relation is indicated by curve 4.
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Taking eq. (9), in which equilibrium is expressed on the deformed geometry, and eq. (14), the

second-order plastic load-deformation relation can be given by:

Fw=M, (17)

It follows:
=M (18)

w

The second-order plastic load-deformation relation is shown by curve 5 in Figure A.4.1d. From
eq. (18) it can be seen that the second-order plastic load-deformation relation is independent of

the initial imperfection.

In order to find the actual, second-order elastic-plastic load-deformation behaviour of the single-
degree-of-freedom rigid bar model representing an imperfect column, the curves 3 and 5 in
Figure A.4.1d must be combined. The point at which both lines intersect, is the point at which
the spring characteristics change from elastic to plastic under increasing deformation. At this

point, the ultimate load is attained and it follows:

F=F (19)
O =P =P (20)
w=uw, (21)

The kinematic conditions include:

Qoo =0 = dun[L (22)

Oru =P = 4w, [L (23)
The constitutive relation is given by:

M=M,=c(p.—p) (24)
Inserting eqs. (22) and (23) in eq. (24) yields:

M, = defw, —wo) (25)
L
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And thus:
L M
v — 0+M_: 0+—P (26)
w, = w o w 7
Or:
w, =w, +w, with w, = T’ (27)

Inserting w, in the second-order elastic load-deformation relation given by eq. (11), yields:

F:F[l—ﬂ]:F 12| p |t g | (28)
w, wy, +w, wo +w, wo +w,
And, by inserting eqs. (16) and (27):
1 _Ljwtw,) 1wl Ly wfe) 11 (29)
£ FEl w, ' w, - » YA

Obviously, the same result is obtained from inserting w, in the second-order plastic load-
deformation relation given by eq. (18), as the point (£,, w,) lies on this curve as well. Again, by
inserting eqs. (16) and (27) it follows:

1 _w _wtw, w w11 (30)
E M, M, M, M, FE F

In general:
r_ 1.1 31)
R B

This equation is known as the Merchant-Rankine formula.

A rigid bar model is a discrete model that consists of a system of rigid bars wherein deformations
are limited entirely to localized spring elements. The axial load is carried entirely by the rigid bars
whereas the springs contribute completely to the bending moment capacity. Hence, rigid bar
modes| are unlike actual, continuous columns in which the axial load influences the bending
moment capacity and, thus, the plastic load-deformation behaviour. Rigid bar models, however,
can be used to describe the load-deformation behaviour of continuous columns, but the bending
moment capacity must then be reduced for the combination of an axial load and bending

moment.
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For a column with a rectangular cross-section, the fully plastic axial load-bearing capacity and

fully plastic bending moment capacity are given by, respectively:

N, = bhf, (32)
M, = %wf £ (33)

Figure A.4.2 shows a rectengular section that is subjected to a combination of axial load and

bending moment. The axial load is given by:

F=bf, (34)
o-f,
+ ————————e —
Va(h-c)
h +-4+-—-e—_ -——+c
Va(h-c)
E 3 [, -
c=f,
b
Figure A.4.2 Recrangular cross section with a fully plastic stress distribution due to a combination of

axial load and bending moment.

And it follows:
£_t9 _< (35)
N, bhf, b
The reduced bending moment capacity is then given by:
M, =~(h- )b, [/J —l(/;—c)] —4f, [i/ﬁ —lﬁ] Lpplims (36)
' 2 2 4 4 4 h
Inserting eqs. (33) and (35) in eq. (36), yields:
M,y =M, [1 i ] (37)
N,
The reduced second-order plastic load-deformation relation can be given by:
Fw=M,,..=M, [1 — [‘; 2 ] (38)
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It follows:
FwN,* = M,N,* — M,F?
M,F* +wN,'F—M,N, =0

Solving F from eq. (39) yields:

(N )W NS+ AM N,

NN AM - N, (N,w)

2M,
And thus:
N, (\/4M,f + Nw' —N,,w)
F=
2M,

2M,

Taking w = wy , the reduced first order plastic limit load is found:

N, (&M + Nwi' = N

F,_m/ =

2M,

(39)

(40)

(41)

(42)

The ultimate reduced second-order elastic-plastic load F,.s can then be approximated by a

modified Merchant-Rankine formula. It follows:

1 1 1
~ +—
Frwi  Frw F

(43)
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Geometry measurements

Prior to assembly of the test specimens, measurements were carried out to determine the actual
dimensions of the different parts of the test specimen, including the steel column, the glass panes, the
center strip and outer strips. In addition, the thickness of the assembled steel strip was measured after
completed assembly of the test specimen in order to determine the thickness of the combined adbesive
bonded joints at each side of the glass surface, which is discussed in Appendix B.2.

The measurements on the steel column were aimed at determining the actual dimensions, i.e.
width and height of the cross-sectional area at any location along the length of the column. At
four approximately equally placed locations along the length of the column, the width and height
were measured. The accuracy of the measuring device was assumed +/- 0.02mm. Table B.1.1
shows the results. The nominal dimensions were 50mm x 50mm. The largest value measured was
50.25mm (i.e., a deviation of 0.50%), whereas the smallest value measured was 49.76mm (i.e., a
deviation of 0.48%). In conclusion, the average width measured was about 0.18% smaller than
the nominal width and the average height measured was about 0.36% larger than the nominal
height. The deviations in the cross-sectional dimensions of the steel column were therefore

considered negligibly small.

Table B.1.1 Steel column geometry measurements.
specimen b, b, b; by bavg h, h, hs h4 hag
[-] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 49.80 49.80 49.90 50.00 49.88 50.25 50.20 50.20 50.25 50.23
2 49.92 4991 49.82 49.86 49.88 50.13 50.19 50.24 50.19 50.19
3 50.12 50.06 50.08 50.01 50.07 50.14 50.18 50.14 50.12 50.15
4 49.79 49.80 49.76 49.79 49.79 50.13 50.12 50.13 5023 50.15

ALL 49.91 50.18
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The measurements on the steel center strip were aimed at determining the actual dimensions, i.e.
width and height of the cross-sectional area at any location along the length of the strip, as well as
the length of the strip. At three approximately equally placed locations along the length of the
strip, the width and height were measured. The accuracy of the measuring device was assumed +/-
0.05mm. Table B.1.2 shows the results. The nominal dimensions were 20mm x 20mm x
650mm. The largest value measured was 20.00mm, whereas the smallest value measured was
19.85mm (i.e., a deviation of 0.75%). In conclusion, the average width measured was about
0.65% smaller than the nominal width and the average height measured was about 0.45% smaller
than the nominal height. The deviations in the cross-sectional dimensions of the steel center strip
were therefore considered negligibly small.

Table B.1.2 Steel center strip geometry measurements.
specimen b, b, bs b h, h, h; hav L L, Lue
-] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 19.85 19.90 19.85 19.87 19.95 19.95 20.00 19.97 651 651 651
2 19.85 19.85 1990 19.87 19.90 19.85 19.90 19.88 651 651 651
3 19.85 19.85 19.90 19.87 19.90 1990 19.95 1992 652 651 652
4 19.85 19.85 19.85 19.85 1990 1990 19.90 19.90 652 652 652
5 19.90 19.90 19.85 19.88 1990 19.85 19.90 19.88 652 652 652

ALL 19.87 19.91 652

The measurements on the steel outer strip were aimed at determining the actual dimensions, i.e.
thickness and height at any location along the length of the strip, as well as the length of the strip.
At three approximately equally placed locations along the length of the strip, the thickness was
measured at two locations over the height of the strip (i.e., a total of 6 locations). The height of
the strip was measured at two locations. The accuracy of the measuring device was assumed +/-
0.05mm. Table B.1.3 shows the results. The nominal dimensions were Smm x 60mm x 550mm.
The average thickness measured was about 0.40% smaller than the nominal thickness and the
average height measured was about 0.50% smaller than the nominal height. The deviations in the

cross-sectional dimensions of the steel outer strip were therefore considered negligibly small.

Table B.1.3 Steel outer strip geometry measurements.

specimen t 0 t ts % tg  h ha  hyy Ly Ly Lug
(-] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 500 5.00 5.00 495 5.00 500 499 59.6 59.6 59.6 550 550 550
2 500 4.95 495 495 495 495 496 599 59.8 599 551 551 551
3 5.00 500 500 500 500 500 500 59.7 59.7 59.7 550 550 550
4
5

495 4.95 495 5.00 500 4.95 497 59.7 59.7 59.7 550 550 550
5.00 4.95 495 5.00 500 495 498 59.7 59.7 59.7 550 550 550
ALL 4.98 59.7 550
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The measurements on the glass panes were aimed at determining the actual dimensions of the

panes (Table B.1.4 and B.1.5). The thickness of the glass panes was measured at eight

approximately equally placed locations along the perimeter of the glass pane at about 20mm from

the edge. Four measuring locations included the corners of the pane, while the other four were

midway along the pane’s height or length. The height and length of the panes were measured at

two locations. The accuracy of the measuring device for determining the pane thickness was

assumed +/- 0.02mm, while the accuracy of the measuring device for determining the height and

length was assumed +/- 1mm. The nominal dimensions were 19mm x 350/550mm x 870mm.

The smallest value of the thickness measured was 18.39mm (i.e., a deviation of 3.21%). The

average thickness measured was about 3.0% smaller than the nominal thickness. The deviations

in the thickness of the glass panes were in accordance with literature, e.g. [Luible, 2004].

Table B.1.4 Glass pane geometry measurements: thickness.
specimen T, ) t3 7 ts ts ty ts Tavg
[-] [mm]  [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
350.1 18.39 1841 18.41 1840 1840 18.44 18.41 18.39  18.41
350.2 18.41 18.44 1844 1843 1841 18.44 18.42  18.42  18.43
350.3 18.53  18.39  18.41 18.56 18.42 1840 1843 1855 1846
350.4 18.42  18.44 18.45 18.42 1841 18.44 18.43  18.41 18.43
550.1 1853 1839 18.40 18.53 1850 1839 1842 1853  18.46
550.2 18.54 1840 1839 1856 1840 1839 1842 1855 18.46
550.3 18.54 18.40 1840 1855 1842 1840 1842 1855 18.46
550.4 18.41 18.42 1843 1840 1840 1842 1843 1839 18.41
550.5 18.40 1841 18.41 18.39  18.40 1841 18.41 18.39  18.40
550.6 18.41 1839 1839 184l 18.40 1839 18.40  18.41 18.40
550.7 18.44 18.41 18.41 18.44  18.42  18.41 18.41 18.44 18.42
550.8 18.41 18.45 18.44 184l 18.41 18.44 18.41 18.41 18.42
ALL 18.43
Table B.1.5 Glass pane geometry measurements: width and length.
specimen  h; h, hisos L L, Lag
[-] [mm] [mm] [mm] [mm] [mm] [mm]
350.1 350 350 350 870 870 870
350.2 350 350 350 870 870 870
350.3 350 350 350 870 870 870
350.4 350 350 350 870 870 870
550.1 549 549 549 869 869 869
550.2 549 549 549 869 869 869
550.3 549 549 549 869 869 869
550.4 549 549 549 869 869 869
550.5 549 549 549 869 869 869
550.6 549 549 549 869 869 869
550.7 549 549 549 870 870 870
550.8 550 550 550 870 870 870
ALL 549 870
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The thickness of the assembled steel strips was measured after completed assembly of the test
specimen in order to determine the thickness of the combined adhesive bonded joints at each side
of the glass surface, which is discussed in Appendix B.2. The thickness was measured at two
locations at each of the strips welded near the end of the steel column and at four locations at
each of the three other strips, yielding a total of 16 measurements for each specimen. The
accuracy of the measuring device was assumed +/- 0.02mm. Table B.1.6 shows the results. The

nominal thickness was 30mm. The average thickness measured was about 0.07% smaller than the

nominal thickness.

Table B.1.6 Assembled steel strip geometry measurements.

specimen &) 3 t4 ts V3 7 [ avg

[-] [mm]  [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

1 30.11 30.08 30.06 29.81 29.80  30.07 30.03 30.10 30.01
30.31  30.16 30.25 29.80 29.83 30.08 30.01 30.13  30.07

2 29.99 2994 30.08 2975 2980 2994 30.05 30.08 29.95
29.96 2991 30.08 2977 29.83  30.04 2993 2994 2993

3 2994 2991 30.11 30.06 2996  30.05 29.88 2998 2999
29.94 2990 30.04 2990 2991 30.05 29.85 30.08 29.96

ALL 29.98
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Out-of-straightness of steel column

The geometrical imperfections of the steel column were measured at regular intervals along the length of
the column. All 4 sides were measured for the purpose of determining the initial out-of-straightness in
the directions perpendicular to the column axis. The procedure is discussed in Section 5.2.3.1. A

complete overview of the measurement results is presented here.

Measurements were carried out at five approximately equally spaced locations at each side of the
steel column, thereby keeping the outer meaurement locations about 50mm from the ends of the
column. Table B.2.1 to B.2.8 and Figure B.2.1 to B.2.4 show the measurements and calculated
initial out-of-straightness of each specimen according to the approach illustrated in Figure 5.3
(Section 5.2.3.1).

Table B.2.1 Steel column measurements relative to a horizontal reference plane; specimen 1.
side a cl C C3 b
] [mm] [mm] (mm] [mm] (mm]
1 51.2 50.5 50.1 50.9 51.3
2 50.3 52.2 50.0 52.3 51.1
3 50.6 50.7 50.4 50.3 51.3
4 50.6 50.2 52.3 50.8 51.8
Table B.2.2 Calculated initial out-of-straightness of the steel column; specimen 1.
side €, e e €3 €
[-] [mm] [mm] [mm] [mm] [mm]
1 0.0 -0.7 -1.2 -0.4 0.0
2 0.0 1.7 -0.7 1.4 0.0
3 0.0 -0.1 -0.6 -0.8 0.0
4 0.0 -0.7 1.1 -0.7 0.0
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x fmm] x fmm}
3650 ¢ 3650
2750 -| 2750
950
—a—side 1 —o—sidn 2| —o—sded]
! - . .os0o” . 500 ! —
-2.0 -1.0 0.0 1.0 20 -2.0 -1.0 0.0 1.0 20 -2.0 -1.0 0.0 1.0 20 20
& fmm} o fmmf & fmm] o' fmmj
Figure B.2.1 Graphical representation of the calculated initial out-of-straightness of the column; specimen 1.
Table B.2.3 Steel column measurements relative to a horizontal reference plane; specimen 2.
SidC a Ci C2 C3 b
-] [mm] [mm] [mm] [mm] [mm]
1 49.8 50.3 50.3 49.6 52.0
2 51.7 50.0 50.0 49.9 51.1
3 50.6 50.3 50.2 51.7 50.2
4 49.9 51.0 50.3 51.1 50.8
Table B.2.4 Calculated initial out-of-straightness of the steel column; specimen 2.
side €. e e e3 ep
-] [mm] [mm] [mm] [mm] [mm]
1 0.0 -0.1 -0.6 -1.8 0.0
2 0.0 -1.5 -1.4 -1.4 0.0
3 0.0 -0.2 -0.2 1.4 0.0
4 0.0 0.9 0.0 0.5 0.0
x fmmf x fmmj X fmm] x {mm]
3650 3650 3650
2730 2750 2750
1850 1
50
| —o—sido 1 | —0—sde 2 —o—side 3
504 — ‘ ‘ 500 . 50 . — &)
-2.0 -1.0 0.0 10 20 -2.0 -10 0.0 1.0 20 -20 -10 0.0 1.0 20 20 -1.0 0.0 1.0 20
o fmemf o fmmj o' jmmj & fmmj
Figure B.2.2 Graphical representation of the calculated initial out-of-straightness of the column; specimen 2.
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Table B.2.5 Steel column measurements relative to a horizontal reference plane; specimen 3.
side a c 1) 1) b
-] {mm] (mm] [mm] [mm] [mm]
1 49.9 49.8 50.7 49.9 49.9
2 494 49.5 49.5 49.6 49.4
3 50.5 50.8 49.7 50.5 50.0
4 49.6 49.5 49.5 49.5 49.9
Table B.2.6 Calculated initial out-of-straightness of the seeel column; specimen 3.
side ¢ e € €3 &Y
[-] (mm] [mm] [mm] [mm] [mm]
1 0.0 -0.1 08 0.0 0.0
2 0.0 0.1 0.1 0.2 0.0
3 0.0 0.4 -0.5 04 0.0
4 0.0 -0.2 -0.3 -0.3 0.0
2 xfon) x from]
3650 w50 36505
2750 Fit] 2750
»od <
91 90 950
-0 -10 0.0 1.0 20 25 -10 a0 1.0 20 ~2.0
& fomej o frnn]
Figure B.2.3 Graphical representation of the calculated initial out-of-straightness of the column; specimen 3.
Table B.2.7 Steel column measurements relative to a horizontal reference plane; specimen 4.
side a < < < b
I-] [mm] [mm] [mm] [mm] [mm]
1 52.2 50.8 49.8 49.8 52.0
2 50.4 49.7 49.6 49.8 49.8
3 49.9 50.3 50.5 50.9 49.8
4 49.5 50.0 49.6 49.4 49.7
Table B.2.8 Calculated initial out-of-straightness of the sreel column; specimen 4.
side & & e e C
[-] [mm] [mm] [mm] [mm] [mm]
i 0.0 -1.3 -2.3 -2.3 0.0
2 0.0 -0.5 -0.5 -0.2 0.0
3 0.0 0.4 0.6 1.1 0.0
4 0.0 0.4 0.0 -0.2 0.0
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x fnnf x Jrmnj x fm} x froen}
3650, 3650 3850 13 3650
2750 2 2750 2%
1850 50 1850 1850
%56 950 #0
e it 1 —o—side 2| - Sicle 3 —0gide 4
~3.0 -20 -1.0 8.0 10 -28 -1.0 0.0 1.0 20 20 -14 00 10 2.0 20 -1.0 20 1.0 28
e’ fmm) @ fonm] &' fmmj o fmre
Figure B.2.4 Graphical representation of the calculated initial out-of-straightness of the column; specimen 4.
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Appendix B.3
Adbesive bonded joint thickness

The actual thickness of the adbesive bonded joint is considered of great importance to the structural
behaviour of the test specimens, as well as to the accurate FE simulation of the experiments. Yet, the
actual adbesive bonded joint thickness cannot be measured in a straight-forward manner. Based on the
geometry measurements presented in Appendix B.1, however, it possible to calculate an average joint
thickness that must give a fair approximation of the actual thickness.

The average thickness of a single adhesive bonded joint can be calculated as follows:

tﬂﬂ'b;abg = (rm:a;g - tg;aug - Ztos:avg )/2 (])
In eq. (1), fuur is the average assembled strip thickness measured, f., is the average glass pane
thickness measured and £, is the average thickness measured of the steel outer strip, all of which

presented in Appendix B.1. Table B.3.1 shows the results.

Table B.3.1 Calculated adhesive bonded joint thickness.

specimen Tasove tgave Tasavg begavy Cadbiavg ¢

-] [mm] [mm] {mm] [mm] {mm] [mim]
1 30.04 18.45 4.98 19.87 0.81 0.11
2 29.94 18.41 498 19.87 0.78 0.06
3 29.98 18.43 4,98 19.87 0.79 0.08

Eq. (1), however, does not take into account the deviation between the assembled strip thickness
measured and the sum of the center and outer strip thicknesses measured seperately. In other
words: the assembled strip thickness measured should equal the sum of the center and outer strip

thicknesses measured.
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Or, the error that might be made can be given by:

€= (tao‘:aog - bﬁ:aug - 23‘01;{1»3 )/2 (2)
It can be seen from the results in Table B.3.1 that the average joint thickness was about 0.7 —
0.8mm, while the anticipated nominal joint thickness was 0.5mm. Although the relative

deviation is rather large, the absolute difference is regarded reasonable, considering the fact that
the adhesive was applied manually.
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[ ensile coupon testing

Tensile coupon tests were primarily performed to determine the stress-strain relation of the delivered
steel as it allowed for accurate modelling of the material behaviour in FE analyses and estimating the
ultimate load capacity. Two test coupons were taken from the end of each column, thus totalling eight
coupons. All tests were performed according to the testing procedure discussed in Section 5.4.1. This
Appendix provides detailed results of the first of two coupons of each specimen (also referred to as the A-

coupons).

Figure B.4.1 to B.4.4 show the tensile coupon test results of the A-coupons of each specimen.

Test speed traject | = 1.1mm/min = (7]
Test speed traject I1 = 3.4 mm/min 400
L, = 70mm £
Se = 152.63mm % x0
foa = 293.6N/mm?*
f,s = 257.3N/mm? 10
fis = 400.5N/mm? s — e
0000 0050 0100 0150 0200 0250 0300 0350 0.400
&y = 0.399 strain -]
500 500
=55 ’—TM
1 e ‘—%@J
g T w0
. .
o || TR
(1} S S - - - 0 — = ; . g oy
0000 0005 0.010 0.015 0.020 0025 0.000 0.005 0.010 0.015 0.020 0.025
strain ] straun [-]
Figure B.4.1 Tensile coupon test results of specimen T1.1.

163



DESIGN OF A TRANSPARENT COLUMN IN GLASS AND STEEL

Figure B.4.2

Figure B.4.3
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Test speed traject I = 1.1mm/min
Test speed traject 11 = 3.4 mm/min

L, = 70mm

Se = 152.48mm
4= 291.5N/mm?
fis = 252.9N/mm?
fs = 394.6N/mm?
g, = 0.325

—

g

strass (N/mm2]

0.000 0.006 0.010 0.016 0.020

strain [

Test speed traject [ = 1.1mm/min
Test speed traject 11 = 3.4 mm/min

Lo =70mm

S, = 119.65mm
foa = 289.8N/mm?
fis = 249.9N/mm?
fus = 385.4N/mm?
£, = 0.336

500 -
—ml

400 1

stross NAmm2)

0000 0005 0010 0.01% 0.020

straun [}

stross (N/mm2]

0000 0050 0.100 0150 0200 0250 0300 0350 0400

strain [-]
500
—T21
400 |—— Linear (12.1)|
T a0
£
£
@
€ 200
3
¥ =211584x
° =0.9988
100
0 : ‘ ; ; 3
0000 0.005 0010 0015 0.020 0.025
strin |-}

Tensile coupon test results of specimen T2.1.

strass (NAmm2)

0000 0050 0100 0450 0200 0250 0300 0350 0400

strain [~}
500
— T
200 —— Lincar (T3 1)
T 00
g
2
-
2
$ 200 | y=2072007x
R=1
100
0« . . ' . .
0000 0005 0010 0015 0.020 0.025
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Tensile coupon test results of specimen T3.1.
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Test speed traject I = 1.1mm/min
Test speed traject Il = 3.4 mm/min

Lo = 70mm

So = 151.54mm
fya = 293.4N/mm?
fys = 250.5N/mm?
fus = 398.8N/mm?
g, = 0.357

[—Ta4|

400 |

g

svess [Nmm2]

0 e . .
0000 0.005 0010 0015 0.020

stroin -}

Figure B.4.4

0025

stress [N/mm2]

siress (NNmm2)

0 . . . ' . "= . o
0000 0050 0100 0150 0200 0250 0300 035 0400

stewn [-)
500
—_Ta
A
o | ——Uincar (Ta.1)
300
200 ¥ =207095x
R =0.9996
100
0 . . . . .
0.000 0.005 0010 0015 0.020 0.025
straun |-}

Tensile coupon test results of specimen T4.1.
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Appendix C.1
Typical DIANA input data file

For the purpose of performing FE analyses, the commercial general purpose code DIANA, developed by
TNO DIANA bv, was utilized. The software architecture of the DIANA system as seen from a user’s
point of view consists of a number of modules [TNO DIANA, 2007]. Each module fulfills a clearly
defined task in the FE analysis. For instance, Module input (M1) reads the description of the FE
model. All modules have data communication with a central database, the Filos file. To have access ro
this software architecture, there are three user interfaces: a batch interface, an interactive graphical
interface and an interface with user-supplied subroutines. In the DIANA batch interface, two files
must be supplied: an inpur data file which describes the FE model and a command file which tells
DIANA how to analyze it. From these two files DIANA can setup and solve the system of equations
and produce analysis results.

This Appendix only deals with the inpur data file that is generated through the interactive graphical
interface (GUI), as well as through user-supplied subroutines. The input data file is then edited to add
some specific properties to the input data file that could not be generated through the interactive
graphical interface. Fur the purpose of briefness, these procedures are not discussed here. Instead, only
the resulting input data file to the batch interface is partially presented. A typical DIANA command
file is discussed in Appendix C.2.

The input data file is a text-format file which describes the entire FE model, including node
coordinates, elements and connectivity, boundary conditions, loading, material and geometry
properties, etc. A typical input data file is presented hereafter. The file, named c_11_01_04.da, is
the input data file that is generated for the analysis of the calibrated model C to simulate
experiment 1 (see Table 6.4 in Section 6.3.2). As the model consists of 1983 nodes and 789
elements, only the key coordinates and element connectivity are presented. Detailed information
on the syntax description of the input data file can be found in the DIANA User’s Manual [TNO
DIANA, 2007].
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c_11_01_04.dac

FEMGEN MODEL : C_11 01 04
ANALYSIS TYPE : Structural 2D
"UNITS"
LENGTH MM
TIME SEC
TEMPER KELVIN
FORCE N
'COORDINATES' DI=2
1 0.000000E+00 0.000000E+00
(o s monus v e w8 s 510 805 3 3 8 508 815 & B0 5 0 s Big 8 |
77 1.550000E+01 1.850000E+03
[ e s Ny S I S R Y M IR N R i ]
151 0.000000E+00 3.700000E+03
[ e e e ]
155 1.000000E+02 5.000000E+01
163 6.500000E+02 5.000000E+01
L e e et e ]
167 1.000000E+02 9.500000E+02
[t et e e et i et e e e ]
175 6.500000E+02 9.500000E+02
[ = omt o oz 0 i ot s 5 s ¢ 205w R e 8 O s e |
179 1.000000E+02 1.850000E+03
[ sir 560 w9 56 o s i 5 L e
187 6.500000E+02 1.850000E+03
[ 5 o o 5 o s 2 5 o ¥ R e e B § ]
191 1.000000E+02 2.750000E+03
[ orsim o omnmn s omgms o e g s g e e s 09 5w g s s g ]
199 6.500000E+02 2.750000E+03
[smspmsmey comumes o m e mms R s pgs o s omw s e ]
203 1.000000E+02 3.650000E+03
[smesmsmerssms O esmswes@e Do dimshs vmemss ]
211 6.500000E+02 3.650000E+03
212 1.000000E+02 5.050000E+01
P ]
228 1.000000E+02 9.495000E+02
T,
348 6.500000E+02 5.050000E+01
T ]
364 6.500000E+02 9.495000E+02
[ e mom s o s v 5w 00 0 6 w0 S 6 e 8 8 ]
645 1.000000E+02 9.505000E+02
Do s e ow s o powves s o g oo @ % & ooms & 57 6 s © R W S © 6 ¥ e ]
661 1.000000E+02 1.849500E+03
[ m e memms mw s s m e wow wme sow w8 5ok s 508 wie s 8 5 ]
781 6.500000E+02 9.505000E+02
Uiz mo s s o v o 6 o & Wi 3 i 8 906 5 5 & 5560 B 198 @ @24 6 0 6 8
797 6.500000E+02 1.849500E+03
Lo momuonmsmesomsm s smsme s s & 56 556 0k 55 58 |
1078 1.000000E+02 1.850500E+03
s oo mis@amime i e aids@eus s Ms9Es e mesmsn ]
1094 1.000000E+02 2.749500E+03
Fosmsmusmpmsnutmisni B Mo MRy Wi UaaMEn ]
1214 6.500000E+02 1.850500E+03
I i i I I Tt ]
1230 6.500000E+02 2.749500E+03
Eomon o momimm om m B B S B S 8 5 6 A3 B 5 Rt A1 5B 5 38 ]
1511 1.000000E+02 2.750500E+03
VR SRR P P ]
1527 1.000000E+02 3.649500E+03
]
1647 6.500000E+02 2.750500E+03
[t e e e e e e e e ]
1663 6.500000E+02 3.649500E+03
[t e e e e e e e e 1
1944 6.156250E+02 5.000000E+01
[t e e e e e e e e ]
3951 1.343750E+02 5.000000E+01
1952 1.343750E+02 9.500000E+02
v onsnmims s G SR BRI A RSO RS RS TR W 2 1
1959 6.156250E+02 9.500000E+02
1960 1.343750E+02 1.850000E+03
[ oiw s s wrmm g o v 6w i o 8w 8 i o s 6 w8 & e e R ]
1967 6.156250E+02 1.850000E+03
1968 1.343750E+02 2.750000E+03
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1645 1910 1646 1927 1663 1943 1662 1926

2.750000E+03
3.650000E+03

3.650000E+03

210 1983 211 1646 1927 1663

0.07743 540.

7.900000E+02

1975 6.156250E+02
1976 1.343750E+02
[ e e e e e ]
1983 6.156250E+02

' ELEMENTS '

CONNECTIVITY

1 L7BEN 1 2
R, ]
150 L7BEN 150 151
151 L7BEN 3 152
152 L7BEN 152 153
e ]
162 L7BEN 162 163
163 L7BEN 41 164
164 L7BEN 164 165
e ]
174 L7BEN 174 175
175 L7BEN 77 176
176 L7BEN 176 177
(e ]
186 L7BEN 186 187
187 L7BEN 113 188
188 L7BEN 188 189
[ ]
198 L7BEN 198 199
199 L7BEN 149 200
200 L7BEN 200 201
Lo ]
210 L7BEN 210 211
211 CQ16M
722 CQL6M
723 CL12I 163 1944 162 348 612 331
[ e e e e e e e ]
786 CL12I
787 SPLRO 1
788 SP1RO 151
789 SPITR 1

DATA

/ 1-150 / 1

/ 151-210 / 2

MATERIALS

/ 1-150 / 1

/ 151-210 / 2

/ 211-722 / 3

/ 123-786 / 4

/ 787 188 / 5

/ 789 / &

GEOMETRY

/ 1-150 / 1

/ 151-210 / 2

/ 211-722 / 3

/ 723-786 / 4

/ 787 788 / S

/ 189 / 6

" DATA'

1 NINTEG 2 7

2 NINTEG 2 7

'MATERIALS '

1 YOUNG 2.080000E+05
POTSON 3.000000E-01
YIELD VMISES
HARDIA 262.1 0. 262.
HARDEN STRAIN

2 YOUNG 2.100000E+05
POISON 2.000000E-01
YIELD VMISES
HARDIA 260. 0. 540.
HARDEN STRAIN

3 YOUNG 7.000000E+04
POISON 2.300000E-01

4 DSTIF 7.930000E+02

5 SPRING 8.770001E+07

6 SPRING 2.480000E+05

' GEOMETRY '

1 RECTAN 5.000000E+01

5.000000E+01

407.

.129

408.

.21

408.
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2 RECTAN 2.000000E+01 2.000000E+01
3 THICK 1.900000E+01
4 THICK 1.900000E+0C1L
CONFIG MEMBRA
5 AXIS 0.000000E+0C 0.000000E+00 1.000000E+00
6 AXIS 0.000000E+00 1.000000E+00 0.000000E+00
'GROUPS”
ELEMEN
1 sEl / 1~150 /
NODES
2 SE1 N / 1-151 /
ELEMEN
3 SE2 / 151-210 /
NODES
4 SE2 N / 341 77 113 149 152-211 /
ELEMEN
5 SE3 / 211-722 /
NODES
6 SE3 N / 212-1943 /
ELEMEN
7 SE4 / 723-786 /
NODES
8 SE4 N / 155-163 167-175 179-187 191-199 203-212 228 229 245 246
262 263 279 280 296 297 313 314 330 331 347 348 364
381 397 414 430 447 463 480 496 513 529 546 562 579
595 612 628 645 661 662 678 679 695 696 712 713 729 730
746 747 763 764 780 781 797 814 830 847 863 880 896
913 929 946 962 979 995 1012 1028 1045 1061 1078 1094 1095
1111 1112 1128 1129 1145 1146 1162 1163 1179 1180 1196 1197
1213 1214 1230 1247 1263 1280 1296 1313 1329 1346 1362
1379 1395 1412 1428 1445 1461 1478 1494 1511 1527 1528
1544 1545 1561 1562 1578 1579 1595 1596 1612 1613 1629 1630
1646 1647 1663 1680 1696 1713 1729 1746 1762 1779 1795
1812 1828 1845 1861 1878 1894 1911 1927 1944-1983 /
ELEMEN
9 SE5 / 787 788 /
NODES
10 SE5 N / 1 151 /
ELEMEN
11 SE6 / 789 /
NODES
12 SE6 N / 1 /
'SUPPORTS'
/1 I5T # TR 1,
/ 151 / TR 2
'LOADS"'
CASE 1
DEFORM
151 TR 2 -0.100000E+01
'DIRECTIONS'
1 1.000000E+00 0.000000E+00 0.000000E+00
2 0.000000E+00 1.000000E+00 0.000000E+00
3 0.000000E+00 0.000000E+00 1.000000E+00
"END’
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Appendix C.2
Typical DIANA command file

Appendix C.1 discussed the DIANA input data file, which describes the FE model. In addition to this
file, a command file is needed in order for DIANA to be able to solve the system of equations and
produce analysis results in the batch interface. The command file includes initializing a Filos file,
reading of the input data file, performing the analysis and generating outpur.

For the purpose of this research, all analyses performed were displacement controlled geometrical
and physical nonlinear imperfect analyses. In order to account for the geometrical nonlinearity a
Total Lagrange formulation was used, whereas for the physical (i.e., material) nonlinearity an
incremental-iterative solution procedure was adopted based on the combined use of a Regular
Newton-Raphson iteration method and line-search method. A typical command file is presented
hereafter. Detailed information on the syntax description of the command file and background
information on the solution procedures can be found in the DIANA User’s Manual [TNO
DIANA, 2007].

nonlin.com

[

*FILOS

INITIA

*INPUT

*NONLIN

BEGIN TYPE
PHYSIC

GEOMET TOTAL

END TYPE

BEGIN OUTPUT FEMVIE FILE=C 11 01 04
DISPLA

FORCE

STRESS

STRESS TOTAL GLOBAL INTPNT
STRESS TOTAL FORCE GLOBAL
STRESS TOTAL FORCE LOCAL
STRESS TOTAL DISFOR LOCAL
STRESS TOTAL MOMENT LOCAL
STRESS TOTAL TRACTI LOCAL

END QUTPUT
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BEGIN OUTPUT TABULA FILE=C_11 01 04
DISPLA
FORCE
END OUTPUT
BEGIN OUTPUT TABULA FILE=C 11 01 0ds
STRESS TOTAL GLOBAL INTPNT
END OUTPUT
BEGIN EXECUT
BEGIN LOAD
LOADNR=1
BEGIN STEPS
BEGIN EXPLIC
SIZES 0.01(1) 0.09(1) 0.5(13) 0.02(10) 0.1(5)
END EXPLIC
END STEPS
END LOAD
BEGIN ITERAT
METHOD NEWTON REGULA
MAXITE=80
LINESE ETAMAX=1. ETAMIN=1E-02 PSI=0.1 DETA=0.01 MAXLS=20
BEGIN CONVER
FORCE NEWREF CONTIN TOLCON=1.E-02 TOLABT=1.E+04
DISPLA NEWREF CONTIN TOLCON=1.E-02 TOLABT=1.E+04
ENERGY OFF
END CONVER
END ITERAT
END EXECUT
FEND
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