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Shear forces at top and bottom skins (i = t, b)

UDL applied on sub-structure II

UDL applied on sub-structure I at top and bottom skin
UDL applied on the whole structure at top and bottom skin
Shear strength (N/mm)

Mean value of the measured values of shear strength at the test

temperature

Horizontal displacement at the neutral axis of top and bottom skin,
Vertical displacement of the skins and core for sub- structure I.

Displacement of core of sub-structure 11

Distance equal to one-third of span length and

Residual strain corresponding to the stress f,
True plastic strain
True total strain

Normal compressive stress in vertical direction in the core
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Coefficient relating to the type of profile

Radius of curvature

True stress

Estimated standard deviation
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Abstract

Modern curtain wall systems are typically designed with extruded aluminium members.
As a load bearing vertical element of the curtain wall system, mullions are also made of
aluminium extrusions with glass fibre reinforced polyamide acting as a thermal break
joining the external and internal extrusions together. This research is focused on the
behaviour of this type of thermal break composite facade mullions under quasi-static

loadings.

Literature survey was carried out. Past research works on of the thermal break fagcade
mullions was studied, as well as the current European standard specifying the
performance requirement, proof and test for the thermal break profiles. Sandwich theory
was studied and laid as a foundation of this research. Literature regarding material
properties of aluminium and polyamide; interfacial action between aluminium and
polyamide and composite beam bending were investigated and appropriate

methodologies were adopted.

To investigate the behaviour of the thermal break fagade mullions, a typical mullion
section was studied. This is a symmetrical composite section made of external and
internal aluminium extrusions and joined by a glass fibre reinforced polyamide core.
Experimental investigations were carried out to find the section shear and tensile
capacity as well as the connectivity constant. The section capacity tests were performed
at various temperatures under quasi-static loadings to investigate the temperature effect.
Experiments under high strain rate loading have been performed at room temperature to
find the relationship between section shear and tensile capacity and loading rates. As the
mullions usually work as a simply supported beam under wind, temperature and
earthquake loads, bending behaviour is necessary to be investigated. Experiments of
four-point bending were performed on this facade section. Specimens of three for four

sets of span length each were tested at room temperature under quasi-static loadings.

Numerical simulations for the section shear and tensile tests, as well as four-point
bending tests were carried out. Interfacial actions between aluminium and polyamide
were modelled based on Coulomb’s friction theory. Two new failure models —
“Proposed progressive failure model” and “Proposed partitioned multi-phase beam
failure model” were developed and applied to section shear capacity model and beam
bending models to simulate the interface failure. ABAQUS software was chosen to
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perform the simulations. The FE modelling results were compared with the

experimental results in detail.

The results of experimental investigations on section capacities at various temperatures
concluded that the section shear and tensile capacity as well as connectivity constant
increased with decreased temperature. Experiments under high strain rate loads showed
the section shear and tensile capacity was not sensitive to strain rate. However, the

connectivity constant showed a clear trend of strain rate sensitivity.

Comparisons between experimental results and the numerical results were made. Failure
modes observed from the shear and tensile experiments were repeated by the FE shear
and tensile models. Load vs slippage graph obtained from shear model matched the
experimental one very well. The load-displacement graph generated by the FE tensile

model with equivalent material properties agreed well with the experimental one.

Results obtained from the FE beam models correlated to the experimental results very
well. Load vs mid-span displacement graphs produced from both experiments and the
FE models showed consistent peak loading capacity. The three-stage progressive failure
mode observed from the experiments was reproduced by the FE models. Mid-span
strain distribution diagrams at elastic range, generated by the FE models, were
compared with the experimental ones as well. It was found that the FE model results
were relatively consistent with the experimental ones. However, further improvements
can be made in future studies. The relationship between moment and curvature at mid-
span bottom extreme fibre obtained from the FE models confirmed consistency with

experimental results.

A proposed frame work for an analytical solution of four-point bending of this type of
composite thermal break fagade profile in the elastic range was presented in this thesis.
Based on the sandwich theory and superposition approach, formulations were derived to
work out deflection and stresses, including peeling stresses between aluminium skins
and polyamide core. Due to limited time and scope, the analytical solution has not been
verified by experimental and numerical works in this research. It is recommended that
experimental and numerical investigations be carried out to verify the analytical

solutions and apply them to the industry applications in future studies.

Another asymmetrical thermal break profile was also investigated numerically. Finite
element models of the section shear and tensile capacity were established by ABAQUS
XVIII



software. The proposed progressive failure model was successfully applied to simulate
the failure mechanism in the shear model. A four-point bending beam model was built
in ABAQUS software with the proposed partitioned multi-phase beam failure model,
effectively simulating the interface failure mechanism. The FE models generated similar
trends as the typical section models, especially shear and tensile capacity models.
However, variations in the beam model were observed. Further experimental
investigations are required to confirm the phenomenon revealed by the numerical

investigation in future studies.

Further research on the thermal break facade mullions can be extended to further
investigation of strain rate sensitivity of section shear and tensile strength by performing
large quantities of experiments and numerical simulations under high strain rate
loadings. Future studies to carry out experimental and numerical investigations to verify
the analytical solution and extended into industrial applications are highly
recommended as well. Future studies involving experimental investigation of the
asymmetrical thermal break sections to confirm the behaviour shown by the FE

modelling is also valuable to provide further insight.

XIX



This page is left blank intentionally

XX



r*| UNIVERSITY OF
TECHNOLOGY SYDNEY

Chapter 1

Introduction



1. Introduction

The fagade of a building is important from an architectural design point of view as it
provides transparency and illumination, weatherproofing, thermal isolation, load
distribution and sound insulation. The building fagade has been gradually transformed
from ancient masonry/stone to the modern curtain walls due to the development of

technology.

Prior to the middle of the nineteenth century, buildings were constructed with the
exterior walls of the building (bearing walls, typically masonry) supporting the load of
the entire structure. The development and widespread use of structural steel and later
reinforced concrete allowed relatively small size columns to support large loads and the
exterior walls of buildings were no longer required for structural support. This
development paved the way to the increased use of glass as an exterior fagade and the

birth of modern day curtain walls.

The first true curtain walls were built by the Ottoman Empire in the 18" century, where
large glass panels were framed with wood. Oriel Chambers in Liverpool, England, was
the world’s first metal framed glass curtain walled building built in 1864, followed by
16 York Street, Liverpool, in 1866. The extensive glass walls of both buildings allowed
light to penetrate further into the building utilizing more floor spaces and reduced

lighting costs in short winter months.

The majority of early metal framed curtain walls were made with steel mullions and the
plate glass was attached to the mullions with asbestos or fibreglass modified glazing
compound. Later, silicone sealants or glazing tape were substituted. It is not until 1970s
that aluminium extrusions for mullions were widely used. Aluminium offers the unique
advantage of being able to be easily extruded into nearly any shape required for design
and aesthetic purposes. Today, the design complexity and shapes available are nearly
limitless. Custom made shapes can be designed and manufactured with relative ease.
This enables almost every architectural imagination to be realised. Characterised facade
made of aluminium curtain walls give building its own character. A few examples are

shown in Figure 1.1.



Large glass panel curtain wall Curtain wall facade with human image

Figure 1.1 Images of modern curtain walls

The function of fagade is not only the architectural appearance of the building but also
provides enclosure to the building. It separates the interior environment of the building
from external heat, water and wind. A curtain wall is usually an aluminium-framed wall,
containing in-fills of glass, metal panels, or thin stone. The frame is attached to the
building structure at floor levels and does not carry the floor or roof loads of the
building. The wind, earthquake and gravity loads of the curtain wall are transferred to
the building structure. The aluminium frame system comprises mullions and spandrel
beams. Curtain wall mullions are the vertical load bearing elements while spandrel

beams are the horizontal framing elements supported by the mullions.

To obtain energy efficiency, the curtain wall mullions comprise aluminium extrusions
joined by thermal breaks. Thermal breaks are barriers between exterior and interior
aluminium extrusions which are usually made of low heat conductive material, typically
glass-fibre reinforced polyamide. The glass-fibre reinforced polyamide is mechanically
locked into the aluminium extrusions to provide thermal isolation. The advantage of
energy efficiency makes the composite thermal break profiles as the most popular

curtain wall/window mullion type currently.

Although the thermal break composite fagade sections are the most widely used mullion
sections, only limited analytical research on these composite facade profiles has been
carried out. As a major building component, it is necessary to carry out further research

to understand the behaviour of the thermal break facade mullion section to help facade



industry. The goal of this research is, therefore, to obtain a full understanding of the

behaviour of the fagcade section.

In order to gain a thorough understanding, experimental and numerical investigations
were carried out. Analytical formulations were derived to evaluate bending capacity of

thermal break facade mullions.

As the thermal break facade composite section has exterior and interior aluminium
extrusions and thermal break joining them together, it can be simplified as a sandwich
structure as suggested in the early studies (Feldmeier 1987) and (Heinrich, Schmid &
Stiell 1980). However, unlike the conventional sandwich structures, the bonding
between skins and core of a thermally broken composite fagade section is not achieved
by laminate as typical sandwich structures, e.g. woven glass fibre-epoxy face sheets and
a PVC foam core in (Steeves & Fleck 2004b), fibre reinforced composite structure
mentioned in (Johnson & Holzapfel 2006), (Johnson, Pickett & Rozycki 2001) or honey
comb sandwich panels (Kee Paik, Thayamballi & Sung Kim 1999).

The aluminium profiles and polyamide core are actually crimped together. During
manufacturing process, the glass fibre reinforced polyamide was rolled into pre-knurled
aluminium profile. The bonding between aluminium and polyamide insert has been
achieved by pre-knurling the aluminium intake during manufacture. Glass-fibre
reinforced polyamide is then rolled into and forms a mechanical interlock between these

two materials.

This normal pressure is then transferred from the aluminium profile to polyamide insert.
Friction is also generated during rolling process which helps develop shear connection.
The connectivity depends on the shear resistance at aluminium profile and polyamide

thermal break.

High pressure is often generated during rolling process. It deforms the aluminium
extrusions and transfers the pressure to polyamide inserts. This helps to form friction
between aluminium and polyamide. However, the pressure transmitted during rolling is
not constant and cannot be controlled as it also depends on the knurled shape on the
aluminium profile. The sharpness and newness of the knurled wheels decide the
knurling shape but are often wearing off during process. Therefore, the knurling shape
is hard to keep constant. This results in possible large variation of shear

resistance/friction force at the connection.



Due to the existence of possible fluctuation in connectivity caused by manufacturing
process, it is, therefore, important to do experimental investigation to understand the
behaviour of such thermal break mullions. In this study, comprehensive laboratory tests
were carried out to investigate section shear and tensile capacities of a typical
symmetrical thermal break facade mullion section in accordance with EN14024:2004
(Standard 2004). Experimental investigation was carried out at various temperatures and
various loading rates. These experiments provide first hand information regarding how
the section capacities vary with temperature changes and whether the section capacities

are strain rate sensitive.

As the facade mullion is usually designed as a simply supported beam spanning
between the floors, it supports the loadings that are laterally applied on the glass panels,
such as wind, earthquake, thermal and blast loading as well. To understand the bending
behaviour of the mullion section, experiments using four-point bending for four
different spanned beams of the same typical thermal break section at room temperature
under quasi-static loadings were carried out. A total of twelve beam specimens, three
per each span, were tested. Comprehensive data were collected for the displacements
along the beam span and strain data at the mid-span along the cross-section. These
experimental data provided insight into how the thermal break facade behaves under

bending.

To gain further understanding of the behaviour of the thermal break facade mullion
section, Finite Element models for the typical thermal break fagade mullion section,
used for experimental investigation, were created by ABAQUS software version 6.11 to
simulate the experiments and obtain further details. FE models to investigate section
shear capacity as well as transverse tensile capacity were demonstrated. To simulate the
interfacial action between the aluminium skins and polyamide core, frictional
interaction was introduced. A proposed progressive failure model was proposed to
simulate the failure modes from the shear tests. In terms of the FE tensile model, the
numerical simulation was performed to show the failure of the section. The failure
modes of both FE models presented similarity to the experiments. Typical analysis
results, including contact stresses between the interfaces, were plotted and confirmed

the validity of the proposed progressive failure model.



Beam models of four-point bending were also created by using ABAQUS software.
Four beam models were built to match the spans of beam specimens. Frictional
interaction was also adopted to simulate the interfacial action between the skins and the
core. To model the failure mechanism, a proposed partitioned multi-phase beam failure
model was created and successfully applied to the beam models. FE beam models

demonstrated similar failure modes as the experimental ones.

Comparisons between the FE model results and the experimental ones were made for
shear and transverse tensile capacity models as well as the beam models. A good

correlation between the FE models and experiments were observed for all models.

An asymmetrical thermal break facade mullion section was also investigated
numerically. FE models were created to determine shear and transverse tensile capacity
as well as bending capacity. The proposed progressive failure model and the proposed
partitioned multi-phase failure model were applied. Results proved that the two

proposed failure models are applicable to analyse this asymmetrical section.

A proposed frame work for analytical solution was set out based on sandwich theory
which was employed in the early studies of the thermal break sections. With
superposition approach, the analytical frame work eliminated the dependence on the
input of experimental investigation. A series of formulas were derived to determine the
beam bending capacity. The derived formulation established a base to set up design

tables for various thermal break sections.

The details of the experimental and numerical investigations of the typical thermal
break fagade mullion section as well as the analytical frame work are discussed in the
relevant chapters. The numerical investigation of a custom made asymmetrical thermal

break section is also presented.

1.1 Scope and limitations

This research is focused on experimental and numerical investigations of a typical
thermal break facade section. The objective is to explore the complexity and
multiplicity of the thermal break section as this research is the first comprehensive study

in its kind.

The experimental investigation mainly involved quasi-static experiments for both

section capacity tests as well as beam tests although a series of high strain rate section
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capacity tests, involving a small quantities of specimens, were also carried out to
explore the strain rate sensitivity of section shear and tensile capacity. Future study is
recommended to continue the research on strain rate sensitivity of the thermal break

composite mullion sections to draw sensible conclusions.

Drop tests to evaluate the behaviour of the thermal break section have been excluded
from the scope of this study as the results of field tests performed by industrial partner
confirmed that high strain rate was not relevant to the facade composite section. Strain
rate study regarding the dynamic wind and earthquake loadings are also excluded as the

focus of this research is on the section behaviour under quasi-static loadings.

The numerical investigations on section capacities and beam capacity have been carried
out. Material properties of aluminium alloy and glass fibre reinforced polyamide under
room temperature were adopted. The temperature effect has not been included in the
scope either. To investigate the temperature effect in the FE models, the material
properties at high/low temperatures are required. Due to lack of testing facilities and
funding, both material properties of aluminium and polyamide were unable to be
obtained. Therefore, considering temperature effects in the FE model has been

classified as part of a future study,

As this research has been planned to study the typical thermal break section under
quasi-static loading by experimental and numerical investigation, analytical formulation
to calculate the capacity of the thermal break section has been initiated but not verified.
The frame work of analytical solution, based on sandwich theory proposed in this thesis,
is in its early stages. To develop a series of formulations and design tables requires
further experimental and numerical investigations of various types of thermal break
sections. Comprehensive data from different profile types are required to prove the
validity of design formulas and create design charts. Therefore, future studies will be

required to continue this research.

1.2 Thesis layout
This thesis comprises eight chapters. The first chapter is the Introduction, followed by
literature review of past studies, material properties of aluminium and polyamide,

interfacial modelling, sandwich theory and sandwich beam under bending presented in

Chapter 2.



Chapters 3 and 4 details the experimental and numerical investigation of a typical
thermal break facade section. Comparison of experimental and FE model results was
carried out in Chapter 5. Another thermal break facade profile is investigated through
FE modelling and is explained in Chapter 6.

Chapter 7 proposes a frame work for analytical solutions based on sandwich theory.
Formulation based on superposition approach was initiated to lay the foundation for

further analytical studies.

The final chapter is the Conclusions. The conclusion chapter wraps up the whole thesis.
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2. Literature review

2.1 Introduction

As a composite section, a typical thermal break fagade mullion section comprises two
aluminium skins and a core made of glass fibre reinforced polyamide. The behaviour of
the composite section may differ to the homogeneous section. To understand the

behaviour of composite sections, literature studies were carried out.

Regarding to this thermal break composite fagade section, limited research resource
could be found. One of them was Feldmeier and Schmid’s technical paper (Franz
Feldmeier 1988). The other one was the European standard EN14024:2004 (Standard
2004). Both of them are based on the classical sandwich theory.

Based on the past studies, the strength of the composite section is related to the material
properties of skin and core materials as well as the connectivity between skin and core.
Literature studies about material properties of aluminium alloy and glass fibre
reinforced polyamide were also carried out. To understand the interfacial action
between the contact surfaces of aluminium and polyamide, literature on interfacial

modelling of sandwich structures was studied.

As a load bearing component of fagade system, the thermal break facade mullion is
usually supported between floor to floor by floor structure. The mullion can be
simplified to a simply supported beam under bending. The literature regarding sandwich
beam bending was therefore investigated. The literature mentioned in this chapter

provided valuable reference to this research.
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2.2 Past studies on composite facade mullion

Aluminium framed wall and window systems can be back dated to the 1930’s. It was
rapidly developed after the World War II. Until 1990’s, it accounted for approximately
65% of the commercial market (Nik Vigener 2011a; Nik Vigener 2011b). As aluminium
is a highly heat conductive material, thermal breaks made of plastic were introduced to
be placed between inward-facing and outward-facing of mullions to provide thermal
isolation. Now, a typical mullion section in the building industry is the one comprising
an external and internal extruded aluminium section with thermal breaks made of glass

fibre reinforced polyamide joining the two together (Cooke 2007).

With the introduction of glass fibre reinforced polyamide thermal break, the typical
mullion section is no longer a homogeneous section but a composite section. However,
structural effects of thermal breaks were ignored in the design at the early stages (Cooke

2007). Thus, the prediction of deflection of mullions was inaccurate then.

To help the designers to understand the behaviour of the mullion and take composite
action into consideration, Feldmeier and Schmid wrote a three-part paper (Franz
Feldmeier 1988). In the first part, they developed a series of formulas to work out
effective stiffness of the composite section based on the sandwich theory by Stamm and
Witte (Stamm & Witte 1974). They assumed the connection between plastic and
aluminium is ideal rigid; the composite action relies on the shear flow and the
composite connection is elastic. Based on these assumptions, they took Hooke’s law as
a base for stress and strain relationship, ie. stress and strain maintain a linear
relationship when the deformation of aluminium and plastic are small. As the Young’s
modulus of plastic is relatively low comparing to that of aluminium, they suggested
ignoring the normal stresses in the plastic and therefore the aluminium has the strength
to force the plastic to bend parallel to it. Distortions were also neglected as well as the
rotation of vertical axis of the profile cross-section. A composite parameter A was
introduced to measure the degree of composite effect. It ranges from zero to one. When
A equals to zero, the connectivity between aluminium and plastic is non-existent.
However, the connection is assumed fully rigid when A equals to one. The rigidity of the
connection lies in between these two limits. By adopting sandwich theory, they were
able to work out the relationship between deflection and bending moment and the
relationship between angle of rotation of deformed element and shear force. And

therefore, they derived the equation for calculating the effective second moment of
11



inertia of the composite section as well as equations for calculating bending capacity

and deflection.

In part 2, they explained the rules set by German national and international regulations
regarding the stability of metal-plastic composite profile and provided a calculation
example under temperature and wind loads. Laboratory tests to determine shear strength
and shear stiffness; transverse tensile strength and creep and ageing behaviour were

discussed as well.

Part 3 focused on the application and justification of pre-dimensioning diagram. With
the methodology stated in parts 1 and 2, they provided working example to do

preliminary design of the metal-plastic composite section.

Sixteen years after Feldmeier and Schmid’s work (Franz Feldmeier 1988), European
standard of EN14024 was published in 2004 (Standard 2004). EN14024 is not a
replacement for any previous standards. It was published to deal with the performance
of metal profiles with thermal barrier (break). It specified the mechanical performance;
requirements; proof and tests for the assessment of metal-plastic profiles. This standard
was limited to the thermal barrier profiles designed for windows, window walls and
curtain walls, but did not apply to the thermal barriers made only of metal profiles
connected with metal pins and screws. It also separated the assessment between
windows, doors and related components from profiles in facades. This standard set up
two categories based on the design span and three types of mechanical design systems

for the assessment of mechanical resistance and deflection.

EN14024 specified the general requirements of assessment for the three types of
systems and also specified the test procedure to assess the thermal barrier material
independently of the shape of the thermal barrier and of the profile design.
Requirements for strength and deformation were listed in Table 1 for each category and

system.

Laboratory tests to assess the suitability of thermal barrier material; transverse tensile
strength; shear strength and elasticity constant and ageing of the profile were specified
in this standard. Testing environment including testing temperatures, specimen size, test
setup and procedure were defined. Elevation method and formulas for determining

tensile strength, shear strength and elasticity constant were given in the code.

12



Method of calculating static proof was detailed in Annexure A and B for category CW
(category designated for constituent parts of curtain walls with spans greater than 2.25m)
for all three mechanical systems. For category W (category designated for windows,
doors and secondary constituent parts of curtain walls), the calculation of mechanical
resistance was not required by this standard. However, deflection calculation was
necessary. When calculating deflection, formulas provided by Annexure C to calculate
effective second moment of inertia of the profile shall be adopted. These formulas were
based on the effect of the elastic connection and consistent with the formulas given in
(Franz Feldmeier 1988). A composite parameter A defined by the formula similar to the

one in (Franz Feldmeier 1988) was also used in the calculations in this standard.

Other studies such as the early paper by Schmid with others Heinrich, Stiell and
Rosenheim in 1980 (Heinrich, Schmid & Stiell 1980) provided a static calculation
method to work out the load versus displacement relationship by taking the composite
action into consideration. They defined the connectivity by spring stiffness. Their study
was also limited to the elastic range with linear stress and strain distribution along the

cross-section assumed.

Overall, the past studies, including the current design standards are limited to the elastic
analysis. The connection between aluminium and polyamide is assumed as elastic with
small deformation. However, loadings such as wind and earthquake applied to the
thermal break profile fagade mullion could be much larger in the actual serviceability
design. The connection may not be classified as an elastic connection. Therefore, it is
necessary to carry out the study of the thermal break profile into plastic range. The
objective of this research is to extend the study of this composite connection further into

the plastic range.
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2.3 Study of material properties of aluminium and polyamide

As the thermal break composite facade section comprises external and internal
aluminium section and glass fibre reinforced polyamide thermal break, its load bearing
capacity depends mainly on the material properties of aluminium and polyamide. It is,

therefore, necessary to study the material properties of these two materials.

European standard Eurocode 9 (EN 1999-1-1:2007): Design of aluminium structures
(Institution 2007), part 1-1: general structural rules, was studied to understand the
requirements for resistance, serviceability, durability and fire resistance of aluminium
structures. Its Chapter 3 gave material properties of all types of wrought aluminium
alloys as well as cast aluminium alloys. The material properties include 0.2% proof
strength, ultimate strength, minimum elongation and reduction factors, etc. It also gave
the values of modulus of elasticity, shear modulus, Poisson’s ratio, coefficient of linear
thermal expansion and unit mass for the aluminium alloys. Its Annexure E provided two
idealised material models to describe stress-strain relationship of aluminium alloys.
These models are piecewise models and continuous models. In piecewise models, they
are separated by bi-linear and three-linear models. The continuous models were also

separated into two:

1. Continuous models in the form of 0 = o(¢)

2. Continuous models in the form of € = €(0o)

Formulas to define the characterization of stress-strain relationships were given and
divided into three regions in the form of 0 = o(€). In terms of the continuous models in
the form of € = €(0), Ramberg-Osgood model was discussed and formulas were derived
to calculate the stress-strain relationships. An upper bound limit of elongation was given
based on the experimental data. This standard provides comprehensive information and

guidelines to calculate the material properties of aluminium alloys.

Further study into the continuous material model of aluminium alloys were carried out.
Ramberg-Osgood material model was investigated. Ramberg and Osgood derived a
simple formula to describe the stress-strain relationship of aluminium alloys using three
parameters: Young’s modulus and two secant yield strengths. Their work was first
published in the Technical Note No. 902 of National Advisory Committee for
Aeronautics, USA (Ramberg & Osgood 1943). In their article, they derived a series of

14



dimensionless charts based on a formula to determine the stress-strain curves when

these three parameters were given.

Ramberg-Osgood continuous material model was adopted into the study by Welco,
Paulsen and Brobak : The behaviour of thin-walled aluminium alloy profiles in rotary
draw bending — a comparison between numerical and experimental results (Welo,
Paulsen & Brobak 1994). Their work involved elasto-plastic finite element analysis of a
rotary draw bending process using eight — node brick elements and contact elements.
Their objective was to predict bendability and elastic spring back in industrial bending
by using numerical simulation. Based on Ramberg-Osgood continuous material model,
they worked out stress-strain relationship of aluminium alloy AA6063 and applied it
into their FE model. The simulated behaviour matched well with the experimental

behaviour with the help of applying accurate description of material model.

Gardner and Ashraf initiated a new design method in their paper titled “structural design
for non-linear metallic materials” (Gardner & Ashraf 2006). They stated that many
common metallic materials, such as aluminium alloys, stainless steel and some high
strength steels, displayed sufficient non-linearity. They concluded that using bi-linear
behaviour to describe these non-linear metallic materials would lead to inaccuracies and
conservatisms for these materials. The new derived method, based on Ramberg-Osgood
continuous material model, utilized a more accurate material model and a continuous

measure of section deformation capacity to provide more rational and efficient design.

Unlike aluminium material, no material model for glass fibre reinforced polyamide has
been established. Material properties are obtained by experiments. Curtis, Bader and
Bailey (Curtis, Bader & Bailey 1978) carried out experiments to investigate the crack
form and strength of polyamide thermoplastic reinforced with glass and carbon fibres.
In their paper, they described the experimental procedure adopted and published their
results. Discussion and comparison of strain, modulus and strength were made between

polyamide with different fibre volume fractions and different fibre length.

Six years later, N. Sato, Kurauchi and S. Sato (Sato et al. 1984) studied the fracture
mechanism of short glass fibre reinforced polyamide thermoplastic. They found that
there were three stages in the failure. Their studies were also based on experimental
investigation. Other studies such as Akay and O’Regan (Akay & O'Regan 1995) and Fu,
et al. (Fu et al. 2000) studied fracture behaviour of glass fibre reinforced polyamide
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mouldings and tensile properties of short-glass-fibre- and short-carbon-fibre-reinforced

polypropylene composites based on experimental investigation as well.

Mouhmid, et al. (Mouhmid et al. 2006) investigated the influence of glass fibre content,
temperature and strain rate on the mechanical behaviour of a short glass fibre reinforced
polyamide 6.6. They described the test setup, specimen size and test environment. They
carried out discussion on the test results and concluded that the studied composite

material was a strain rate, temperature and fibre volume fraction dependant material.

Based on limited literature available on glass fibre reinforced polyamide, experimental
investigation of the material properties are necessary in this study. Therefore, relevant
standards were studied. To understand the general principles of setting up experiments,
International Standard ISO 527-1 (Standardization 1993a) was studied. This standard
provided guidelines for determining the tensile properties of plastics and plastic
composites under defined conditions. It specified general principles, apparatus
requirements, specimen requirements and preparation. It also specified test conditions
and required test procedure as well. Evaluation methods for test results were provided to
calculate stress, strain, modulus and Poisson’s ratio. Test report requirements and

typical stress-strain curves were provided at the end of the standard.

To be able to make specimens comply to the requirements of ISO 527-1, International
Standard ISO 527-2 (Standardization 1993b) was studied. This standard specified the
shape of specimen and detailed dimensions of the standard specimens. It also specified

the detailed dimensions of alternative small specimens.

In summary, Ramberg-Osgood continuous material model was suggested by the above
journal papers and European standard. It provides an accurate approach for non-linear
metallic materials, such as aluminium alloys. Stress-strain relationships of aluminium
alloys can be worked out by adopting the formulas provided by Annexure E of
Eurocode 9 (Institution 2007). Since there is no material model established for glass
fibre reinforced polyamide, its material properties need to be obtained through

experiments.
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2.4 Studies involving Interfacial modelling

As a composite section, the thermal break fagade mullion section is made of two
aluminium parts joined by the glass fibre reinforced polyamide. The connectivity
between the aluminium and polyamide plays a considerable role in section capacity. To

understand the interaction between the two materials, literature studies were carried out.

Back in 1968, Adekola (Adekola 1968) studied the partial interaction of elements of
composite beams made of steel and concrete. The connection between steel and
concrete was assumed elastic. He proposed a theory of interaction taking both slip and
uplifting into account. His theory was based on the simple bending theory but ignoring
shear lag effects. He assumed each element of a composite member is behaving
separately and the longitudinal stress distribution over the depth of the entire composite
section is not necessary collinear. However, he assumed the curvatures of the interacting
elements were equal. He also assumed that the rate of change of the axial force was
directly proportional to slip and uplift force was directly proportional to differential
deflection. With these assumptions, he formulated differential equations to analyse the
relation between uplift and axial forces in the regions of positive uplift as well as the

regions of negative uplift where frictional effects were incorporated.

Twelve years later, Yasunori, Sumio and Kajita studied steel-concrete composite beams
by nonlinear finite element analysis (Yasunori, Sumio & Kajita 1981). Their nonlinear

analysis was based the assumptions of:

1. The distribution of strain is linear throughout both depths of the steel beam and
concrete slab.

2. Shear connectors act as continuous media along the length of the composite
beam elements.

3. The steel beam and concrete slab deflect equally at all points along the beam

element, i.e. equal curvatures at any cross-section.

Based on a cracked concrete slab, they worked out a series of formulas to analyse the
composite beam by FE modelling. In this paper, they compared the numerical results

with experimental ones and obtained good agreement.

Studying interaction in composite sections was carried out in details in 1986. Contact
interaction between two (or more) three dimensional bodies was studied by Chaudhary
and Bathe (Chaudhary & Bathe 1986). They derived a solution method and calculation
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sequence algorithm to analyse the contact between two contact bodies. They assumed
the region of contact was unknown prior to analysis and large changes in the contact
area were possible. The changes in the contact area were possibly relative sliding with
Coulomb friction or separation after contact. The developed contact forces on the two
bodies were assumed to be statically equivalent to each other and the support reactions
were in equilibrium with the externally applied forces, inertia forces and the contact
forces for each body. They employed a Lagrange multiplier technique to enforce the
conditions of sticking and sliding contact between the two bodies. Their solution and
algorithm was able to be applied on multi-body contact problems for both static and

dynamic analysis.

Based on Coulomb friction theory, a static frictional model was studied by Chang,
Etsion and Bogy (Chang, Etsion & Bogy 1988). They studied frictional forces required
to shear off the interface bonds of contacting metallic rough surfaces. During their
calculation, they took the prestress condition of contacting asperities into consideration.
The contact surfaces were modelled by a collection of spherical asperities with Gaussian
height distribution. Contrary to the classic law of friction, they concluded the static
friction coefficient was affected by material properties and surface topography and was

actually dependant on the external loading.

Blau also studied the significance and use of the friction coefficient (Blau 2001) in 2001.
He reviewed the measurement and use of static and kinetic friction coefficients. He also
discussed the usefulness of the friction coefficients and described the sources of
frictional resistances in terms of shear localization. Similarly, Urbakh, et, al. (Urbakh et
al. 2004) also discussed the friction, adhesion and lubrication in their paper. They

provided modern views of the friction and its application.

Cao and Evans (Cao & Evans 1989) studied the debonding and interface fracture
resistance of composite elements containing biomaterial interfaces. They carried out
experimental investigations regarding a symmetric double cantilever beam, an
asymmetric cantilever beam, a four-point flexural beam and a composite cylinder. Their
experimental investigation revealed that the critical strain energy release rate increased
with increase in phase angle, especially when the crack opening became small. Their

experimental results were consistent with the proposed simple contact zone model.
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Further research was conducted concerning contact between an unidirectional glass
fibre/epoxy composite beam and supporting rollers by Cui and Wisnom (Cui & Wisnom
1992). They applied contact elements supplied by ABAQUS software to calculate the
actual contact stresses and contact length at the supporting rollers under three- or four-
point beam bending. They concluded their FE modelling results gave more realistic
stress distributions than those based on assumed load distributions. If the material were
assumed to be linear elastic, large parts of the beam followed the classical beam theory
in both three-point and four-point bending specimens. However, the shear stresses
locally in the vicinity of the rollers were higher than the maximum shear stress given by
classical beam theory. If the material were assumed nonlinear, then the classical beam

theory would not be valid.

Damage analysis of interface was carried out by Ladeveze and Corigliano (Allix,
Ladevéze & Corigliano 1995) in their paper titled “Damage analysis of interlaminar
fracture specimens”. They analysed delamination specimens within the framework of a
damage meso-modelling of composite. They used a stacking sequence of homogeneous
layers and interlaminar interfaces to model a laminate. Small displacements and strain
hypotheses were considered when modelling the interface delamination. The interface
was assumed to be damageable in order to simulate the delamination phenomenon.
When considering the propagation of a pre-existing crack, the main parameters for the
interface model identification were the critical energy release rates. Finite element
scheme was used to model two beams connected by a damageable interface.
Comparison of results between simulation and testing showed the proposed modelling
has capacity for a complete simulation of delamination using relatively little

experimental data.

Padhi, et, al. (Padhi et al.) studied laminated composite plates in bending. They
developed and implemented a progressive failure methodology for composite plates.
They used several failure criteria to predict the failure mechanisms. They also studied
the effect of aspect ratio on the strength and stiffness of the composite plates. Finite
element software ABAQUS was used to analyse the plate bending. Non-linear strain-
displacement relations which contain large strain and large rotation were used in the
analysis. The predictions of the model correlate well with the experimental results for

different aspect ratios.
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Corigliano, Rizzi and Papa (Corigliano, Rizzi & Papa 2000) also studied a composite
sandwich by numerical and experimental investigation. Their paper presented the results
of an experimental and numerical study on the mechanical behaviour of a synthetic-
foam/glass-fibre composite sandwich. It focused on the experimental testing of this
sandwich composite panels and its separate components as well as numerical FE
simulation of the sandwich panels under three- and four-point bending tests. They
described the uniaxial tensile and compressive tests, flatwise tension tests, three- and
four-point bending (TPB and FPB) tests. FE model strategy was described and
ABAQUS software was employed to carry out the numerical simulation. To simulate
the core collapse, skin collapse or delamination, they proposed a simplified procedure
for the simulation of the progressive damage in the core, in the skins or in the line of
elements near the interface between the extra-skin and the core. This simplified
procedure consisted of a local stiffness release at the Gauss point level, implemented
through a user subroutine. When a threshold value of a scalar failure index was reached
in a single Gauss point, the tensile elastic modulus E was annihilated locally; the
contribution of that Gauss point to the element stiffness matrix was then brought to zero.
In the numerical calculations, a Rankine criterion was assumed for the simulation of
damage in the core and the skins, while a control on the maximum shear stress was
adopted for the strip of elements at the boundary core/lower skin for the simulation of
skin debonding. This procedure was based on the assumption of elastic/perfectly brittle
behaviour. In the simulations, the core was considered as homogeneous and isotropic,
same for the skin. The critical value of shear stress for the simulations of skin
debonding was adopted from the test results. The numerical analyses were conducted
under the assumption of plane strain. Four node plane strain elements were used for the
mesh. The loading and support rollers are simulated as rigid bodies. Comparison
between test results and FE model were made in the paper. Load/displacement plot
obtained by activating the rupture criterion in the core for TPB model was compared
with the test results. All the comparisons showed good correlation between test and FE

model.

Johnson, Pickett and Rozycki (Johnson, Pickett & Rozycki 2001) proposed numerical
methods to predict impact damage in composite structures. They adopted the continuum
damage mechanics (CDM) model for simulating the delamination failure of fabric-

reinforced composites. The stacked shell elements were assigned with a contact

20



interface condition. Different failure modes were discussed and FE code PAM-CRASH
was implemented. Testing results were compared with the FE results. In the FE model,
ply layers were tied together using a “sliding interface” with an interface traction-
displacement law. The computational model gave a good approximation for

delamination stresses and failure.

Continuing the above study, Johnson worked together with Holzapfel and described the
progress made on material modelling and numerical simulation of fibre reinforced
composite shell structures subjected to high velocity impacts in their paper titled
“Influence of delamination on impact damage in composite structures” (Johnson &
Holzapfel 2006). The continuum damage mechanics (CDM) model for fabric reinforced
composites was applied to model both in—ply damage and delamination failure during
impact loading. Failure at the interface was modelled by degrading stresses using two
interface damage parameters corresponding to interfacial tension and shear failures.
Their numerical approach for delamination modelling was based on stacked shell
elements with contact interface conditions. Shell elements representing a sub-laminate
were mechanically tied together with nodal constraints via contact interfaces, which
might separate when the interface failure condition is reached. Composite failure
modellings were separated into two — delamination model and ply failure model. By
applying CDM principles to an elastic interface, damage evolution equations were
derived for through-thickness tensile and interlaminar shear damage. Tensile failure
mode, shear fracture mode and mixed tensile and shear mode were discussed to derive
the functions of delamination fracture, respectively. These functions were implemented
into the computational code. Ply failure model was modelled by layered shell elements
with a tied interface which might fail by delamination. Shell elements were assigned as
homogeneous orthotropic elastic or elastic-plastic material property. Constitutive laws
for orthotropic elastic material with internal damage parameters were derived. Damage
evolution equations were derived as well. Pam-crash code was implemented. Therefore,
each ply was represented by one layer of shell elements and the individual ply layers
were tied together by using a “sliding interface” with an interface traction-displacement
law. This approach gave a good approximation for delamination stresses and failure,
with the advantage that the critical integration time step was larger since it depended on

the area size of the shell elements. Impact simulation was made to simulate high
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velocity impact of cylindrical shells. Comparison between computational results and

tests showed good correlation.

Another paper regarding the failure mechanisms of sandwich beams by Steeves and
Fleck (Steeves & Fleck 2004b) was studied. In the paper, they illustrated the four failure
modes of a woven glass fibre-epoxy facing with PVC foam core sandwich beam. They
adopted Allen’s formula (Allen 1969) to obtain the stiffness of the beam and strength
under three-point bending for each failure mode. They tested the material properties of
PVC foam core and woven glass-epoxy face sheet and also designed and tested nine
sets of three-point bending tests. Each set had its own geometry. ABAQUS software
was used to analyse the sandwich beam response. The beam was modelled using plane
strain elements. A refined mesh near the contacts between the beam and loading rollers
was used. Contact between the sandwich beam and the three rigid circular rollers were
handled by a contact algorithm within ABAQUS. To be able to achieve numerical
convergence, coulomb friction coefficient of u=0.01 was adopted. The face sheets were
treated as isotropic, elastic-ideally plastic with Poisson’s ratio of 0.18. The contact
between face sheets and core was not mentioned in this paper. However, they admitted
the FE analysis did not take into account the progressive development of macroscopic
shear cracks within the core, therefore, failure was predicted at a cross-head
displacement of about half the observed value. Core shear failure was defined as the
point where the maximum shear strain in the core attained the critical value of 15%.
Comparison between test results, FE model and analytical prediction were performed.
The FE simulation was able to capture the structural response of the sandwich beams up

to the point of core or face failure.

A static friction model to predict the static friction for elastic-plastic contact of rough
surfaces was presented by Kogut and Etsion (Kogut & Etsion 2004). Their proposed
model incorporated the results of accurate finite element analyses for the elastic-plastic
contact, adhesion and sliding inception of a single asperity in a statistical representation
of surface roughness. They found that the strong effect of the external forces and
nominal contact areas on the static friction coefficient was in contrast to the classical
laws of friction. They concluded the main factors affecting the static friction coefficient
were the dimensionless parameters of plasticity index and adhesion parameter. They
also recommended that the effect of adhesion on the static friction was negligible at the

plasticity index values larger than 2. They concluded that the classical laws of friction
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were limiting cases of the present more general solution and were adequate only for
high plasticity index and negligible adhesion. They pointed out some potential
limitations of the proposed model and possible improvements. A comparison of their
results with those obtained from approximate CEB friction model was made.
Substantial differences were discovered. The CEB friction model showed severe

underestimation of the static friction coefficient.

Cheng, Lee and Lu (Cheng, Lee & Lu 2006) proposed an FE analysis approach to
evaluate equivalent elastic properties of complicated sandwich structures. They
simplified the 3-D sandwich structure to an equivalent 2-D orthotropic thick plate
continuum. They adopted small-deflection theory developed by Libove and Batdorf to
analyse the truss-core sandwich panel. They used shell elements to model the top and
bottom faces as well as the web. Instead of contact elements, they used rigid elements to
model the connection between web and facings. They also adopted full-rigid elements
to secure four side cross-sections. Comparison of their computed results with existing
solutions was made in this paper. They also applied this method to a composite
laminated circular-core sandwich panel to demonstrate the versatility of the proposed

FE approach for complicated sandwich structures with good accuracy.

Recent studies, such as by Foo, Seah and Chai (Foo, Seah & Chai 2008) were carried
out on numerical investigation of aluminium sandwich panels subjected to low-velocity
impact loads. They used ABAQUS software to model a three-dimensional honeycomb
sandwich plate and a rigid impactor. Three material models for aluminium alloys were
considered for parametric study, which were elastic perfectly plastic, bilinear and
Ramber-Osgood strain hardening models. The different material models were proven to
affect the impact response. They assumed the adhesive bonding between the face sheet
and the core was perfect. Therefore, surface based tie constraint was assigned to connect
the face sheet and core in FE modelling. They also adopted the penalty contact method
in general contact algorithm provided by ABAQUS software to simulate the contact
between the impactor and the top face sheet. To simplify the problem, frictional
response during contact between the impactor and the structure was neglected. Friction
between the clamp plates and face sheets was also ignored. They compared the
numerical results with the experimental ones. They concluded the numerical model has

the capability to predict the impact event adequately.
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Programming technique of modelling sandwich structures can be learned from the paper
by Hu, et al. (Hu et al. 2008). In this paper, they adopted an Arlequin based multi-scale
method to study problems related to the mechanical behaviour of sandwich structures.
They concentrated on a free climbed sandwich beam with vertical load applied on its
free edge. They tested several coupling operators to assess the usefulness of the
proposed approach. The purpose of their numerical simulations was to provide
preliminary evaluation of the various coupling operators and the discrepancies between

local and global models in the gluing zone.

A three-dimensional quasi-static contact problem with Coulomb friction was studied by
Haslinger et al. (Haslinger et al. 2012). They focused on the full discretization of 3D
quasi-static contact problems with Coulomb friction and a solution dependent on
coefficient of friction. They used a three-step finite difference to work out time
discretization. Based on the method of finite element approximation, which was based
on T-FETI domain decomposition method, of the Tresca problems, they derived an
explicit form of the static contact problem with Coulomb friction solved at each time

level. Their numerical experiments showed the efficiency of the proposed method.

Recent study of interfacial relationship assignment can be obtained in the paper by Li,
Li and Jiang (Li, Li & Jiang 2012). They studied composite frame structures consisting
of high-strength concrete columns confined by continuous compound spiral ties and
steel beams. Although their research related to the composite action at beam-column
joint, interaction and load assignment methods were useful. They used ABAQUS
software to model the joint between steel beam and concrete column. They assumed that
no relative slip would occur between the steel beam and concrete. Therefore, they
assigned tie constraint to connect them together. In terms of applying loadings, they
assigned displacement loading for lateral load. They assigned displacement boundary

conditions to define the applied lateral displacement to the frame structure.

In summary, the above works provide comprehensive information about the interfacial
assignment for sandwich structures and other composite structures. Early literature was
based on the elastic connection. Although some recent literatures considered the non-
linear behaviour, they relied on the interface material failure rather than the failure of
interfacial relationship, such as the occurrence of slip. In addition, the papers related to

the friction theory provided further information and application.
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2.5 Sandwich theory

As a composite thermal break facade section, sandwich theory was adopted as a base in
the past studies presented in Section 2.2. Sandwich theory was mainly developed after
the World War II (Straalen 2000). Early works was done by Reissner, Libove , Batdorf,
Hoft and Mindlin which was collected by Plantema (Plantema 1966). It was followed
by Allen (Allen 1969) and Stamm and Witte (Stamm & Witte 1974). The recent
interpretation of this theory was by Zenkert (Zenkert 1995). This study was based on the
sandwich theory interpreted by Allen and Zenkert.

Allen’s book titled “Analysis and design of structural sandwich panels” was studied.
Chapter two called “Sandwich Beams” was the main focus. In this chapter, Allen
studied a sandwich beam consisted of two thin skins/faces and a thick core. All three
layers were assumed firmly bonded together and the face material was much stiffer than
the core material. He also assumed the materials of face and core were isotropic. Based
on ordinary beam theory, he derived the shear stress distribution for the above sandwich
beam. For the weak core, he assumed the core makes no contribution to the flexural
rigidity of the sandwich, EI, and the shear stress is constant through the depth of the
core while the faces behave as flexible membranes. The weak core was named as

antiplane core.

He also studied sandwich beam with antiplane core and thick faces. He found the faces
had significant local bending stiffness and no longer behaved as flexible membranes.
The faces maybe said to undergo local bending when it bends about its own centroidal
axis rather than about the centroidal axis of the complete sandwich. He assumed that a
face may also undergo purely extensional deformation when it was subjected to a
uniform tensile or compressive stress. The contribution of the local bending stiffness of
the faces to the bending stiffness of the entire sandwich was represented by the first
term on the right-hand side of Eqn. 2.2 in Allen’s book. He concluded that the local
bending stiffness of the faces has an effect on the shear deformation of the core. The
faces reduced the shear deflection at the expense of introducing additional bending

moments and shear forces into the faces.

Allen gave formulas for deflection calculation of the different types of sandwich beams

under various loading and boundary conditions based on the theory he developed.
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A more recent book dealing with sandwich structures is Zenkert’s “An introduction to
sandwich construction” (Zenkert 1995). Chapter three of this book discussed the
fundamentals of the sandwich beam theory. Based on early sandwich theory developed
by Allen and others, he derived formulas for stress and deflection calculation of
symmetrical thin faced sandwich beam as well as dissimilar faced sandwich beam. In
Chapter 4, Zenkert explained the foundations of bending, buckling and free vibration of
sandwich beam. Unlike the previous theory by Allen, et al, his theory included the
effect of transverse shear deformation. He also provided formulas to calculate normal
stresses and shear stresses as well as moment and curvature. In addition, he discussed
the effect of thick faces and the effect of rigid core. Working examples of sandwich
beams under various loading and boundary conditions were also provided in this

chapter.

Overall, the sandwich theory developed by Allen, et al provided a solid base for
studying the composite facade mullion profiles. The recent implementation from
Zenkert improved the theory with consideration of transverse shear deformation of the

core.

2.6 Sandwich beam under bending
Literature regarding the investigation of sandwich beams under bending was studied to

gain knowledge in performing analytical, numerical and experimental investigations.

Monforton and Ibrahim (Monforton & Ibrahim 1977) carried out analytical
investigation on sandwich plates. They derived an approximate formula to analyse
sandwich plates comprised an orthotropic core and two unequal thickness anisotropic

face plates.

Kemmochi and Uemura (K.Kemmochi 1980) studied a sandwich beam composed of
soft core under four-point bending. They carried out analytical investigation and
proposed a multilayer-builtup theory to analyse this sandwich beam. They took bending
stiffness of face and core as well as the relative displacement between both faces into
account. They adopted photoelastic measurement in their experimental investigation.
The stress distribution obtained by the multilayer-builtup theory had good agreement

with the experimental results.
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Gordaninejad and Bert (Gordaninejad & Bert 1989) proposed a new sandwich theory by
including transverse shear deformation in the facings and stretching action in the core.
They compared the results of deflection and maximum shear stress with the ones
obtained from classical sandwich theory. Their theory covered bi-modular material
(different modulus in tension and compression) and ordinary material. They carried out
both analytical and numerical comparison of the two theories. They concluded that the
classical sandwich theory was not conservative in predicting deflection and maximum

shear stresses.

Frostig and Baruch (Frostig & Baruch 1990) studied the behaviour of sandwich beams
with transversely flexible core using a superposition approach. They proposed an
analysis which could determine the transverse normal stresses at the interface layers
between the skin and core in the regions of concentrated loads which were applied at the
skins only. They also studied the main parameters affecting the overall behaviour and
especially the peeling and the shear stresses between the skins and the core. In addition,
they carried out numerical investigation based on the proposed principles to perform

parametric study of some typical sandwich beams.

Further to the above study, Frostig et al. (Frostig & Shenhar 1995) investigated an
asymmetrical sandwich beam with transversely flexible core. They developed the
analytical method stated in (Frostig & Baruch 1990) further into the asymmetrical
section and the loading condition was extended into any location, i.e. at upper or lower
skins or at both. They studied the behaviours of the sandwich beam with and without
the shear effects of the core. Their analytical methodology enhanced the physical insight

into the beam behaviour at bending.

Frostig (Y 1992) extended his analytical investigation of sandwich beam with
transversely flexible core into the failure mechanism. He studied the delaminated
behaviour of this type of sandwich beam. Based on the similar assumption of small
deformations, elastic behaviour, ordinary beam bending theory to the skins and ignoring
shear strains in the core as the above papers, he derived a series of mathematical
formulas with various boundary and loading conditions. He also provided numerical
examples based on his methods. His high order analysis theory explored the behaviour

of a general delaminated sandwich beam, defined the peeling stresses at the skin-core
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interfaces as well as at the crack tips. His high-order theory was further discussed in

other paper with his co-workers (Y. Frostig 1992).

Experimental investigation regarding the failure mechanisms for sandwich beams under
bending was carried out by Cui, Wisnom and Jones (Frostig 1992). They tested two
short beams made of sixteen plies and thirty-two plies of unidirectional glass
fibre/epoxy under three and four point bending. They measured the inter-laminar shear
strength and compared the results calculated by classical beam theory. They concluded
that classical beam theory could not be applied to short beam specimen if the material

shear response was non-linear.

Again, Frostig and shenhar (Shenhar, Frostig & Altus 1996) analytically investigated
the bending behaviour of a sandwich beam with soft core and asymmetrical skins. The
sandwich beam studied was a general one. The skins could be made of different
materials, different geometries and different boundary conditions and could be either
symmetrical or asymmetrical. They developed an analysis using variational principles to
model the core as two-dimensional elastic medium and the skins as one-dimensional
composite laminated beams. Their analysis included high-order effects using closed-
form solutions for any type of sandwich construction and for any type of loading and
boundary conditions. Local effects were also considered. Stresses and displacements
along the beam and through the height of the core could be determined by their

analytical methods.

One year later, Shenhar, Frostig and Altus (Sadighi & Saadati 2010) adopted a high-
order analysis to define the stresses and failure mechanisms in the skin and the core of a
sandwich beam with a compressible core under three point bending. Their analysis was
general which could be used in beams with any type of skins and any type of boundary
conditions. They determined the failure patterns with the aid of the analytical
description of the longitudinal stresses in the skins and the principle stresses through the
thickness of the core. The analytical methodology provided was able to indicate

possible failure patterns and locations.

Around a decade ago, Daniel and Abot (Daniel & Abot 2000) studied the flexural
behaviour of a composite sandwich beam. They carried out experimental investigations
for a sandwich beam made of unidirectional eight-ply carbon/epoxy laminates and an

aluminium honeycomb core. This sandwich beam was tested under three- and four-
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point bending loads. Strain data were recorded in face sheets by strain gauges while
strains in the honeycomb core were recorded by using moire technique. They found the
beam face sheets show a softening non-linearity on the compression side and a
stiffening non-linearity on the tension side. A linear variation in strain through the
thickness was determined in both core and face sheets. The bending stiffness of the core
can be neglected. In the case of pure bending, failure took place on the compression
face of the beam. When shear was present, failure of the sandwich beam was governed
by shear strength of the core. Simple analytical models by assuming the face sheets to
behave like membranes and neglecting the contribution of the core, but accounting for
the non-linear behaviour of the face sheets, were discussed. Results generated by

analytical models were in good agreement with experimental ones.

Mines and Alias (Mines & Alias 2002) carried out experimental and numerical
investigations on a polymer sandwich beam under three-point bending. They used
ABAQUS software to perform a two-dimensional finite element simulation. They
adopted material models to simulate the progressive failure. They considered skin
failure model and foam core crush model. They adopted a feature of non-linear finite
element analysis which used the incremental analysis as the structure deformed. They
assigned maximum number of increments of 100 to fully model the progressive nature
of the damage. They also considered volumetric effects when assigning foam crush
model to the core. To avoid numerical instabilities due to large scale deformation in the
core and material non-linearities, control parameters provided by the software were used.

The numerical simulation highlighted the progressive damage of the beam.

Sokolinsky, et al. (Sokolinsky et al. 2003) also carried out analytical and experimental
investigation of a sandwich beam made of aluminium face sheets and PVC form core
under four-point bending. They used three analytical methods, namely, classical
sandwich theory, linear, and geometrically non-linear high-order sandwich panel theory
(HSAPT), to analyse this sandwich beam. They found that the results generated by both
linear and nonlinear HASPT were in excellent agreement. However, they concluded the
classical sandwich theory underestimated the vertical displacements and failed to

accurately predict the bending deformation.

Steeves and Fleck (Steeves & Fleck 2004a) developed analytical strength formulas to

predict the collapse strength of sandwich beams with composite faces and polymer core
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under three-point bending. They established an indentation model for elastic faces and
an elastic-plastic core. They also worked out failure patterns and revealed the operative

collapse mode as a function of geometry of sandwich beam.

Lagunegrand et al. (Lagunegrand et al. 2000) carried out experimental investigation of a
laminated sandwich beam under four-point bending. They provided detailed setup of the
experiment and results. The purpose of their test was to check the assumptions of

defining an average stress criterion for the delamination initiation.

Belouettar, et al. (Belouettar et al. 2009) also studied the behaviour of a composite
honeycomb sandwich beam under four-point bending. They focused on the
experimental investigation of two types of composite beams. The sandwich beams were
made of aluminium faces and either aluminium core or aramide fibre core. They carried
out static and fatigue tests to investigate the flexural behaviour of both sandwich beams
under these loads. They demonstrated the failure modes of the sandwich beams under
static loads as well as fatigue loads. They also gave description of damage formation

process from fatigue test results.

Sadighi and Saadati (Monforton & Ibrahim 1977) carried out analytical investigation of
an unequal faced sandwich beam with flexible core. They used high-order theory to
estimate core compression and face stresses and predicted damage modes. They
compared their analytical results with some experimental results. They concluded that
classical theory was not capable of predicting failure loads for unequal faced sandwich

beam.

In summary, the literature studied was spanning over four decades. Most of them were
based on the classical sandwich theory, but offered an enhancement. They provided
useful methodology and formulations to carry out analytical investigations, especially
the works done by Frostig and his co-workers. Although all these works were limited to

the elastic calculations, they are useful source for this research.
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2.7 Summary and conclusions

Extensive literature reviews were carried out regarding the behaviour of composite
sections. Past studies of thermal break composite mullion sections provided useful
formulation to calculate section strength and connectivity between face and core in
elastic range. European standards provide guidelines and information for experimental
setup, result evaluation and static proof loading. Literature about material properties
provided the necessary information on elastic-plastic behaviour of aluminium alloy and

test method of polyamide.

In terms of the interfacial action between face and core, comprehensive literature was
studied. Frictional behaviour was assigned by some researchers to describe the interface
behaviour. The finite element modelling techniques were also provided by the literature
as well. Testing methods learnt from these studies provided useful information to this

research.

Classical sandwich theory was studied. Analytical investigations regarding sandwich
beams under bending were studied extensively. Enhancement to the classical sandwich

theory was explored through the literature review process.

In conclusion, the literature studied provided a solid foundation for this research.
Classical sandwich theory and its enhancements built a base for analytical investigations.
Interfacial action assignment and finite element modelling techniques including
assignment of elastic-plastic material behaviour were learnt. Guidelines and instructions
on performing experimental investigations were also obtained from the relevant

literature.
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3. Experimental investigation of a typical thermal break facade

mullion section

3.1 Introduction

A thermal break fagade mullion is usually made of aluminium profiles joined by a low
heat conductive material — glass fibre reinforced polyamide in modern curtain wall
system. The glass fibre reinforced polyamide is crimped into the connection which joins
the aluminium profiles together. As both aluminium profiles and polyamide thermal
barrier make the fagcade mullion a composite section, the load capacity of this mullion
section relies not only on the material property but also on the connection. The
deformed shapes and failure mechanism of this type of section are therefore more

complicated than normal isotropic sections.

Adding to the uncertainty of the section capacity is the manufacturing process. During
manufacture, the glass fibre reinforced polyamide was rolled into pre-knurled
aluminium profile. The bonding between aluminium and polyamide bar has been done
with steel rollers which deforms the aluminium with high pressure loadings. This
normal pressure is then transferred from the aluminium profile to polyamide bar.
Friction is also generated during rolling process which helps develop shear connection.
The friction and normal pressure depend largely on the manufacturer and vary a lot. The
complicated nature of the section geometry and uncertainty of connectivity at joints
created by the manufacturing process make it important to carry out laboratory tests to

gain first-hand information on the section characteristics.

Working as an exterior load bearing element, the thermal break fagade mullion section
is exposed to the weather. It has to withstand thermal loads, especially in winter and
summer. It is, therefore, important to investigate the section capacity under various

temperatures.

Apart from temperature load, facade mullions are also designed against other lateral
loads, such as wind, earthquake and blast loads. Wind and earthquake loads are treated
as equivalent static loadings conventionally while blast load is a dynamic load. Recently,
design to withstand blast loads becomes increasingly important to fagade design. As the
curtain wall is at the exterior of the building, it is the first line of defence against blast
loads. Accidental gas/chemical explosions and increasing terrorist attacks put blast

design as one of the priorities, especially after 9/11 terrorist attack on the Twin Towers
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of World Trade Centre in New York, USA in 2001 and suicide bomb attack on London
Metro in 2005. These extreme events alert the designers worldwide to include blast load
as one of the essential load cases for curtain wall design rather than a trivial one,

particularly for landmark buildings.

In general, air blast pressures, impulse and durations vary from case to case. These
pressures applied onto the curtain walls are not static but do occur at very short
durations. The highly intense short duration transient blast loads can be categorized as

high strain rate loads during design and associated research.

This chapter will focus on a comprehensive laboratory tests to determine section load
capacity at various temperatures under quasi-static loadings, section capacity at room
temperature under high strain rate loadings and four-point beam bending tests at room
temperature under quasi-static loadings. Test results show the section capacity is
sensitive to the temperature. Section capacity increases with decreasing temperature.
However, section capacity does not show clear signs of strain rate sensitivity. Future
study is recommended to confirm this conclusion. Beam tests also confirmed high

ductility of this type of mullion section.

3.2 Typical Section of thermal break facade mullion under investigation

A typical composite facade section with thermal break was studied in this research. This
typical facade mullion section was introduced by the sponsor - Permasteelisa group,
who is a worldwide leading facade contractor. This facade section is comprised two
external aluminium portions/skins and a polyamide core in the middle. The aluminium
portions are made of aluminium alloy 6063-T6 and the core is made of polyamide 66
with 25% glass fibre. Details of the cross-section and photo are shown in Figure 3.1

below.
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Figure 3.1 Section details

3.3 Quasi-static shear and transverse tensile tests at various temperatures

In order to get first-hand information on the section load capacity of this composite
section, shear strength tests and transverse tensile strength tests were carried out. In the
absence of any appropriate Australian Standard, European Standard EN14024:2004
(Standard 2004) was adopted to specify the requirements for assessment of the strength
of this thermal break profile. This standard provides guidance and specification on the
tests to determine the characteristic values of mechanical properties of the thermal break

profile for curtain walls, doors and windows.

Considering a major load bearing component of curtain wall, the thermal break profile
mullion provides effective thermal isolation. It has to withstand thermal loads,
especially in winter and summer. It is, therefore, important to investigate the section
capacity under various temperatures. EN14024 has taken temperature into account and
specified three testing temperatures, which is low temperature (-20+2) °C, room

temperature (23£2) °C and high temperature (80+3) °C.

Shimadzu Hydraulic Universal Testing Machine, model REH 50/50 tonne at UTS, was

chosen to perform all the tests under quasi-static loadings for this profile. This testing
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machine was operated under displacement control and the displacement rate was
controlled in the range of Imm/min to Smm/min as per standard’s requirement.

Maximum loading was set to 20kN.

3.3.1 Shear tests

To obtain characteristic shear strength data, shear capacity tests were conducted to the
requirements of EN14024. Ten specimens were tested at high, low and room
temperatures. The length of each specimen was 100mm with tolerance of £1mm. Test

setup at all three temperature environments are explained in the following sections.

3.3.1.1 Test setup

For room temperature tests, shear deformation was measured directly on the specimen
by a Linear Variable Differential Transformer (LVDT) and recorded with corresponding
applied loading. The specimens were supported on a specially designed jig and guided
laterally. Both vertical and lateral supports were welded on a 20mm thick steel plate and
bolted onto the machine platform. As steel plate was bolted onto the bottom aluminium
portion to restrict any rotation and lateral movement, a load pad was placed on the top
aluminium portion outside the connection. The setup sketch and photo under room
temperature is shown in Figure 3.2. The specimens were tested at the rate of 3mm/min
to the maximum load or 2mm displacement if it slips according to the standard. The
purpose of the shear tests was to test the connectivity between aluminium and

polyamide.
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Figure 3.2 Shear test setup sketch and photo at room temperature

A temperature chamber was used to test specimens at high/low temperatures. It is
relatively easy to do tests at high temperature (8043) °C as the temperature chamber can

heat up itself and retain the inside temperature constant during tests. However, to
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achieve the required low temperature (-20+2) °C, liquid nitrogen in the Dewar was used
to create low temperature testing condition. A plastic tube connecting nitrogen gas
cylinder and the temperature chamber was placed in the liquid nitrogen Dewar to cool
the gas. Cold nitrogen gas was blown into the chamber to generate low temperature of (-
20+2) °C inside and maintain the temperature at this level during testing. A
thermocouple was attached to the specimen during test to confirm the temperature

inside the chamber.

To be able to fit the test jig into the temperature chamber, test jigs were modified
slightly. The bottom portion of aluminium was cut to fit into the temperature chamber
and the loading pad was changed to a cylinder. Test specimens and jigs were pre-heated
in an oven to (80) °C for high temperature tests, while they were stored in a freezer at (-

20) °C with the test jigs for low temperature tests.

Unfortunately, the LVDT is designed to work only at room temperature. Hence,
displacements couldn’t be measured directly under the specimen inside the temperature
chamber at high/low temperature tests. However, the crosshead displacement was
measured by another LVDT attached to it. This displacement measurement provides a
reasonable correlation with the displacement measured directly under the specimen. A
series of verification tests were conducted prior to high/low temperature tests and the

consistency between results were confirmed.

Test rate was set to 3 mm/min, the same as room temperature tests. Tests were
performed to the maximum load. Test setup at high/low temperatures is shown in Figure

3.3 and Figure 3.4.
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Figure 3.4 High/Low temperature test setup
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3.3.1.2 Failure modes and typical results
Failure mode of the shear tests at room, low and high temperatures are comparable,
which is polyamide slipping away from the connection. The failed connections can be

either top/ bottom or front/back connections as shown in Figure 3.5.

Polyamide slipped away

Figure 3.5 Shear test failure mode — Polyamide slipped away

Test results were evaluated by the methodology provided by EN14024:2004(Standard
2004).

Shear strength T (N/mm) for each test specimen shall be calculated as

T = Fm—l“x [3.1]

where,
T represents the shear strength (N/mm)
Fnax  represents the maximum shear load (N)

l represents the length of the test specimen (mm)
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Characteristic transverse shear strength shall be determined from the mean value of the
test results calculated from [3.1] as 5% quantiles based on a logarithmic normal

distribution with 75% confidence, which can be written as
T, = Thean — 2.02s [3.2]
where,

Tmean represents the mean value of the measured values of shear strength at the test

temperature
s represents the corresponding estimated standard deviation

The elasticity constant shall be obtained from the increment of deformation under load
(slope of stress-strain curve) after the onset of the deformation. It shall be calculated by

the following equation.

AF

c= [3.3]

where,

c represents the elasticity constant (N/mm?®)

AF represents the increase of the shear load after the beginning of deformation
N)

Ad represents the corresponding displacement of AF (mm)

l represents the length of the test specimen (mm)

Shear strength, characteristic shear strength and elasticity constant calculated by the

above method are plotted against temperatures in the graphs below.

42



65 [1low temperature tests

| < Room temperature tests

O High temperature tests

'g O
2 H
=
& 4 H
g
1
©
[
-
v )
O
25
-40 -20 0 20 40 60 80 100
Test temperatures (°C)
Figure 3.6 Shear strength vs test temperatures

45
€
£
3 O
= 40
& O
g
1
& 35
<
w
L
2
g 30
® O
@
=
(]

25

-40 -20 0 20 40 60 80 100
Test temperature (°C)

Figure 3.7 Characteristic shear strength vs temperature




80 0O [Jlow temperature tests
70
<& Room temperature tests
= O
Q.
E 60
t O High temperature tests
3
(=
§ 50 E
o
(%)
2 40 =
w <
o
30 g
e
W,
20
-40 -20 0 20 40 60 80 100
Test temperatures (°C)
Figure 3.8 Elasticity constant vs temperature

The above graphs show the section shear strength, characteristic shear strength and
elasticity constant decrease while temperature increases. The variation of the shear
strength and elasticity constant between the specimens is large. The largest variation
occurred in the low temperature test results; however the results from high temperature

tests show the least difference.

This discrepancy in strength as well as for connectivity is largely due to the
manufacturing process. The aluminium profile is pre-knurled in the connection to
increase shear friction between the two materials. To have a good shear resistance, the
sharpness of thumbwheel is critical to create a good knurled profile. In addition,
optimum machine setting for rolling process is responsible for applying normal force
and therefore generate good shear connection between aluminium and polyamide. As
the sharpness of thumbwheel will reduce gradually during process, the knurled surface
is impossible to stay uniform. Therefore, the shear friction force created by this process
varies a lot. This explains the reason of the variation of shear strength and connectivity.
This variation can also be seen from load vs displacement (slip) graph. A slip vs load

graph which includes all room temperature tests is shown in Figure 3.9 below.
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3.3.2 Transverse tensile tests

To obtain transverse tensile capacity data for the composite profile, ten specimens were
tested at room temperature as well as high/low temperatures. The standard length of
specimens was 100mm according to the standard. Test setup and typical results are

discussed in the sections below.

3.3.2.1 Test setup

Testing jig was made according to EN14024:2004 Figure 4. Specimen was fixed at top
and bottom along the centreline so that it could be loaded symmetrically. Steel brackets
and steel bolts were used to connect the specimen to the testing machine. Unlike the
shear tests, the specimen was fixed between the two cross heads. Test setup sketch and

photo are shown in Figure 3.10 and Figure 3.11.
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Figure 3.10 Tension test setup sketch and photo at room temperature
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Figure 3.11 Tension test setup full view

Testing rate was controlled at 4mm/min, and the maximum loading was set to 20kN.
During the tests, all specimens experienced large deformation. Tests were continued
until the connection between polyamide and aluminium failed, i.e. polyamide was
pulled away from aluminium, or polyamide was torn apart. Cross head displacement
was measured by a LVDT attached to the testing platform with corresponding loadings
including maximum load recorded by a data taker. The recorded displacement and

loading data were output in the spread sheet format and used in the analysis.

To test specimens at high/low temperatures, the same temperature chamber used in the
shear tests was acquired to create the designated temperature environment. Specimens
and jigs were pre-heated in the oven to (80) °C for high temperature tests, while they

were stored in the freezer at (-20) °C with the test jigs for low temperature tests.

Same testing jigs used at the room temperature tests were installed in the chamber as

shown in Figure 3.12. The temperature chamber was heated and the temperature inside
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was maintained at (80£3) °C during high temperature tests while nitrogen gas cooled by
liquid nitrogen in the Dewar was pumped into the temperature chamber to create desired
low temperature at (-204+2) °C and maintained it throughout the tests. The same setup
used in the low temperature shear tests, shown in Figure 3.4, were employed in the low

temperature tensile tests.

Figure 3.12 Test setup inside temperature chamber

3.3.2.2 Failure modes and typical results

By observation, the failure modes were similar for all the tests performed at various
temperatures. The polyamide was torn apart in some cases while the connection
between polyamide and aluminium failed in other cases. Comparing with the specimen
before test, the failed specimen shows excessive deformation at bottom aluminium
portion. The shoulder of this portion rotated about 60° to stand almost vertically. Some
portions of profile shoulder were pulled open while others were pressed close. The top
aluminium portion was bent as if there was a point load pushing it up at the centreline.
The whole section was stretched by about 20-30mm. Details of the failure modes are

shown in Figure 3.13.
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Figure 3.13 Tensile test failure modes

Tensile test results were also evaluated by the method illustrated in EN14024(Standard
2004) and presented below.
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Transverse tensile strength Q (N/mm) for each test specimen shall be calculated as

Q = @ [3.4]
where,

Q represents the tensile strength (N/mm)

Frnax represents the maximum tensile load (N)

l represents the length of the test specimen (mm)

Characteristic transverse tensile strength shall be determined on the mean value of the
test results calculated from [3.4] as 5% quantiles based on a logarithmic normal

distribution with 75% confidence, which can be written as

Qc = Qmean — 2.02s [3.5]
where,
Qmean represents the mean value of the measured values of transverse tensile

strength at the test temperature
S represents the corresponding estimated standard deviation

Tensile strength and characteristic tensile strength are calculated from test data by

adopting the above equations and plotted against temperatures below.
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Figure 3.15 Characteristic tensile strength vs temperature

Similar to the shear strength, tensile strength as well as the characteristic tensile strength
decreases as the temperature increases. The tensile strength varies more in high

temperature tests than in low temperature tests which is in contrast to the shear strength.
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However, the variation of strength between the specimens is not as large as shear

strength tests.

3.4 High strain rate shear and transverse tensile tests at room temperature
As fagade provides enclosure to buildings, its capacity of withstanding blast loading is
also as important as withstanding other static loadings. In general, air blast pressures,
impulse and durations vary from incidence to incidence. The pressures applied onto the
curtain walls are not static but do occur at very short durations. The highly intense short
duration transient blast loads can be categorized as high strain rate loads during design
and research. As the major loading bearing element of fagade system, it is therefore
necessary to find out mullion section capacity under high strain rate loads for blast

application.

To understand the magnitude of critical strain rates during blast, a series of field tests
and numerical analysis were completed by the research arm of Permasteelisa Group
recently. A number of trial runs for the fagade with various glass thickness and loadings
(pressures and impulses) were studied. Their research also included the glass status,
which assumed the glass panel was intact or some layer broken. They have concluded
that the strain rate varies linearly with the displacement and ductility factor in bending
of the fagade mullion. The strain rate is also related to the span of the mullion. The most

critical strain rate concluded by their research varies from 0.05-1 strain/sec.

As this research was sponsored by Permasteelisa Group, we worked closely with their
research arm. The critical strain rate of 0.05-1 strain/sec for mullion section was
adopted here. Shear and tensile capacity tests at room temperature were carried out at
the strain rate of 0.05/s, 0.1/s, 0.5/s and 1/s. The strain rate of 2/s was only performed
for the tensile test. High strain rate load as an independent load case is studied only at
room temperature in this research. Details of the tests are discussed in the following

sections.
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3.4.1 Shear tests

Shear strength tests of full section under high strain rate were carried out on Schenck
machine at room temperature. Schenck machine is designed to do vibration and high
speed tests. The highest design speed is 100mm/s. Due to the age of the machine (about

40 years old), it was recommended to reduce the achievable speed to 60mm/s.

As targeted testing strain rates are 0.05/s, 0.1/s, 0.5/s and 1/s, the length of the specimen
had to be reduced to 60mm to achieve 1/s at 60mm/s loading speed. Since the standard
specimen length specified by EN14024:2004 is 100mm, verification tests were carried
out to prove the 60mm specimen had comparable characteristic values. Five specimens
of 60mm in length were tested using Shimadzu machine at the speed of 3mm/min at
room temperature. Comparing the test results with the 100mm long specimens, the
difference of elasticity constant c between them was about 5%. This is within the
acceptable range. Thus, the 60mm long specimens were used to test section shear

capacity at above strain rates on Schenck machine.

The same test jig used in quasi-static tests was fixed on the actuator of the Schenck
machine by bolts and fitted well. A small LVDT was placed under the section to
measure the displacement directly. To avoid loading onto the polyamide thermal break,
a steel block was placed on the top aluminium portion under the loading pad to direct
the force onto the aluminium portion only and kept it away from connection. Testing

setup is shown in Figure 3.16 below.
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Figure 3.16 Test set-out on Schenck testing machine

Dynamic loading function was set as “ramp up”, which sets loading to increase linearly
with time. Once the assigned speed was reached, the loading speed was kept constant.
To achieve the desired constant loading speed from beginning of the test, loading pad
was placed above the specimen at about 10-15mm to give enough time and distance to

reach the desired testing speed.

Every test result was checked right after the test to verify the actual test speed.
Unfortunately, the first two specimens of the 3mm/s tests and 60mm/s tests didn’t
achieve the required speed and there were no more spare specimens left. The test results
of the 3mm/s and 60mm/s tests had to rely on the remaining three specimen’s test

results.

Failure mode of these dynamic tests is similar to the quasi-static test ones. The
polyamide thermal break slipped from the connection. Photo of the failure mode is

shown below.

54



Slippage of SR
polyamide core -

Figure 3.17 Failure mode — Polyamide slippage

3.4.2 Section transverse tensile tests under high strain rate loadings

Transverse tensile tests were done on the shake table at the strain rate of 0.05/s, 0.1/s,
0.5/s, 1/s and 2/s. Standard 100mm long specimens were tested to provide consistency

to the quasi-static tests.

As the shake table is designed to simulate ground motions during earthquakes, it is
capable of providing velocities up to the speed of 200mm/s. Special jig (steel beam
welded on the plate) was fixed onto the concrete floor by chemical anchor bolts at one
end. The other end was connected to a dynamic load cell by steel end plate and bolts.
Therefore, the dynamic load cell was supported at the end while it was bolted to the
tensile jig used in quasi-static tests to measure the applied load during testing at the
other end. The tensile jig was bolted through a steel rod and supported by steel plate and

end block which were welded on a large steel plate and bolted on the shake table.

Specimens were placed in the tensile jig horizontally. Since the table needs time and
distance to accelerate to the required speed, a “slack” was designed in the system to
provide this required distance before the specimen was pulled. Therefore, the specimen

can be tested at the specified speed. The test setup is shown in Figure 3.18 below.
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Figure 3.18 High strain rate tensile test setup on shake table

A triangular load function was adopted. However, only half of the loading cycle is
relevant to these tests. Commanded displacement vs time graph was compared with
actual table displacement vs time graph to make sure the shake table was reaching
specified speed before tests commenced. A single channel quarter bridge dynamic
amplifier was used with MTS Adaptive controller to record the load and table

displacement at every 0.0005 second.

Five specimens were tested under each strain rate. Failure modes are similar to the
quasi-static tests. Polyamide was pulled out of the connection for some specimens while

it was broken for the others. Pictures of tested specimens are shown in Figure 3.19.
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Figure 3.19 Tensile failure modes

3.4.3 Test results and discussion

Both dynamic shear and tensile test results were analysed based on the methodology
adopted from EN 14024 (Standard 2004) listed above. As there were only five
specimens for each test, mean values of these tests were also taken into consideration
during analysis. Test data together with calculated characteristic strength are plotted in

Figures Figure 3.20 to Figure 3.22.
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Elasticity constant vs strain rates

58



130 %
128
126
124
122
120
118
116

114

Tranverse tensile strength (N/mm)

112

110

0 0.5 1 1.5 2 2.5
strainrate € (1/s)

¢ Characteristic value X full data Mean value

Best fit for characteristic value Best fit for full data

Figure 3.22 Tensile strength vs strain rates

From Figure 3.20, the shear strength shows no sensitivity to the strain rate as the best fit
for both characteristic strength and full data are almost flat. Contrary to the shear
strength, the indicator of the connectivity of the composite section - the elasticity

constant ‘c’ increases with the strain rate as shown in Figure 3.21 above. The

relationship between ‘c’ and strain rate € can be interpreted as a linear function,
c=vé+c [3.6]
Where,

¢ represents the elasticity constant under a specific strain rate loading

Y represents the coefficient relating to the type of profile

Co represents the elasticity constant under quasi-static loading

Similar to the shear strength, Figure 3.22 shows the best fit for the full data point which
increases with the increasing strain rate. However, the best fit for the characteristic
strength values which derived from the full data is flat. It is, therefore concluded that the

tensile strength of this section is not strain rate sensitive.

The above graphs compare the results within high strain rate tests, where the strain rates
vary from 0.05/s to 2/s. These comparisons are for the tests carried out on the same

machine. Since quasi-static tensile and shear tests were performed on Shimadzu
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machine while dynamic tests were completed on Schenck and shake table, it is not
possible to compare exactly the results of quasi-static test with dynamic test results due
to different machine manufacturers and tolerances. However, it is still reasonable to

compare the general trend of the high strain rate test results with quasi-static results.

The shear strength obtained from high strain rate tests was generally lower than the
value from quasi-static tests based on the results in Figure 3.20. The highest
characteristic shear strength obtained from the high strain rate tests is 32.15N/mm,
which is taken from 0.05 strain/s tests. It is about 17% lower than the results from

quasi-static tests.

Contrary to shear strength, transverse tensile strength obtained from high strain rate
tests was generally higher than the quasi-static test results. For example, the
characteristic transverse tensile strength of 2 strain/s tests yielded 12% higher values
than quasi-static test result based on results in Figure 3.22. However, comparing the
results between high strain rate tests, it is hard to conclude that the transverse tensile

strength increases with strain rate.

The high strain rate test results of elasticity constant shown in Figure 3.21 clearly
presents a relationship with strain rate. However, the values obtained from quasi-static

tests are slightly higher than the high strain rate test results.

Hence, further study is recommended to confirm the elasticity constant c is strain rate
sensitive since the values obtained from quasi-static tests is slightly higher than the high
strain rate test results. Firm conclusions shall be based on large quantity of tests to be
done as the connection has large variations among the specimens during rolling and

knurling process during manufacturing.

In conclusion, full section shear and transverse tensile strength is not sensitive to strain
rate while elasticity constant ‘c’ shows signs of strain rate sensitivity in high strain rate

tests.
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3.5 Four-point bending beam tests at room temperature under quasi-
static loadings

The above sections investigated the shear and tensile load carrying capacity of this

typical composite fagcade mullion section. As a major load bearing element in the curtain

wall system, facade mullion is running vertically to resist uniformly applied lateral

loads, such as earthquake, wind and thermal loads, etc. It is usually simply supported at

both ends by structural slabs at floor levels. The applied lateral loads generate bending

and shear forces on the mullion.

In order to thoroughly understand the behaviour of this fagade mullion section, four-
point bending tests were proposed. Since a simply supported beam under uniformly
distributed loads is subjected to bending and shear forces, it only provides a bending
plus shear combined loading situation. However, a simply supported beam under two
equally spaced concentrated loads (four-point bending) generates not only combined
bending and shear behaviour but also pure bending behaviour at middle portion of the
beam between the two applied loads. It explores more loading patterns and therefore, it

was chosen for the laboratory tests.

3.5.1 Test setup

All four-point bending beam tests were performed on Shimadzu Hydraulic Universal
Testing Machine, model REH 50/50 tonne. Tests were done to displacement control.
Displacement rate was set at 3mm/min. Four sets of beam specimens containing three
specimens each were supplied by the sponsor — Permasteelisa Group. Specimen lengths
were 2.5m, 3m, 3.5m and 4m. Specimens were supported by rollers at both ends. Two
pairs of loading pads were placed on the shoulders of the section at one-third of the span
to apply symmetrical loadings onto the specimen. The loading pads were fitted with a
small roller to avoid load concentration and local buckling. Four Linear Variable
Differential Transformers (LVDTs) were attached to the bottom of specimens at equal
spacing of one-eighth of the span length. Due to the height limitation of the testing
machine, LVDTs could not be fitted under the beam specimens. Light metal pads were
glued under the bottom of specimens and protruding outside to allow LVDTs to be
attached under to measure the displacement at these locations. Seven strain gauges were

placed on one side face of the specimens at mid-span. Two reference strain gauges were
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placed at 100mm on either side away from the mid-span. The specimens were

categorized into four types which are listed in Table 3.1 below.

Table 3.1 Beam specimen types and quantity
Beam Specimen Type L (mm) Specimen Numbers
B 2120 3
C 2620 3
D 3120 3
E 3640 3

The test set-up diagram and photo are shown in Figure 3.23 and Figure 3.24 below.

Hatched area indicates
the location of strain gauges
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Figure 3.23 Test setup diagram
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Figure 3.24 Full view of test setup

Since the geometrical details of the top aluminium profile are complicated, there is
limited space available to fit strain gauges. Therefore, backing size of 3mm wide strain
gauge type FLA-5-23-1L made by Tokyo Sokki KenKyujo Co., Ltd. was chosen.

Detailed strain gauge layout is shown in Figure 3.25.
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Figure 3.25 Strain gauge layout

3.5.2  Failure mechanism and typical results

During testing, specimens bent gradually as the load increased. Top aluminium profile
started slipping away from the polyamide core from the peak load. After the major
slippage occurred, the load dropped and then picked up to reach the level between peak
and dip loads then slowly increased towards the end of the test. The failure of composite
action between top and bottom parts of the beam resulted in the dip load. This
phenomenon was consistent throughout all bending tests, which can be called a three-
stage progressive failure mode. All specimens went through large deformations as
shown in Figure 3.26. LVDTs placed under the specimens to measure the displacement
along the beam had to be removed in the latter stage of the test as the displacement was
larger than the capacity of these LVDTs, which is limited to 80mm. The capacity of the
LVDT attached on the cross-head can reach 120mm. Once the cross-head displacement
reached 120mm, the test was stopped. None of the specimens could be tested to their

maximum strength. The aim of these tests was to understand the behaviour of the
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specimens under serviceability limit state as the glass panels have limited tolerance to
the deformation of mullions. Therefore, glass panels usually crack before the mullions
reach ultimate strength. Hence, the ultimate strength capacity of mullion does not

govern the design.

Deformed shape of test specimen Top connection slipped

Figure 3.26 Typical deformation of test specimen

Figure 3.26 above shows the top connection between polyamide and aluminium has
slipped while the bottom connection was intact. The top aluminium portion was longer
than the polyamide and bottom aluminium portions. This phenomenon indicates that the
top aluminium portion has failed and lost connection to the bottom part of the section.
As the strains at mid-span of the beam were measured during testing, strain distribution
was plotted to investigate the behaviour of the whole cross-section under loading. The

strain distribution of all beams at dip load after slip is plotted in Figure 3.27 below.
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Figure 3.27 Strain distribution diagrams along cross-section at dip load

Figure 3.27 shows the strain distribution was not linearly distributed along the section at
the dip load after slip. The strains at the top aluminium part had no correlation to the
other parts at all. It worked as an independent part under pure compression. However,
the bottom part of polyamide and bottom aluminium portion were acting together and
bent along the centroidal axis of the combined section. The value of compressive strains
of the top aluminium part was much smaller than the polyamide and top of bottom
aluminium part. As the displacement is proportional to the strain, therefore, differential
horizontal movement occurred between top aluminium part and the combined section of

polyamide and bottom aluminium part. The top part shrank less than the combined
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bottom parts and therefore it was longer. The above observation of the beam failure

mechanism can be summarized into three loading stages.

1. Stage 1 — section was fully engaged and had full composite action.

2. Stage 2 — slip occurred at top connection between top aluminium part and
polyamide part after reaching the peak load and load carrying capacity dropped.

3. Stage 3 — the top aluminium part acted independently and under pure
compression while the polyamide and bottom aluminium part bent along their
combined centroidal axis. The top aluminium part only rested on the combined
polyamide and aluminium parts and provided no capacity to the whole section.
However, the capacity of the combined section mainly relied on the bottom
aluminium part as the material modulus of aluminium is much greater than the
polyamide’s and so is the geometry. The capacity of polyamide is therefore
negligible. The total loading capacity of the section is the capacity of bottom
aluminium part bending along its own centroidal axis. When aluminium
hardened, the load carrying capacity gradually increased. This bending/failure

mechanism is illustrated and plotted in the figures below to demonstrate the full

process.

Stage 1 Stage 2 Stage 3
Composite Failure of connection Post failure action — separate
beam action between top aluminium beam action, top aluminium

part and polyamide insert part acts independently from

other parts.

Figure 3.28 Failure mechanism
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Figure 3.29 [lustration of failure mechanism of this fagade beam

The three stages of beam failure process can also be observed from load vs mid-span
displacement graphs plotted below for all types of beam specimens. All beam
specimens showed these three stages of failure mechanism. As the span of beam
increased, the load carrying capacity decreased and mid-span displacement increased.
Due to the limitation of test instruments (LVDT), the full length of stage 3 cannot be
plotted. The prolonged period of stage 3 of all types of beams showed a good ductile

behaviour under bending which was the main loading condition under all lateral load

casces.
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Figure 3.30 Typical load vs mid-span displacement for beam types

3.6 Summary and conclusions

In summary, section capacity of shear and transverse tensile tests under quasi-static
loadings at various temperatures and under high strain rate loadings at room temperature
were discussed in this chapter. Beam test results of four-point bending were also
presented. All section capacity tests show similar failure modes under either quasi-static

loadings or high strain rate loadings at various temperatures.

Shear failure of the polyamide due to it slipping away from connection was observed
for all shear tests while polyamide was either pulled away from the connection or
broken in all tensile tests. Test results show both shear and tensile section capacities, as
well as elasticity constant are affected by temperature, i.e., the section capacities

increase while the temperature decreases. Unfortunately, the high strain rate tests
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displayed a mixed trend. The elasticity constant is clearly increased with the strain rate,
however, the shear and tensile section capacities showed no clear correlation with the
strain rate. Large quantities of further high strain rate tests are recommended for future

study.

The four-point bending beam tests confirmed a good ductility of this type of facade
mullion section. The failure mechanism was investigated and the failure mechanism at
three stages was established. The bending capacity of the section after slippage is based
on the capacity of bottom aluminium part which was bending along its own centroidal
axis. The capacity drop is relatively small for short spanned beams (less than 10%)
while it could reach a 30% drop in capacity for large spanned beams. As the material

hardened, the total bending capacity of the section gradually increased.
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4. Numerical investigation of the typical thermal break facade section

4.1 Introduction

Experimental investigation of this typical thermal break fagade section presented in
Chapter 3 revealed its connectivity behaviour when tested for its shear and tensile
section capacities. Four batches of four-point bending tests also confirmed its beam
bending behaviour. Based on the observation of these tests, this facade beam shows a
complicated but typical composite action between the three components. To verify the
experimental conclusion and provide comparable results, numerical investigations were

carried out and presented in this chapter.

A series of commercial finite element softwares were surveyed and ABAQUS software
was selected as it has powerful capacity to perform analysis of non-linear physical
behaviour and a wide range of material modelling. Its capacities also include multi-
physics analysis and dynamic analysis. In addition, its meshing technique is capable to
supply various types of elements to suit any complicated profiles. Version 6.11 of
ABAQUS /CAE, also called “Complete ABAQUS Environment”, was employed to

carry out the analysis.

Material modelling of aluminium alloy and polyamide materials was performed. Stress-
strain relationships of both materials were established and converted into true stress and

true strain relationships which can be adapted by the software.

ABAQUS user manual and analysis manual were studied. Element types provided by
the software were investigated and test models were built to identify the suitable
element type for this section. Calibrated with the test results, quadratic reduced
integration solid element (C3D20R) is assigned to both aluminium skins while linear

element with incompatible mode (C3DS8]I) is adopted for polyamide insert.

As a composite section, interaction between the contact bodies plays an important role
for the section capacity. Coulomb’s friction theory was adopted to model the interaction.
Formulation of penalty frictional algorithm supplied by ABAQUS software was chosen
to simulate the interaction. Two new models — “Proposed progressive failure model”
and “Proposed partitioned multi-phase beam failure model” were initiated and applied
to the models to reproduce similar failure modes of the experiments. Small sliding

tracking formulation was used to model the relative motion between the contact surfaces.
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Shear and tension models were built to simulate the shear and tensile tests under room
temperature by ABAQUS software. Deformation and failure mode are presented in this

chapter as well as typical results.

Four beam models were established by the software to replicate the laboratory
experiments. Detailed setup of the FE model and deformation of beams as well as stress

distributions are shown in this chapter.

These finite element models provide comprehensive details of connectivity between
aluminium and polyamide interfaces. They also provide useful information for beam
bending mechanism of this section. The two new models represent the shear and
bending failure mechanism and can then be applied to future simulation of other facade

sections having similar type of connection.

4.2 Material modelling

4.2.1 Aluminium material modelling

Material property of aluminium alloy 6063T6 listed in (Institution 2007) Table 3.2b is
adopted. 0.2% proof strength fo = 160MPa and ultimate strength fu = 195MPa for

extruded profile, whose thickness is less than 25mm, are applied in the FE models.

Stress-strain relationship of aluminium alloy can be modelled as either piecewise linear
model or continuous model. As the influence of alloy content lessens the sharpness of
aluminium yield point in favour of a more non-linear response (Gardner & Ashraf 2006),
it is therefore decided to adopt continuous model rather than piecewise model in this
study. The material stress-strain law of a continuous model is based on the assumption
that it can be described by means of a continuous relationship, representing the elastic,
inelastic and plastic with hardening region. The characterization of the stress-strain

relationship could be generally performed by either of the following.

1) Continuous models in the form of 0 = o (¢)

i1) Continuous models in the form of € = €(0)

Ramberg-Osgood model (Osgood & Ramberg 1943) was recommended by (Institution
2007) in Annex E in order to apply the continuous material model for round-house type
material, such as aluminium alloy. It describes the stress-strain relationship in the form

of € = € (0). The general form of Ramberg-Osgood analytical expression is
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€= % +&g,e (fge)” [4.1]

where:

fe = conventional elastic limit

£ = residual strain corresponding to the stress f,

n = exponent characterizing the degree of hardening of the curve

A general accepted approach to define the conventional elastic limit (f,) is to assume
that it can be replaced by the equivalent yield point (f;). This equivalent yield point is
determined by means of 0.2% offset method (Gardner & Ashraf 2006; Institution 2007;
Osgood & Ramberg 1943). The strain at this point is taken as

£e =0.002
Therefore, Eqn. 4.1 can be re-written as

_ g O\n
£= z + 0.002 (fo) [4.2]

Eqn. 4.2 is plotted in Figure 4.1 with illustration of the 0.2% offset method.

0,002 Eomax Emax €

Figure 4.1 Stress-strain diagram of Ramberg-Osgood model in general form

To evaluate the exponent n, a second reference point on the stress-strain diagram with
stress f, and strain &, is required. The choice of the second reference point depends
on the strain range — elastic deformation or plastic deformation. It is therefore important
to differentiate the n value of elastic range from plastic range. The n value can be
generally expressed by:
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In(0.002 /€0 5)

= ————2% 4.3
In(fo/fx) [4.3]

When considering the deformation in elastic range, the second reference point can be
assumed by means of 0.1% offset method. In this instance, the stress f, 1is taken as f,;

while the strain &g, is taken as 0.001.

Therefore, Eqn. 4.3 can be re-written as

In2

= 2 4.4
e = Intto/for) [4.4]

When considering the deformation in plastic range, the second reference point can be

assumed at the maximum tensile stress location, which adopts fi,q as f, and €gmqy as

£o,x- Hence, Eqn. 4.3 in the plastic range is revised as

__ In(0.002 /€5 max)

P~ T In(fo/ frmax) [4.5]

The exponent n represented by Eqns. 4.4 and 4.5 can be approximated based on

extensive experiments (Institution 2007) and specified as following by introducing a
limit of proportionality f,,.

_ In(1075/0.002)

. , B _ p
e = T mGu/fo) in elastic range (fy = fp, &, = 1x107) [4.6]

As the limit of proportionality f,, depends on the value of 0.2% proof stress, f,, can be

worked out as a portion of f; , below.

fo = Jo2 — 2 10fp if fo., > 160N /mm?
fo = fo2/2 if fy, < 160N /mm?
Or

_ In(0.002/ey,)

P TIn(fo/fa) in plastic range (f; = f,,) [4.7]

The value of ne and 1, can be determined by applying the property of aluminium alloy
6063T6 listed above. Therefore, stress-strain relationship of aluminium alloy 6063T6
can be plotted by using Eqn. 4.2 as shown in the graph below.
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Figure 4.2 Stress-strain relationship of aluminium alloy 6063T6

The above stress-strain relationship diagram is based on engineering stress and
engineering strain which are also called nominal stress and nominal strain. Nominal
stress is defined as force per unit undeformed area in the metal while nominal strain is
length change per unit undeformed length. However, when a metal is tested under
tensile load, it experiences highly localized extension and thinning which is called
necking in the plastic deformation range. The nominal stress ignores the necking
phenomenon which produces much lower stress at failure than the actual ultimate
strength. On the other hand, nominal stress obtained from compressive test on the same
metal at failure is corresponding to the actual ultimate strength as it does not have
necking problem. To account for the differences in the compressive and tensile
behaviour independent of the metal specimen’s geometry and applied loading types,
true stress and true strain are introduced by a mathematical model. True stress and true

strain are defined as the following.
1. True strain

When the deformation in length 4/ and finite deformation d/ both tend to zero, the

strains in compression and tension are the same. Then,
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de = = [4.8]
and

— (td_nl
e= ), 7= ln(lo) [4.9]

where, / is the current deformed length and /p is the original length.
The strain € defined by Eqn. 4.9 is called true strain or logarithmic strain.
2. True stress

True stress is the stress measurement conjugate to the true strain. It can be defined as
F
o=~ [4.10]

where, F is the force acting on the material and A is the current area.

The true stress and true strain relationship of a ductile metal can represent loading
conditions of both tension and compression in finite deformation. Therefore, these
values shall be adopted in the finite element software to correctly define plasticity data.
The values of true stress and true strain are strictly required by ABAQUS software to

interpret the stress-strain relationship.

As the stress-strain relationship of aluminium alloy 6063T6 generated by Ramberg-
Osgood model above is the relationship between nominal stress and nominal strain,
formulas supplied by ABAQUS software (Systemes 2011b) are adopted to convert the
nominal stress and nominal strain to true stress and true strain. These formulas are listed

below.
1. Conversion between nominal strain and true strain
Etrue = In (1 + enom) [4.11]

2. Conversion between nominal stress and true stress

Otrue = Onom (1 + Snom) [4.12]

Since the nominal strain indicates the total strain which includes the elastic strain and
plastic strain, the true strain calculated by Eqn. 4.11 is the total true strain. As the
ABAQUS software requires the true plastic strain only, the total true strain has to be
separated into true elastic strain and true plastic strain. Formula provided by the
software for the separation is given below.
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ePl = gt - 2
E
where
gb! represents true plastic strain
gt represents true total strain
o represents true stress
E represents Young’s modulus

[4.13]

Table 4.1, comparing nominal stress with true stress and nominal strain with true total

strain and true plastic strain, is given below. The true stress and true strain relationship

diagram is given in Figure 4.3.

Table 4.1 Stress and strain conversion

Nominal stress (MPa) | Nominal strain | True stress (MPa) | True strain | Plastic strain
80 1.143E-03 80.1 1.143E-03 | -9.602E-07
100 1.429E-03 100.1 1.428E-03 | -3.028E-06
125 1.792E-03 125.2 1.790E-03 | 1.139E-06
150 2.580E-03 150.4 2.576E-03 | 4.280E-04
160 4.286E-03 160.7 4.277E-03 | 1.981E-03
175 1.904E-02 178.3 1.886E-02 | 1.631E-02
180 3.470E-02 186.1 3.411E-02 | 3.145E-02
185 6.393E-02 196.5 6.197E-02 | 5.916E-02
190 1.176E-01 211.1 1.112E-01 | 1.082E-01
195 2.148E-01 232.9 1.946E-01 | 1.912E-01
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Figure 4.3 True stress — true strain relationship of aluminium alloy 6063T6

4.2.2  Polyamide material property

The thermal break joining the two aluminium profiles is a 25% glass-fibre reinforced
polyamide PA66. The tensile property in longitudinal direction (along glass fibre
direction) was obtained by laboratory testing. Standard specimens were supplied by
sponsor, Permasteelisa Group. Specimen geometry complied to the requirements of ISO
527-2 (Standardization 1993b). Five specimens were tested for tensile strength under
the guidance of ISO 527-1 (Standardization 1993a). Tests were carried out on Shimadzu
Hydraulic Universal Testing Machine, model REH 50/50 tonne. Loading rate was set at
2.5mm/min. An extensometer was attached to the specimen to measure the change of
gauge length during tests. To protect the extensometer, the extensometer was removed
from the specimen when the elongation reached 3mm before failure. Test data were

recorded by a data taker and transferred into a spread sheet format.

Engineering stress and strain were evaluated by the methodology specified by
(Standardization 1993a). Stress-strain graph is shown in Figure 4.4. The Young’s

modulus in longitudinal direction is 4,477 MPa.
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Figure 4.4 Stress-Strain relationship of PA66 in longitudinal direction

As the glass-fibre reinforced polyamide is an anisotropic material whose material
property varies according to the glass fibre direction, in transverse direction (normal to
the glass fibre direction), the material properties of PA 66 are weaker. As it is not
possible to carry out laboratory tests for the transverse direction, the stress-strain
relationship was adopted by the data supplied by Permasteelisa Group. The detailed data
sheet is attached as an appendix. The stress-strain diagram is shown below and the

Young’s modulus is 2,681 MPa.
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Figure 4.5 Stress-Strain relationship of PA66 in transverse direction

As explained in section 4.2.1, engineering stress and strain need to be converted into
true stress and true strain representing finite deformation and accepted by ABAQUS
software. Therefore, the above engineering stress-strain relationships of PA66 in the
longitudinal direction as well as the transverse direction was translated to true stress-

true strain relationships below.

100

00 | e
o

70

60 /
50 —————A——

v
w |/

0

Stress (MPa)

0 1 2 3 4 5 6 7

Strain (%)

Figure 4.6 True stress - true strain relationship of PA66 in longitudinal direction
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Figure 4.7 True stress - true strain relationship of PA66 in transverse direction

4.3 Investigation of the influence of element types

The composite fagade mullion section has a complicated profile shape (Figure 3.1). The
complexity is not only reflected in its profile shape but also in the composite action
between aluminium and polyamide parts. To model it accurately and efficiently, three

dimensional solid elements were adopted in the numerical analysis.

As this fagade section is a semi-continuous section, it behaves differently from
continuous or forged section. When it goes through shear, tensile or bending
deformation, the interfaces will go through complicated deformation and interaction.
The characteristic behaviours between different element types will largely affect the
deformation and stress distribution of the whole section and the interfaces in the
connections. It is therefore important to choose suitable element types to model both

aluminium and polyamide portions under each loading condition.

As ABAQUS software was chosen to do the analysis, the type of solid element was
selected from the software library. In the library (Systemes 2011b), first-order (linear)
interpolation elements and second-order (quadratic) interpolation elements in three
dimensions using either full or reduced integration, such as tetrahedral, triangular
wedges and hexahedra, are available. In addition, hybrid and incompatible mode

elements are provided by the software.
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Full integration is to provide exact integration of all stiffness coefficients of an
undistorted element by using enough sampling points (Cook, Malkus & Plesha 1989).
In other words, full integration means that the stiffness matrix of an element with
uniform material behaviour will be integrated by the Gaussian scheme chosen only if
the Jacobian of the mapping from the isoparametric coordinates to the physical
coordinates is constant throughout the element. The limitation of full integration is that
opposing sides or faces in three dimensional elements must be parallel and the mid-side
nodes must be at the middle of the element sides for the second-order elements. If the
element does not satisfy these conditions, it will lead to inaccuracy in the integration

and forming of stiffness matrix.

Reduced integration adopts fewer sampling points. It usually implies that an integration
scheme one order less than the full scheme is used to integrate the element’s forces and
stiffness. This method provides several advantages. First, reduced sampling points
means less integration and therefore less cost. By using reduced integration method, the
computational cost is lowered when forming an element. For instance, a fully integrated
quadratic 20-node three dimensional element requires 27 points for full integration

while the same element only needs eight points in the reduced integration version.

Second, this low-order rule tends to soften an element. Reduced integration decreases
the number of constraints introduced by an element when internal constrains are
modelled in the continuum theory. This is because certain high-order polynomial terms
happen to vanish at Gauss-points of a low-order rule. Therefore, these terms make no
contribution to strain energy, which means these complicated displacement modes offer
less resistance to deformation. It is particularly beneficial to apply reduced integration
to a second-order solid element subjected to bending. With full integration, this type of
element will become too stiff and “lock” itself. The results provided by them are not
usable. This will be further discussed in the examples (trial models) later. In general,
for a second-order element whose isoparametric coordinate lines remain orthogonal in
the physical space, reduced integration method provides high accuracy of the nodal

displacements (Barlow 1976) and therefore higher accuracy of strains.

However, there is some deficiency in reduced integration method. The rank of stiffness
matrix is less than the number of element degree of freedom minus the number of rigid

body modes. This leads to the appearance of singular modes (hourglass modes) in
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response, typically in first-order elements. Singular modes existing in second-order
three dimensional elements can only propagate in a single stack of elements while the
only mode existing in second order two dimensional reduced integration elements
cannot propagate more than one element. As these modes rarely cause any trouble in
second order elements (Systemes 2011b), no special control techniques are required.
The second order one dimensional elements will not generate a rank deficient stiffness

matrix.

To overcome shear locking in linear fully integrated elements, the incompatible
deformation modes are added internally to the elements. The main effect of the
additional degrees of freedom is to eliminate the parasitic shear stress in regular
displacement elements in bending. These degrees of freedom also eliminate the artificial
stiffening due to Poisson’s effect in bending and therefore prevent overestimation of the
stiffness. Lower order elements with incompatible modes can produce results in
bending problems which are comparable to second order elements but at significantly

lower computational cost.

To be able to choose a suitable element type for this composite fagade section,
parametric study of a simplified section similar to the bottom aluminium portion was
carried out. Based on the test results, bending behaviour was observed not only in four-
point bent beam tests but also in section tensile capacity tests as discussed in Chapter 3.
The purpose of the exercise is to determine the element type appropriate for bending

with low computational cost.

The geometry of the trial section is taken as similar to half of bottom aluminium portion
plus the polyamide insert. The connection between polyamide and aluminium was
deleted to remove unnecessary complexity. The material property of the whole section
was defined as aluminium alloy 6063T6. This section was tested in ABAQUS software
by using solid hexahedra element for full integration, reduced integration and
incompatible mode under same loading and boundary conditions. Loading and
boundary conditions similar to the tensile tests were applied to the model. Aluminium
material property of 6063T6 was modelled by Ramberg-Osgood expression. True stress
— true strain relationship shown in Figure 4.3 was used to define the plasticity of the
material. Details of the model setup are shown in Figure 4.8 and Figure 4.9 below.

Theoretical bending moment diagram of this structure is plotted in Figure 4.9.
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Figure 4.9 Boundary condition and theoretical reaction force diagram
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Five types of three dimensional stress elements were tested. The element types are

a) An eight node linear brick element with full integration (C3D8);

b) An eight node linear brick element with reduced integration and hourglass
control (C3D8R);

c) An eight node linear brick element with incompatible modes (C3DSI);

d) A twenty node quadratic brick element with full integration (C3D20);

e) A twenty node quadratic brick element with reduced integration (C3D20R)

Comparisons of deformed shapes and bending stresses for the above element types are

listed below.

Table 4.2 Comparison of deformed shapes

Type ‘a’ Type ‘b’ Type ‘¢’ Type ‘d’ Type ‘€’

0F 55024 EST 203

Table 4.2 shows displacement modes between quadratic elements and linear elements
under common loading and boundary conditions as well as material property. Types ‘a’
and ‘b’ show similar deformed shapes. The section bends at web. The joint between
flange and web remains orthogonal (rigid). Type ‘c’ shows similar displacement mode
as Type ‘d’. The incompatible mode reduced the “shear lock™ effect slightly, but did not
remove it completely. The angle at the joint between flange and web still remains
orthogonal. However, the web doesn’t bend as much as types ‘a’ and ‘b’. This proves
that the performance of linear element with incompatible mode is comparable to
quadratic fully integrated element in this case. The quadratic element with reduced

integration (type ‘e’) exhibits completely different displacement mode — the joint
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between flange and web is fully flexible and rotates against each other which indicates
the rigid joint becomes plastic hinged. There is no bending deformation observed on the
web as with the other four types. This deformed shape is close to the actual deformed

shape of the bottom aluminium portion from laboratory tensile tests (Figure 3.13).

The bending stresses of these five types of elements are shown in Table 4.3. The
maximum bending stress of Type ‘a’ and ‘b’ is located on the flange near the joint to the
web. For Type ‘c’, the maximum stress is located in the middle of the flange while it is
located between the middle of the flange and the joint to the web for Type ‘d’ element.
As the bending moment diagram shows the bending moment at the flange is much
smaller than that at the joint with web, and hence, the maximum stress location shown
on Type ‘¢’ and ‘d’ structures are obviously not correct. With the maximum bending
stress shown at the joint to the web, the bending stress distribution of Type ‘e’ structure
is consistent to the bending moment distribution. Although the bending stress
distribution of Type ‘a’ and ‘b’ structures is close to the bending moment distribution,
the deformation of these two structures indicates the maximum bending is occurring at
the web while the joint remained unaffected. This shows the “shear lock” effect
prevented the model to generate consistent results therefore linear elements with full or
reduced integration are not suitable for simulating bending behaviour. On the contrary,
quadratic element with reduced integration gives consistent bending stress distribution
and deformation shape. Hence, it shall be adopted in FE model for the top and bottom

aluminium portion.
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Table 4.3 Comparison of bending stresses

Type ‘a’ Type ‘b’ Type ‘¢’ Type ‘d’ Type ‘¢’
Max. stress = Max. stress = Max. stress = Max. stress = Max. stress =
184MPa 108MPa 516MPa 550MPa 633MPa

In addition, the advantage of adopting quadratic reduced integration elements is to
prevent “volumetric locking”. As the top and bottom portions are made of aluminium
alloy, its incompressible nature of plastic deformation in metals places limitations on
the types of elements that can be used for an elastic-plastic simulation (Systemes 2011a).
“Volumetric locking” is caused by element over-constraint. When modelling,
incompressible material behaviour adds kinematic constraints to an element, and the
limitations constrain the volume at the element’s integration points to remain constant.
If these elements cannot resolve all of these constraints, they suffer from “volumetric
locking”. This is typically for the fully integrated quadratic solid elements. However,
reduced integration solid elements have fewer integration points at which the
incompressibility constraints must be satisfied. Hence, they are not over-constrained
and can be used for most elastic-plastic modelling. However, quadratic reduced
integration recommended to take caution if the strains exceed 20%-40% (Systemes
2011a). When strains reach this magnitude, this type of element can still suffer from
“volumetric locking”. To reduce this effect, fine meshing is recommended (Systemes

2011a).

From the laboratory tensile tests, plastic hinge is clearly visible (Figure 3.13). As the
quadratic reduced integration solid element is proved to be the most suitable element for

modelling top and bottom aluminium portions, fine mesh of seed 5 (in tensile and shear
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test simulations) and seed 9 (in beam test simulation) was adopted to reduce the

“volumetric locking” and provide reasonable results.

Quadratic reduced integration solid element is also assigned to the middle polyamide
core for shear and tension models as this type of element will tolerate bending
behaviour which is certain in tensile tests. However, the polyamide core is expecting
only shear deformation during bending as to the sandwich theory; linear element with
incompatible mode was adopted in the beam models to save computational costs. Fine
meshes of seed 3 (in tensile and shear test simulations) and seed 7 (in beam test
simulation) were also adopted to work together with the aluminium skins (top and

bottom portions).

In summary, intensive research was carried out to determine the most suitable element
type for this typical facade section. As a sandwich type composite section, the skins
take bending while the core takes shear only. Also, the top and bottom skins will go
through large deformation during simulation. The quadratic reduced integration solid
element (C3D20R) is adopted in the model to avoid ‘“shear lock” and “volumetric
locking”. However, linear element with incompatible mode (C3DS8I) is used in the
simulation to take only shear deformation and save on computational cost. Mesh sizes

are also refined to produce reasonable results.

4.4 Interaction between aluminium profile and polyamide insert

A typical facade section comprises three portions which are top and bottom aluminium
and middle polyamide insert. The polyamide provides thermal isolation for energy
efficiency. The connection between polyamide and aluminium is not forged together but
by rolling polyamide into the joint with high pressure. It deforms the aluminium
extrusions and transfers the pressure to the polyamide inserts. This contributes to the
friction between aluminium and polyamide. Hence, it is a semi-continuous section. The
section capacity mainly relies on the connectivity of the joints. The connectivity of the
joints depends on the pressure created during manufacturing process and the geometry
of the contact surfaces. As mentioned in the previous chapters, the pressure depends on
several factors, such as the knurled shape of the aluminium profile, the sharpness and

newness of the knurled wheels, etc.
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To be able to model this section correctly, it is important to understand the frictional
interaction between aluminium and polyamide. Early studies of this type of thermal
break section suggested adopting sandwich theory to analyse the composite action at
connections. A typical sandwich structure consists of top and bottom thin stiff sheet of
dense material joined by a thick layer of low density material which is much less stiff.
The sandwich theory (Allen 1969) assumes the core makes no contribution to the
flexural rigidity of the sandwich, EI, and the shear stress is constant through the depth
of the core. For a thick faced sandwich structure, the faces have significant local
bending stiffness and no longer behave as flexible membranes. The faces may undergo
local bending when it bends about its own centroidal axis rather than about the
centroidal axis of the complete sandwich section. The faces may also undergo purely
extensional deformation when it is subjected to a uniform tensile or compressive stress.
This section behaves close to the assumption of the thick faced sandwich structure and
therefore shall be considered as a thick faced sandwich structure when sandwich theory

is adopted in the study.

Previous studies (Franz Feldmeier 1988) and (Heinrich, Schmid & Stiell 1980)
considered shear deformation in the core (middle polyamide insert) and assumed the top
and bottom aluminium portion/skin bent in same curvature as other typical sandwich
structures, such as honey comb panels (Bitzer 1997) or plied structures. Other types of
sandwich structures such as (Corigliano, Rizzi & Papa 2000) studied a syntactic-
foam/glass-fibre composite sandwich. It applied bonding between skins and core.
Maximum shear stress limit was adopted to assign debonding interface condition.
Johnson, Pickett and Rozycki (Johnson, Pickett & Rozycki 2001) described the
technique used in material modelling and numerical simulation of fibre reinforced
composite shell structure. It modelled the interface between pliers as “sliding interface”
which were tied together. This technique was later improved by Johnson and Holzapfel

in (Johnson & Holzapfel 2006).

In terms of this typical facade section, the interaction between aluminium skin and
polyamide core is mainly achieved during manufacturing process. As the glass fibre
reinforced polyamide is rolled into pre-knurled aluminium profile during manufacturing
process, normal pressure and friction are created between the interface of polyamide
and aluminium. To determine the normal pressure created during knurling and rolling

process is complicated as this involves many uncertainties, such as aluminium material
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grade, sharpness of thumbwheel, settings of knurling machine and geometry of the
aluminium profile, etc. The uncertainty introduced in the manufacturing process is too
complex to study. However, the change of internal force distribution at each loading

step 1s presented by studying the interface detail.

Figure 4.10 below is the enlarged interface geometry. The applied shear force
introduces shear stresses on the vertical contact surfaces. Normal stresses as well as
shear stresses are also generated on the inclined contact surfaces. As the aluminium
penetrates into the polyamide in the overlapped zone, the connection tends to rotate
around this zone under applied shear force. Whether the rotation will occur or not
depends on the area of overlapped zone and the rigidity of this zone. This possible
rotation will introduce normal stresses along the vertical contact surfaces. If we assign
case 1 as the normal stresses introduced by shear force to the three interfaces, then, case

2 is assigned to the normal stresses by rotation.

) @ | Shear Force

p I @
Full section Inclined contact Aluminium skin
surface

Overlapped zone Vertical contact surface

Inclined contact
surface

Figure 4.10 Enlarged contact surface detail

In case 1, normal stress tends to push polyamide surface away and open up the
connection, therefore, causing localized bending in the inclined contact surfaces. In case
2, normal stress is helping to stick the two surfaces together. Also, when shear force
increases, both surfaces go through deformation and internal stress redistribution.
Therefore, normal and shear stresses in both case 1 and 2 vary under every loading

increment. Internal forces at the end of an early loading increment contribute to the
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deformation and stress distribution at next increment. Hence, it is not practical to
include all these uncertainties into the FE model. However, it is obvious that frictional
stress is the main contribution to the connectivity. Friction is therefore adopted to

simulate the interface contact actions.

To model the frictional interaction between aluminium and polyamide contact surfaces,
classical Coulomb’s friction theory was adopted. According to this theory, the friction
can be divided into static friction and kinetic friction. Static friction coefficient ()
represents the friction force opposing the onset of relative motion between two bodies
while kinetic friction coefficient (ux) 1s representing the force opposing the continuance
of relative motion once that motion has started. These two frictions can be defined

below (Blau 2001).

Us = Fs/P [4.14]
i = Fy/P [4.15]
where,

Fs represents the force just sufficient to prevent the relative motion

Fi represents the force needed to maintain relative motion between two bodies

P represents the force normal to the interface between the two sliding bodies

Static and kinetic friction coefficients are largely related to the material property and
system (Blau 2001; Kogut & Etsion 2004). The system refers to geometry of the
interfaces (surface roughness and asperity interlocking), fluid dynamics approaches, and
considerations of electrostatic forces between surface atoms. In this study, friction
coefficients depend on the material properties of aluminium alloy and polyamide, the
geometry of the interfaces, manufacturing process and internal force redistribution in
each loading increment. In addition, temperature environment also affects the value of

friction coefficient which was proven in the tests discussed in Chapter 3.
Proposed progressive failure model

Due to the complexity surrounding the friction coefficient, test results are adopted to
provide guidelines for the coefficient value. From the load vs slip graph (Figure 3.9),
load increased linearly with the increase of slip until it reached the peak value. It then

dropped with slip continuously increasing. From observation, the polyamide slipped
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away from the connection right after reaching the peak load. Unlike the loading stage,
the unloading (failure) stage of the test doesn’t show linear rather a quadratic reduced
loading capacity with increased displacements. The mechanism of failure is a

progressive failure process.

The quadratic shape of progressive failure process doesn’t comply with the classic rule
set in Eqn.4.14 and Eqn. 4.15 above. It is probably caused by a combination of reduced
friction coefficient and micro-structural damage in the materials. As the reduced friction
coefficient plays a major role in the progressive failure process, a proposed multi-phase
simulation of this process was initiated. This proposed multi-phase progressive failure
model assumes the loading phase before slippage occurs as the first phase (Phase I).
After slip occurs, the static friction co-efficient drops to the first kinetic friction co-
efficient in Phase II. It then keeps dropping in Phase I1I and IV until it equals to zero in
Phase V. The proposed model is illustrated in Figure 4.11 below. In the graph, e
represents critical frictional shear stress while y.r represents slip between the two

bodies.
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Figure 4.11 Proposed model of progressive failure mechanism at aluminium and polyamide
contact surfaces

The proposed progressive failure model presents a practical approach to simulate the
failure mechanism of the connection. The basis of this approach is to identify the

suitable friction co-efficient at each phase.
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As it was explained before, the friction co-efficient is related to the material properties
of contact bodies and system. The complicated connection geometry and uncertainty
introduced by manufacturing process add more difficulties in determining the co-
efficient. It is, therefore, necessary to utilize experimental results as guide to define the
values of friction co-efficient and update the model. Updating the FE model to match
the experimental results involves model optimization with multi-objectives. This is a
very complicated topic which is beyond the scope of this study. However, it is worth to

carry out as part of future research work.

In this study, the model updating process was done manually. After intensive
calculation, friction co-efficient at each phase was determined. The outcome of the FE
model matches the experimental results. The initial frictional coefficient x of 0.3 for
both connections was adopted and then reduced to two-thirds of initial coefficient at the
beginning of failure. After the coefficient was reduced a further three-quarter and a two-
third drop based on the previous value was assumed and finally was set to zero to
represent complete failure of the connection. The friction co-efficient applied in each

phase is listed in the table below. This approach will be applied in the FE model.

Table 4.4 Frictional coefficient assignment for the proposed progressive failure model
Phase Shear stress and strain range Frictional coefficient
I 010 Terir, 010 Yerie 0.3
11 Terit 1O Tki, Verit 1O Vi1 0.2
I Tk1t0 Tiz Vi1 tO Viz 0.15
v T2t0 O Y2 O Vi3 0.1
AV Contact bodies separated 0

Application of the proposed progressive failure model for FE modelling

As ABAQUS software supplies several frictional formulations, it is important to select a

suitable one for the modelling.

A classical Coulomb theory assumes there is no relative motion between two contact
surfaces if the equivalent frictional stress is less than the critical stress 7oz From Eqn.
4.14 and Eqn. 4.15, the critical stress is proportional to the contact pressure (normal
pressure) p and frictional coefficient y (Systemes 2010), which can be presented as a

formula below.

Tcrit :/lp [4. 16]
94



This formula indicates that no relative motion occurs when the frictional shear stress ( 7)
is less than the critical stress ( 7). On the other hand, when the frictional shear stress is
larger than or equal to the critical stress, relative motion called slip between the two
contact surfaces starts. This can be demonstrated in the graph below. y.r represents slip

between the two bodies.

/— Slipping
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| >y
Yerit

Figure 4.12 Frictional behaviour between two contact bodies

The thicker line representing the ideal frictional behaviour based on Coulomb theory
shows there is no slippage occurring before the frictional shear stress reaches the critical
stress. This phenomenon can be modelled by applying Lagrange multiplier formulation
(Systemes 2010) in ABAQUS software. However, the Lagrange frictional algorithm has
two disadvantages. The additional Lagrange multipliers increase the time of analysis by
adding more degrees of freedom to the model. As it increases the number of iterations,
the presence of rigid constraints tends to slow or prevent convergence during solving
process sometimes, especially, if there is a strong local interaction between slipping and
sticking conditions. Apart from these disadvantages, the load vs slip graph from the
tests is not exactly the same as the ideal one. It showed a small slip occurring before

reaching the critical frictional shear force.

To overcome the shortcomings of Lagrange multiplier formulation, penalty frictional
interface traction-displacement law (Inc 2001) was introduced to define surface to
surface interaction. Penalty contact algorithm provided by ABAQUS software
approximates ‘no relative motion’ by stiff elastic behaviour. The stiffness is chosen

such that relative motion from the position of zero shear stress is bounded by the
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allowable maximum elastic slip Ycrir. This critical slip value vt adopted here is set to
default value of 0.5% of the average length of all contact elements in the model. Once
the relative motion between the contact surfaces exceeds the Vi, slip occurs. This
behaviour is illustrated by a dashed line in Figure 4.12. This concept is consistent with
the test results. When slippage occurs in the contact surfaces, the coefficient of static
friction is not applicable. Kinetic friction coefficient, which is smaller than the static
one (Meriam & Kraige 2008; Sheri D. Sheppard 2004), shall apply. The smaller kinetic

friction coefficient is used in the progressive failure modelling.

Defining the interaction between two contact bodies not only relies on the mechanical
contact property but also depends on contact formulation. ABAQUS software offers
several contact formulations. Each formulation is based on a variety of a contact
discretization, a tracking approach and assignment of “master” and “slave” roles to the

contact surfaces.

There are two contact discretization options available in ABAQUS software (Systemes

2011a):

1. Node to surface discretization

2. Surface to surface discretization

To establish the traditional “node to surface” discretization contact condition, “slave”
node on one side of a contact surface effectively interacts with a point of projection on
the “master” surface on the opposite side of the contact interface. In this case, each
“slave” node interacts with a group of nearby “master” nodes. The values from the
“master” nodes are then interpolated to the projection point. The “slave” nodes are
constrained not to penetrate into the “master” surface, but, the nodes of the “master”
surface can penetrate into the “slave” surface. The constraints provided to prevent the
“slave” nodes penetrating into the “master” surface will attract forces concentrated at
these “slave” nodes. The force concentration leads to an uneven distribution of pressure

across the surface.

In terms of “surface to surface” discretization, it considers the shape of both “slave” and
“master” surfaces in the region of contact constraints. The formulation of “surface to
surface” discretization enforces contact conditions in an average sense over regions of
nearby “slave” nodes rather than only at individual “slave” node. As the average regions
are approximately centred on the “slave” nodes, each contact constraint will not only
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consider one “slave” node but also the adjacent ‘“slave” nodes. Although some
penetration might be observed at some individual nodes, large undetected penetrations
of “master” nodes into “slave” surface do not occur with this discretization. Comparing
to “node to surface” discretization, “surface to surface” discretization generally provides
more accurate stress and pressure results. It also provides smoothing effect for resisting
penetrations in an average sense over finite regions of the “slave” surface. Mesh
refinement will lead to less discrepancies between the discretization and improve
accuracy in stress. The other advantage of adopting ““surface to surface” discretization is
that this discretization formulation is less sensitive to “master” and “slave” surface
designation than “node to surface” discretization. Working example shown in (Systemes
2011a) indicated a 30% error improvement comparing to using “node to surface”
discretization. However, “surface to surface” discretization requires higher
computational cost as it involves more nodes per constraint. As the contact area of this
facade section takes a small fraction of the whole section which has only one layer of
interface, the “surface to surface” discretization formulation will provide accurate
results with reasonable computational cost. The assignment of larger “master” mesh size
than the “slave” one will also reduce the cost. Thus, the “surface to surface”

discretization is chosen in the modelling.

To model the relative motion of two contact surfaces, ABAQUS software provides two
tracking approaches (Systemes 2011a). They are finite sliding tracking approach and
small sliding tracking approach. Finite sliding contact is the most general tracking
approach which allows for arbitrary relative separation, sliding and rotating of the
contact surfaces. For a surface to surface contact pair, there are two tracking algorithms
available for the finite sliding contact. One is path based tracking algorithm and the
other one is state based algorithm. The path based algorithm considers carefully the
relative paths of points on the slave surface with respect to the master surface within
each increment. However, the state based algorithm is available only for three
dimensional finite sliding surface to surface contact pairs with either deformable or
discrete rigid surfaces. This algorithm updates the tracking state based on the tracking
state related to the onset of the increment together with geometric information
associated with the expected configuration. Both algorithms require the software

constantly to determine the portion of master surface which is in contact with each slave
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node. This calculation is very complicated especially when involving both deformable

contact surfaces, like the fagade section studied here.

Small sliding contact assumes a relatively little sliding of one surface along the other
and is based on linearized approximations of the master surface per constraint. This
tracking formulation is a limited case of finite sliding formulation as it is deemed
unnecessary to use finite sliding tracking approach for a large number of contact
problems, including geometry nonlinearity. When using small sliding tracking
formulation, ABAQUS software establishes the relationship between the slave nodes
and the master surface at the beginning of the analysis. During analysis, the software
determines the interactive pair of master and slave surface segments and maintains these
relationships throughout the analysis. To handle the geometric nonlinearity, the small
sliding formulation accounts for any rotation and deformation of the master surface and
updates the load path through which the contact forces are transmitted. Using small
sliding formulation, the software does not need to monitor slave nodes for possible
contact along the entire master surface as the interactive pair has been set and
maintained through. This approach reduces the computational cost dramatically

especially for three dimensional contact problems.

Based on the results from the laboratory tests, the polyamide slips only at a fraction of
the total contact length. This confirms that the section under study is suitable for
applying small sliding tracking approach. The nonlinear geometry of the section and
contact interfaces can be well measured by this formulation with reasonable
computational cost. The small sliding formulation is also recommend by Johnson and
Holzapfel (Johnson & Holzapfel 2006), Allix, Ladeveze and Corigliano (Allix,
Ladevéze & Corigliano 1995) and Cheng, Lee and Lu (Cheng, Lee & Lu 2006) for

calculating the relative sliding of the interfaces.

As aluminium is much stiffer than polyamide, it is obvious that aluminium surfaces

were assigned as master surfaces while polyamide as slave surfaces.

To assign the “master” and “slave” surfaces, rules stated in (Systemes 2011a) shall be
followed. Generally, when a smaller surface contacts a larger surface, the smaller
surface is to be defined as “slave” surface. The stiffness of the material and structure
shall be considered as well. It is usually acceptable to assign a surface as “master”

surface if its material property is much stiffer than the other surface. However, the
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structure system also affects the selection. For instance, if a piece of thin steel sheet
contacting with a larger block of rubber, the surface of the larger block of rubber shall
be assigned as “master” surface regardless of the fact that steel modulus is much larger

than the rubber’s. Other rules such as

e Analytical rigid surfaces and rigid element based surfaces must always be the
“master” surface.

e A node based surface can only be assigned as “slave” surface and always uses
node to surface discretization.

e “Slave” surfaces must always be attached to deformable bodies or deformable
bodies defined as rigid.

e Both surfaces in a contact pair cannot be rigid surfaces with the exception of

deformable surfaces defined as rigid.

The material property and structural system of this fagade section mainly determined the
“master” and “slave” assignment. As the Young’s modulus of aluminium alloy 6063T6
is much larger than the glass fibre reinforced polyamide PA66 and the size of the top
and bottom aluminium profiles is much greater than the thin polyamide inserts, the
aluminium surfaces therefore can be defined as “master” surfaces while the polyamide
surfaces as “slave” surfaces. The interface of aluminium profile is larger than the
interface of the polyamide. Both aluminium profiles and polyamide inserts are defined

as deformable solid in the model.

In conclusion, mechanical contact property of penalty friction model is adopted to
simulate the frictional behaviour between aluminium and polyamide interfaces. Based
on the observation of the laboratory tests, a proposed progressive failure model is
created to describe the failure mode of the connection. Small sliding tracking approach
with surface to surface discretization is used to model the sliding behaviour of the
interfaces. Aluminium contact surfaces are assigned to “master” surfaces while

polyamide surfaces are assigned as “slave” surfaces.
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4.5 Numerical investigation of the section shear capacity

4.5.1 Model setup

To simulate the quasi-static shear tests, a three dimensional finite element model was
set up by using ABAQUS software. Since this section is symmetrical with respect to the
y-axis, the section was cut along the line of symmetry and then modelled in the software
(refer to Figure 4.13). Utilizing the section symmetry can save half of the computational

cost while producing the same results.
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Figure 4.13 Section geometry details

The geometry of this half section was converted from an Autocad drawing file supplied
by the manufacturer to a standard ACIS text file (SAT) and then imported into
ABAQUS software. This section was imported as three separate parts and assembled

together by position constraint tools.

Each part is 100mm long in length to match the test specimen and was imported as a
deformable solid. The top small aluminium part (AL1) in Figure 4.14 was partitioned
into several portions to allow boundary condition and load area assignment. Similarly,
the bottom large aluminium part (AL2) in Figure 4.14 was partitioned into two portions
for assigning the boundary condition. However, polyamide part (PA) was kept as one
piece. Edge, face and cell partition toolsets were used to subdivide the parts. When
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creating a partitioned cell, edge partition toolset was used to define the location of the

cell. Details of the partition assignment are shown in Figure 4.14 below.

Partitioned

Partitioned

cell
Top small aluminium part (AL1) Bottom large aluminium part (AL2)

Figure 4.14 Partition assignment

Material property of aluminium alloy 6063T6 was assigned to top and bottom parts
while 25% glass fibre reinforced polyamide PA66 was assigned to the middle part. Both
elastic and plastic material properties of these two materials were defined in the model.
For aluminium alloy, the Young’s modulus, yield strength and ultimate strength was
defined according to Section 4.2.1. As a ductile metal, the aluminium alloy is an
isotropic material. Its stress-strain relationship was discussed in Section 4.2.1 and
Ramberg-Osgood continuous model was adopted to define the plastic hardening stage.
True stress and true plastic strain listed in Table 4.1 were input into ABAQUS model to

define the material plasticity.

Since glass fibre reinforced polyamide PA66 is an orthotropic material, its property at
longitudinal direction is different from the one at transverse direction. Meanwhile the
simulation of shear test is to evaluate the connectivity between the interfaces of
aluminium and polyamide, and hence material property of polyamide at transverse
direction is assumed to be governing. To simplify the modelling, polyamide material is
defined as an isotropic material with transverse material properties which was discussed
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in Section 4.2.2. Stress-strain relationship shown in Figure 4.7 was input into the model
to define the elasticity and plasticity of the material. Validity of the assumption will be

discussed in next section when discussing results.

As discussed in Section 4.4, the mechanical contact property shall be assigned to
tangential behaviour. Penalty friction formulation was chosen to apply to the interface
in an isotropic direction. According to the proposed progressive failure model illustrated
in Section 4.4, Figure 4.11 and Table 4.4, frictional coefficient was set at 0.3 at stepl
and then gradually dropped to zero. Each loading step reflects each phase of progressive

failure process shown in Figure 4.11.

“Surface to surface” discretization was assigned to the interaction between aluminium
surface and polyamide surface. “Small sliding” tracking formulation was assigned for
the tracking approach between the two contact bodies. Aluminium contact surface was
assigned to “master” surface while polyamide surface was assigned to “slave” surface.
The master and slave contact pairs are shown in Figure 4.15 below. Interference fit
option was chosen to remove minor degree of overclosures between master and slave

contact pairs when defining interactions.
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Interface between top aluminium part and  Interface between bottom aluminium part
polyamide part and polyamide part

Figure 4.15 Master-slave assignment

Loading and boundary conditions were simulated to match test setup. As the tests were
done to displacement control, displacement was applied instead of loading in the model.
Loading was applied as a linear ramp up function in the step. During testing, the
specimen was sitting on the supporting frame which was moved upwards with the test
machine platform. To simulate this loading condition, displacement was applied to
bottom 90mm length of the large aluminium portion (AL2) which was divided by cell

partition.

Boundary conditions of fixed supports were applied at the top of the small aluminium

portion (AL1) to simulate the load cell which was acting as a fixed support during
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testing. Lateral restraint was provided 10.5mm below the top of AL in the length of
10.5mm. Since this facade section was cut along the symmetrical axis (Z-axis) in XZ
plane, boundary condition of “XSYMM?” shall be assigned to the regions which were
cut along Z-axis (Systemes 2011a). Lateral restraints were also assigned to AL2 along
the specimen height to prevent the movement in x-axis direction. Detailed loading and

boundary conditions are shown below in Figure 4.16.

Load cell as
fixed support

Fixed support

Lateral
supports

Lateral
supports
Applied lateral
restraint
Test setup
|App1ied displacement
Assigned
symmetric
boundary
conditions
Z X

FE model
Figure 4.16 FE model details and comparison with test setup

The assignment of displacements was simulating the test process. The initial step
represents the setup of the test. In step 1, displacement was assigned as 1.35mm. It was
increased to 1.8mm in step 2 as slip was observed in the test and therefore friction co-

efficient was reduced to the value shown on Table 4.4. In step 3, a further increase of
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the displacement to 2mm was assumed. Then, the displacement set in step 3 was

propagated through step 4 and step 5.

This half section was then meshed by applying quadratic reduced integration solid
element (C3D20R) to both aluminium parts and polyamide part as discussed in Section
4.3. Detailed mesh of all three parts is shown in figures below. This model was
calculated by eight computer processors for two hours due to the complexity of its

geometry and contact interactions.

Figure 4.18 Mesh assignment of part 2 (AL2) from different view angles
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‘Mesh assignment of part 3 (PA) from different view angles

~ Figure4.19

Mesh assignment of the assembled whole section

Figure 4.20

106



4.5.2 Typical results

The FE model shows the connection between aluminium and polyamide fails. The
polyamide insert slipped away. The deformed shape of FE model is shown in Figure

4.21 below.

Polyamide slipped

revz M2, odb lon Sy T 2012

Figure 4.21 Deformed shape

The contact shear stresses along the direction of applied displacement at selected
analysis steps are shown in Table 4.5 and Table 4.6. The maximum shear stresses occur
at the overlapped zone at both aluminium and polyamide contact surfaces at top and
bottom connections. The contact stresses at top connection started at 9.2MPa at
aluminium interface and 5.5MPa at polyamide in the beginning of loading. Similarly,
the contact stresses at bottom connection started at 7.4MPa at aluminium interface and
5.3MPa at polyamide interface. They then increased to 55.3MPa and 37.1MPa at the
end of step 1 for AL and PA interface at top connection, respectively, while they were at
53.1MPa at bottom aluminium interface and 19.9MPa at bottom polyamide interface.
Displacement was at 1.35mm. As slip occurred, the contact shear stresses started to
drop. They were recorded at 48.7MPa and 32.5MPa for AL and PA at top connection in
the middle of step 2 and corresponding displacement was increased to 1.95mm. At the
same time, the contact stresses at bottom aluminium interface was 39.9MPa and
25.5MPa at bottom polyamide interface. The contact stresses continued to drop to
42.6MPa at top aluminium interface and 28.0MPa at top polyamide interface at the end

of step 2 until zero while the slip increases. In terms of the bottom connection, contact
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stresses at AL interface were 32.7MPa and 19.9MPa at PA interface at the end of step 2.

It also continued to decrease to zero at the end of calculation.

Table 4.5 Contact shear stresses at top connection
Analysis
steps Contact shear in aluminium (MPa) | Contact shear in polyamide (MPa)
GSHEARZ CEHEARE
48, |E0e.L0n 45.54 12,00
N LT +4.2048.,00
45,0 [ Denn +3.0492.00
+5. TA8a,L00 +1.80e400
Step 1 — +4. BB 200 +5.95|=‘~E|7‘E-DII
3 +3.53Ea400 -6.913e-0
increment 1 5 41 laann -1.459=400
T=0.1 +|. 2852400 -3. 1852400
=u.1s +lElzenl -4, 4312400
JESTa.n| -B.ETHa400
-2. 089400 5. da00
S22 3a400 -3, 17 le400
-4 5380400 -4.417e400
CSHEAR? GEHEARE
+8.BxBaanl +3.705a40|
44 79zaanl +3.0908401
+4.084a40 | +2. 474401
+3.32%a401 +|.85%a401
Step 1 - +2.5ua.0 ol 243201
increment 8 +1.86 a4 +5.27 2400
+1. 1232401 +1. 15920
T=1s +5.95 [a40n -B.043e400
-3.377e400 -1.2208401
-1.07 le4nl -1 3360 |
-1.803a401 B
-Z.538a401 -3.087a.0 |
-3.2602401 -3.E9%a40|
CEHEARE CSHEARE
+4.958a,40 | 524800
+4. 265040 | +2.7d8a40 |
+3.BE |a40| rdmaun|
+3.0E87a40 | +].74Eaa0 |
~ Step 2 - +2.454a.0 | +|.2d6man]
increment 4 +1.850e401 +7.45 | 2400
+|.245840 w2 dedaLnn
= +5. 42800 -2.B5da.nn
T=0.575s r e HEa oD
-B.Eddann - 1255401
= - 1753401
-1.7%2a401 -2.282a.40|
2575840 2. 752401
CSHEARE CSHEARZ
+4 2B | +2. 30040 |
+53.74 a4 | +2. 39740 |
4322 |aan| +| 80daan|
Step 2 — +£2.7018.01 +1.E8lean|
. +2 14 1aan| £ 1382,
increment 6 +1.55 laan | 478542400
+. 1dle40 | +3. 824200
T=1s +5.200a.400 -Z.0Edan|
+1.008a.00 -4 235,00
-4, 1922400 -3.2BE2.00
-4, 344a,00 -1.250a40 |
-1.denaa| -|.B33a.0]
- 1. 980e40 | -2. 036240 |
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Table 4.6 Contact shear stresses at bottom connection
Analysis Contact shear in polyamide
steps Contact shear in aluminium (MPa) (MPa)
CSHERRZ CSHEARZ
+7. 404,00 4+5.30 |a40n
45 505a.00 +4 | 17a+00n
4+5.B02a400 2 952a.0n
+4. E98a,00 +|.748a.00
Step 1 — +2 70da.400 B EsTan|
increment 1 +2.340a40n -E.208a-n|
+1. 937,00 -ll.gggemn
_ +1.083a,00 -2, 983%a,00
T=0.1s £ 1] -4, 73400
M a4%an| -B.388a.0n
| EX8aLnn -E.B4Ra.nn
Bata N -3 F2EaLn
-2 ASEaLnn -3.9 08400
GSHEARE G5HEARZ
45,3134 +1.994a.0]
4. Eu8a,n | +|.E¥2a.n|
+3.983a40 | +1.34%a,401
+3. |E3a,4n | +1.02%a40|
Step 1 - 42 453a,0 470538400
increment 8 +1.739a,0 43,952,000
+1.023a,40 | 4E, |0Ea-n|
T=1s +3.085a.400 2B la.0n
-4, 063400 -5 832a.0n
-1 12 e -4.085a400
-1.836401 ErTaun|
-2.BBlasn| -|.544a4n]
-3.2EEa4n | -.8%2a40|
CSHEARZ CSHEARZ
+3.9%6a40 | +2. 583840 |
+3.438a40 1 2. 038840
+2.99 a4 | +|.E23a40 |
+2.4735a401 +1. 1588400
_Step2 +19EGeaD | +5.934a,00
increment 4 +1. 459401 42284800
+9.5 le4Dn -2, 3688400
T=0.575s 1. 457a.00 -7.01da400
-B.37ga-n| -|. IgEa4 |
.7 12es0n -|.E3 a4l
-l.0?aasn| -2 04Ea4 |
-1.536a401| 2 BElaan|
-2.0494a.0 | -5.026840 |
CSHEARZ OSHEARZ
+3. 2688400 | +1.49484a,01
42 875a40 | +|.B72e40|
w2 482a,0 | +1.34%a401
+2. 04 lan | 41,02 Tasn|
Step 2 — +1Eda | +7 083,00
increment 6 +1.3082401 +3.852a,00
+4. |Eda.nn 45, [0Ea-0]
T=1s 5 28na.nn 281200
+1.535%a.0n -B.85%a.0n
2. 877a40n -4, 053a400
-B. 44 |aqnn -lL22Taqn|
-|.0doaqn | -1.B4%a40]
-l 452a40 | -1.872a40|
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Load versus slippage of connection is plotted in Figure 4.22.
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Figure 4.22 Load vs slippage of connection from FE model

Normal stresses are also studied to understand the stress distribution at the sections cut
along the length of the model. Normal stress distributions at longitudinal direction of
polyamide material (2-axis) and transverse direction of polyamide part (3-axis) at the
end of Phase I (step 1) show stresses at both directions are almost evenly distributed
along the length. From the stress distribution diagrams, it can be seen that the stresses at
transverse direction of polyamide (66.6MPa) is about 10 times larger than the stresses at

longitudinal direction of polyamide (6.6MPa).

This confirmed the assumption of material properties of polyamide at transverse
direction dominating the behaviour of the section under shear. Therefore, the
simplification of applying material properties at transverse direction in isotropic case is
justified. The comparison of stresses at longitudinal and transverse directions at

maximum loading is given in the figure below.
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Figure 4.23 Comparison of Stresses at along and cross direction at maximum loading

In summary, the deformed shape generated by FE model shows the failure of
connection — polyamide slipped. The contact stresses in both aluminium and polyamide
increase with the loading. Once slippage occurred, the stresses started to drop gradually
and finally reached zero when connection failed. This reflects the assumption of the
proposed progressive failure model. Stress distributions shown on the cut section at
polyamide confirmed that the material properties at transverse direction of polyamide

dominate the behaviour and the simplified material model of polyamide is valid.
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4.6 Numerical investigation of section transverse tensile capacity

4.6.1 Model setup

To simulate the tensile tests at room temperature, a 3D FE model was established by
using ABAQUS software. Section symmetry was utilized similar to shear model.
Section was cut along the symmetrical axis into half according to Figure 4.13.

Geometry of half section with 100mm in length was adopted in the model.

Same ACIS file of the half section used in shear model was imported into ABAQUS
software. This section was imported as three separate parts as well. Each part was
defined as deformable solid. The section was then assembled by applying position
constraint to join the three parts together. The top small aluminium part is named ALl
while the bottom large aluminium part is called AL2. The polyamide part is named PA.
To be able to model the bending deformation at the shoulder of the bottom aluminium
part, the meshes at this area need to be refined. To refine the mesh at AL2, this
aluminium part was partitioned by edge and cell partition toolsets. Details of the
partition assignment are shown in Figure 4.24 below. However, AL1 and PA parts were

kept as one single region.
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Figure 4.24 Partition assignments of AL2 in front and side views

Material properties of aluminium discussed in Section 4.2.1 was adopted in the model
for both elastic and plastic stages. Ramberg-Osgood continuous model was assigned to
represent the aluminium plastic hardening stage. True stress and true plastic strain listed
in Table 4.1 were input into the software to define the material plasticity. Aluminium

was defined as an isotropic material.

For defining the material property of glass-fibre reinforced polyamide PA66, similar
approach was adopted as mentioned in Section 4.5.1. Material properties at longitudinal
direction were ignored as it is perpendicular to the loading direction which is assumed
to have minimum influence on the overall behaviour. The polyamide material properties
at transverse direction are governing the tensile capacity. To simplify the model,
polyamide is defined as an isotropic material with material properties at transverse
direction. This assumption will be verified by the results from the model. True stress
and true strain relationship discussed in Section 4.2.2 Figure 4.7 was input into

ABAQUS model to define the elastic and plastic material properties.
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Similar to the shear test model, the interaction between the aluminium and polyamide
was assigned as tangential behaviour. Penalty friction formulation was chosen to apply
to the interface in an isotropic direction. The failure modes of the laboratory tests show
the polyamide was either pulled away from the connection or torn apart. There was no
slippage of the polyamide from the connection observed in all tensile tests. Progressive
failure mechanism, therefore, is not suitable in this situation. Since the tensile tests
exhibited different behaviour from shear tests, values of friction co-efficient used in the
shear model are not relevant. After manual model updating, friction co-efficient p of 0.9

was adopted in the tension model.

However, “surface to surface” discretization was assigned to the interfaces of
aluminium and polyamide. “Small sliding” tracking formulation was again assigned for
the tracking approach between the two contact bodies as the shear model. As discussed
in Section 4.4, aluminium contact surface was assigned to “master” surface and
polyamide contact surface was assigned to “slave” surface. Same master-slave surfaces
shown in Figure 4.15 were assigned in this tensile model. The fagade section was
assembled in different orientation as shown in figure below with contact surfaces

highlighted.
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Interface between AL1 and PA Interface between AL2 and PA
Figure 4.25 Interaction assignment

To simulate the displacement control of loading method during test, displacement was
applied instead of applying load onto the section. Since the specimen was supported by
the testing machine through steel brackets and bolt connections which were tied in y-
axis, simple support was assumed to restrain the specimen at the top aluminium portion
only along y-axis at the centre of ALI. Displacement along y-axis was applied at the
bottom of the aluminium portion to pull the section down to allow consistency with the
test machine movement. Based on the test results, the displacement was assigned to be
32mm in the loading step. Symmetric boundary condition was assigned to this half
section to simulate the full section behaviour. “XSYMM” was assigned to the regions
along the symmetrical axis. Detailed model setup comparing with the test setup is

shown in Figure 4.26 below.
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Figure 4.26

Test set-out

FE model setup details and comparison with test setup

Fine meshes of seed 5 were used to mesh the aluminium portions in the model while

finer meshes of seed 3 were adopted to mesh the polyamide portion as determined in

Section 4.3. The deformation presented in the tensile tests is not the pure tensile

deformation, it includes bending deformation as well. Hex dominated quadratic reduced

integration elements (C3D20R) were assigned to model all three parts. Details of the

mesh are shown in figures below. Similar to the shear model, the tensile model also

required eight computer processors and the calculation lasted more than two hours.
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Figure 4.28 Mesh a551gnment of part 2 (AL2) from different view angles
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‘Mesh assignment of part 3 (PA) from different view angles

 Figure 429

Mesh assignment of the assembled whole section

Figure 4.30
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4.6.2 Typical results

The deformed shape of FE model shows the shoulder of AL2 went through not only
tensile deformation but also bending deformation. The shoulder of the section went
through mainly bending deformation and rotated 60° approximately to almost vertical.
The profile of the shoulder portion was either pulled open or pressed closed. The stress
distribution at this portion is complicated and worth investigation. The top aluminium
ALl was rotated upwards around the top connection. The polyamide was deformed as
well. The deformed shape is shown in Figure 4.31 below and load vs displacement

graph is plotted in Figure 4.32.

Enlarged top connection — polyamide Bending deformation of
pulled away from connection shoulder of AL2

Sep |0 DAE2: 10 EST 201

T

Enlarged bottom connection — polyamide
half connected with joint

Figure 4.31 Deformed shape
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Figure 4.32 Load vs displacement from FE model

Normal stress along Y-axis (loading direction) at the whole half section is plotted at the
end of loading step in Figure 4.33 below. To understand stress distribution along the
cross section, stress plot at each section cut is presented next to the stress plot of whole
section. Section 1 is cutting through the top aluminium part. Section 2 is cutting through
the connection between top aluminium part and polyamide insert. Section 3 is cutting at
middle of polyamide insert. Section 4 is cutting through the connection between bottom
aluminium part and polyamide. Sections 5 to 8§ are cutting through the shoulder portion
of bottom aluminium which went through bending deformation as well as tensile
deformation. The last cut — section 9 is cutting through the web of bottom aluminium
part. To be able to find out the dominant stress direction, normal stresses at X and Z

axes are also shown in the stress plot for each section defined in Figure 4.34.
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Figure 4.34 Normal stress plot along X and Z axis



The above stress plots have confirmed uniform stress distribution across the length of
model at each section cut in all three directions. Along Y-axis direction (loading
direction), the stress varies from 540 MPa in tension to 153 MPa in compression
between all section cuts. Along Z-axis direction, the stress varies from 450 MPa in
tension to 251 MPa in compression between all section cuts. Along X-axis direction, the
stress varies from 431 MPa in tension to 317 MPa in compression between all section
cuts. The larger stress along loading direction than other directions indicates the fagcade
section is mainly deformed under axial loads. However, stresses at X-axis reflect the
bending behaviour which is significant enough not to be ignored. The bending
deformation associated with bending stresses was observed during laboratory testing.
This confirms the quadratic element with reduced integration (C3D20R) selected for

aluminium parts is appropriate.

The stresses at section 3 which lies in the middle of polyamide part vary at all three
directions. The stress along X-axis direction is 57 MPa approximately. The stress along
Y-axis direction (at transverse direction of polyamide) is 193 MPa approximately while
the stress along Z-axis (longitudinal direction of polyamide) is only 99 MPa
approximately. The stress at transverse direction of polyamide is almost double the
stress at longitudinal direction. It, therefore, confirms the assumption made to simplify

the polyamide material properties is valid.

In conclusion, the deformed shape shows not only tensile deformation but also bending
deformation especially at the shoulder of the section. At failure, the polyamide insert
was completely pulled out of the top connection while remaining semi-connected to the
aluminium at bottom connection. Normal stresses at all three directions were plotted at
sections cutting along the height of whole cross-section. Stresses at polyamide
transverse direction, which is along the loading direction, dominate the other two
directions. However, bending stresses across the thickness of the cross-section are also
significant. They indicated the whole section exhibited bending behaviour as well as the
governing tensile behaviour. For polyamide insert, the stresses at transverse direction
are much larger than the stresses at longitudinal direction. This confirmed the
assumption made to simplify the material properties of polyamide as applying

transverse material properties to the whole part is relevant.
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4.7 Numerical investigation of facade beam in four point bending
471 FE Model setup — model geometry, boundary conditions and mesh

assignment

Fagade mullion is a major load bearing element running vertically supporting glass
panels. It works as a simply supported beam resisting wind, earthquake and thermal
loads, etc. These loads are generally acting as uniformly distributed loads. They

generate bending and shear forces on the facade beam.

In this study, the facade beam is investigated considering four-point bending behaviour.
Since four-point bending provides not only bending/shear combined behaviour but also
pure bending behaviour at middle of the span, this loading pattern explores different
loading situations for a beam model. However, a simply supported beam under
uniformly distributed loads can only offer bending/shear combined behaviour.
Therefore, the four-point bending was chosen for the experimental works as mentioned

before.

As this fagade mullion section is a composite section, the interactions between the
contact bodies are complicated. The connectivity created during manufacturing process

adds uncertainty onto the complexity.

To understand the behaviour of the fagade beam further, FE models were setup to
simulate the laboratory four-point bending tests. Four FE models were created by using

ABAQUS software to represent the different length specimens tested.

As mentioned in the previous sections regarding simulating shear and tensile tests, the
100mm long solid model required more than two hours to analyse. The extensive
calculation time required is mainly due to the complex profile details of the section.
When the length of the model increases by 25 to 40 times, the computation time will
increase accordingly. In addition, unlike the section capacities, the aluminium profile
details contribute little to the global bending behaviour of the fagade beam. It is
therefore necessary to simplify the section geometry and reduce computational cost.
Since the four point bending behaviour largely relates to the geometry of cross section
and neutral axis of the beam as well as the contact interactions, the profile details make
minimum contribution. The top and bottom aluminium parts were modified slightly to
have minimum change of neutral axis location. As the interaction is based on the

contact surface, therefore, the geometry of the contact interface shall be maintained as
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the actual shape to reflect the true interface behaviour. To eliminate unnecessary
calculations, section symmetry was utilized. Simplified section was cut in half along the

symmetrical axis and analysed. The simplified section is shown in the figure below.

—> Symmetrical line

20 I 5D i 20 25 __20
S A I
2 Connection kept the sameﬁ_)( )
as actual shape. R
< ey =
| sb
Y
> 7\
—>X
Actual section geometry Simplified half section model

Figure 4.35 Details of simplified section

The geometry of the simplified section was drawn in Autocad drawing format and then
converted to a standard ACIS text (SAT) file. The beam was imported as three separate
parts as other FE models. All three parts were assigned as deformable solids and then

joined together by position constraint tools.

Material properties of aluminium alloy 6063T6 were assigned to top and bottom
aluminium parts. Middle polyamide part was assigned by the property of 25%
reinforced polyamide PA66. Similar to shear and tension models, material model of
aluminium discussed in Section 4.2.1 was applied. Aluminium young’s modulus, yield
stress and ultimate stress defined in Section 4.2.1 were input into the models and
aluminium was defined as an isotropic material. To determine the stress and strain
relationship in the plastic range, Ramberg-Osgood continuous model was adopted. True

stress and true plastic strain from
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Table 4.1 were used to define the plasticity.

As the facade beam is mainly deformed under bending, polyamide inserts add bending
capacity to the whole section. Therefore, the material properties of the polyamide at
longitudinal direction shall be considered rather than the ones at transverse direction.
This is different from shear and tension models when loading direction is consistent
with polyamide material properties at transverse direction (tension) and connectivity of
the interfaces is to be evaluated. As the bending contribution from polyamide insert
dominates the deformation behaviour, material properties at transverse direction are
therefore insignificant in the beam models. To simplify modelling, polyamide was
treated as an isotropic material with material properties along longitudinal direction
taken into consideration. Young’s modulus of polyamide in longitudinal direction
discussed in Section 4.2.2 was adopted to define the elasticity of the material. True
stress - true strain relationship of polyamide in longitudinal direction shown Figure 4.6

was input into the models to define plasticity.

To match the test set-out, FE model geometry and locations of loading and support
points were defined according to the tests. Since the tests were conducted according to
displacement control, displacements were applied instead of loading. During testing, the
platform, where the roller supports are placed, moved upwards while loading pads were
kept still. To match this loading situation, boundary conditions were applied to restraint
the beam vertically along y-axis at one-third and two-thirds of the span at beam
shoulder to simulate the loading pads while displacements were applied at both ends of
the beam to simulate the upward movement of the machine platform. To simplify the
calculations, interaction between rollers and beam was ignored as well as the interaction
between loading pads and beam. In addition, boundary condition of “XSYMM” was
assigned to the regions which were cut along Z-axis similar to shear and tension models.

Details of the model setup are shown in Figure 4.36, Figure 4.37 and Table 4.7 below.
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Figure 4.36 Model setup diagram

Table 4.7 FE model type and span details
Beam Model Type L1 (mm) L (mm)
B 180 2120
C 180 2620
D 180 3120
E 180 3640

Assigned “XSYMM”
boundary condition

Figure 4.37 Symmetrical boundary assignments
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The beam models are meshed by fine meshes. Top and bottom aluminium parts (AL1 &
AL2) were assigned to hex dominated quadratic reduced integration solid element
(C3D20R). The mesh size is seed 9. Finer mesh of seed 7 was assigned to polyamide
part (PA). Similar to shear model, hex dominated linear elements with incompatible

mode (C3D8I) were assigned to polyamide part. Detailed mesh assignments are shown

in figures below.

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Figure 4.39 Mesh assignment of part 2 (AL2) from different view angles
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Figure 4.40 Mesh assignment of part 3 (PA) from different view angles

Figure 4.41 Mesh assignment of assembled whole section
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4.7.2 Proposed partitioned multi-phase beam failure model
Partition setup

The facade beams were divided into several regions during modelling as shown in
Figure 4.36. The partition toolsets were utilized to locate the regions for assigning
loading and boundary conditions as well as contact interaction. In addition, locations of
Linear Variable Differential Transformer (LVDT) and strain gauges were assigned by
partition toolset. The bottom aluminium part (AL2) was partitioned differently from top
aluminium part and polyamide part as AL2 needed to be partitioned to locate the
LVDTs. The partition details of all three parts are shown in Figure 4.42 and Figure 4.43.

The dimension details for all four models are listed in Table 4.8 below.

Mid-span
of beam
Al, A2 B C 1!) | E F G2 Gl
\|/ | \|/
b b b b
a c d e f+g+h f+g+h e d c a

Figure 4.42 Partition assignment of top aluminium part (AL1) and polyamide (PA)

Mid-span
of t;eam
Al, A2 B c D | E F G2 Gl
b b h|h b b
a C d e f g frg e d c a

LVDT1 LVvDT2 LVDT3 LVDT 4

Figure 4.43 Partition assignment of bottom aluminium part (AL2)
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Table 4.8

Detailed dimension of partition

Beam
model a b c d e f g h
type (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
B 153 54 251 278 124 100 126 100
C 153 54 303 330 186 90 220 100
D 153 54 363 390 233 103 290 100
E 153 54 428 455 276 125 355 100

Table 4.8 shows the clear overhang dimension ‘a’ is fixed for all the models. This
assumption is purely based on the laboratory tests. Adding half width of the support, the
length of overhang to the centre of support is matching the dimension shown in Figure
3.23. The width of roller support and loading pad were modelled as 54 mm which
approximated the actual sizes. Locations of LVDTs according to the test setup are
indicated in Figure 4.43. Regions of A1-G2 were divided for assigning the contact

interaction.
Multi-phase beam failure model

Similar approach to the proposed progressive failure model discussed in Section 4.4 was
adopted. A proposed multi-phase progressive beam failure model was introduced to
simulate the connection degradation after slippage occurs. Friction co-efficient of both
connections at the regions of A2, B, C, E, F and G2 (y;) were reduced to one-seventh of
the initial value (1) after slip. The remaining one-third of the span between two loading
points at middle of the beam (region D) is under pure bending without any shear
stresses involved. There is no relative motion between the contact surfaces in this region.
The friction co-efficient is therefore kept as the initial value. The overhung regions Al

and G1 were allowed to copy down the test setup which were not subjected to any
loading and, therefore, had no contribution to the beam bending. Hence, the friction co-
efficient was also kept as the initial value. When loading increases, the friction co-
efficient of both connections at regions of A2, B, C, E, F and G2 will decrease until zero

when connections totally fail. This process is illustrated in the graph below. As the

simulation is not aiming for the strength of the composite beam, complete failure of the
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connection is not modelled. The FE models are to only simulate Phase I and Phase II of

the failure model.
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Figure 4.44 Proposed progressive beam failure model

The mechanical contact property was assigned to tangential behaviour as discussed in
Section 4.4 which is similar to shear and tension models. Penalty friction formulation
was adopted for the contact bodies in the isotropic direction. As the four-point bending
specimens were subjected to beam bending only, the friction co-efficient could not be
assigned the same as pure shear or tension specimens. Therefore, the initial friction co-
efficient is assigned as 0.7 for both top and bottom connections by updating model

manually to match the experimental results.

“Surface to surface” discretization was again assigned to the interaction between
aluminium and polyamide contact surfaces. The aluminium interface was assigned as
“master” surface while polyamide interface was assigned as “slave” surface. The details
of master-slave surfaces are similar to shear model which is shown in Figure 4.15.
“Small sliding” tracking formulation was assigned for the tracking approach between
master and slave surfaces. The assignment of top and bottom interactions is visualized
in Figure 4.45. Similar to shear model, interference fit option was chosen to remove

minor degree of overclosures between the contact pairs.
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Enlarged top
interaction

Enlarged bottom
interaction

Interaction assignment at bottom connection

Figure 4.45 Interaction assignment

The value of the applied displacement was based on the observation of laboratory tests
and applied in three loading steps. The displacement was applied linearly from zero to
the displacement before slip occurred in first loading step. In second loading step, the
displacement was kept the same as the first step while the friction co-efficient reduced.
This indicated the first slippage and the reduction of friction effect which is referred to
as Phase II in Figure 4.44. In the third step, the displacement keeps increasing while the
frictional co-efficient is maintained. The simulation was only done up to Phase II as
beam failure was not within the scope of this study. The other phases relate to the
degradation of connection at increased loading and lead to the complete failure of
connection. The failure of fagcade beam is also related to the material failure of profile
parts as well as connection failure. Detailed displacement assignment for each model at

each loading step is listed in Table 4.9.
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Table 4.9

Assignment of displacement and friction co-efficient

1 - Phase 1 2 - Phase II - Phase II
Beam Step ase Step ase Step 3 - Phase
model Assigned Friction Assigned Friction Assigned Friction
type displacement co- displacement co- displacement co-
(mm) efficient (mm) efficient (mm) efficient
0.7 for
0.7forall | P g | ALDGE
.7 for a ropagate
B 19 regions from Step 1 0.1 for 40 As step 2
other
regions
0.7 for
0.7forall | P g | APP6E
.7 for a ropagate
¢ 30 regions from Step 1 0.1 for 50 As step 2
other
regions
0.7 for
0.7forall | P g | AP6E
.7 for a ropagate
b 50 regions from Step 1 0.1 for 80 As step 2
other
regions
0.7 for
0.7forall | P g | APPEE
.7 for a ropagate
E 60 regions from Step 1 0.1 for 90 As step 2
other
regions
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4.7.3  Typical results

All four models show comparable results. Beams bent under the two applied loading
(displacement). Typical deformed shape at the end of step 3 is shown in Figure 4.46

below from model D.
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Figure 4.46 Deformed shape and displacement contour along 2-axis (vertical displacement)

The horizontal displacement (along 3-axis) is plotted below to show the differential
movement between each part of the section. The region at mid-span of the beam shows
no differential displacement at the connections which means no slippage occurred. This
confirmed the assumption made when assigning proposed progressive beam failure

model. Connections at both ends of the beam show clear differential displacements.
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Figure 4.47 Displacement contour along 3-axis (horizontal displacement)
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Load vs mid-span displacement graph was plotted for each model. The combined graph
presenting comparison of the models is shown in Figure 4.48. This graph confirmed the
loading capacity of the beam decreased with increased span length while displacement

increased together with span length increasing.
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Figure 4.48 Load vs mid-span displacement for all models
Typical contact stresses in top and bottom contact pairs at the end of step 3 are plotted
from model D in tables below. Since the beam performed symmetrically according to

the mid-span, stresses plotted for regions A2, B and C can reflect the stresses in regions

G2, F and E. Region D is area at mid-span.
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Table 4.10

Contact stress along Z-axis at top connection

Regio PAI1 (polyamide connected to part
ALl (MPa)
n AL1) (MPa)
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Table 4.11

Contact stress along Z-axis at bottom connection

Region

AL2 (MPa)

PA2 (polyamide connected to part

AL2) (MPa)
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The above tables show the longitudinal contact stresses (along Z-axis) in the top

connection are greater than in the bottom connection. In region D of both top and

bottom connections, the longitudinal contact stresses are close to zero as these regions
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are under pure bending. The vertical shear stresses equal to zero at these regions. This is

confirmed in Figure 4.49 below. Bending stress along 3-axis is also plotted in Figure
4.50.
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Figure 4.49 Shear stress contour from model D
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Figure 4.50

Bending stress contour from model D

In conclusion, the proposed partitioned multi-phase beam failure model was applied to
all four beam models. Deformed shapes of all models are similar which is bending

under the loading as other classical beams. Horizontal differential displacement plot and
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longitudinal contact stress plot confirmed there was no slippage occurring at mid-span
region. It, therefore, confirmed the assumption made in the proposed partitioned multi-
phase beam failure model. However, there is clear differential displacement observed at
top connection at both ends of the beam which indicates the failure of top connection in

the regions which experience shear/bending combined action.

4.8 Summary and conclusions
In summary, details of FE models simulating shear and tension tests as well as four
beam models loaded under four-point bending were presented in this chapter. All

models were built and analyzed by ABAQUS/CAE software.

Detailed discussions of mesh assignment, material modelling and contact interactions
were carried out. Simplified assumption was made by applying isotropic material
properties of polyamide at transverse direction to the whole part in shear and tensile
models. However, polyamide material properties at longitudinal direction were applied
as in isotropic case for the beam models. Isotropic material of aluminium alloy was

applied and Ramberg-Osgood continuous material model was adopted.

As the interaction between polyamide and aluminium is complicated and uncertain, the
failure mechanism of the connections under different loading conditions was proposed
based on the experimental investigations. Two new modelling techniques were invented
and applied to the models to simulate the progressive failure process under pure shear

force and under bending/shear combined action. These two new models are

e Proposed progressive failure model — under pure shear force
e Proposed partitioned multi-phase beam failure model — under bending/shear

combined action

Failure modes of shear and tension models were discussed. For shear model, the
polyamide slipped away from the connection. In terms of tension model, the polyamide
was pulled away completely from the top connection while it rotated half out of the
bottom connection but remained connected by the other half of interface. The beam

models showed the slippage of polyamide and the three-stage progressive failure mode.

The deformed shapes of all FE models were presented and discussed. Stress

distributions were plotted to provide further understanding of this facade section at all
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three loading conditions. Load-displacement relationship for both tension and beam

models were plotted as well as load-slip relationship for shear model.

In conclusion, FE models were built to simulate the experimental works on shear,
tension and beam bending. Two new models, namely, proposed progressive failure
model and proposed multi-phase beam failure model were successfully applied to the

models.

For shear model, the failure mode confirmed the connection failure. The gradually
decreased contact stresses in both aluminium and polyamide after slip confirmed the
progressive failure mechanism. Stress distributions along longitudinal and transverse
directions of polyamide part confirmed the assumption of simplifying polyamide

material properties as isotropic with material properties in transverse direction.

For tension model, deformed shape confirmed the tensile deformation as dominant;
however, bending deformation, particularly at the shoulder of the section cannot be
ignored. The normal stresses along loading direction dominated the other two directions.
Normal stresses in the direction across the thickness of the whole cross-section were
reasonably large to be taken into consideration. This reflects the bending behaviour
exhibited in the model deformation although tensile deformation was governing. Stress
distribution at polyamide confirmed the stress in transverse direction is governing.
Therefore, the assumption of applying material properties of polyamide along transverse

direction to the whole polyamide part is appropriate.

For the beam models, all models showed similar deformed shapes. The beams bent
under the loading. Load vs displacement relationship of all models was plotted together.
It shows that the beam loading capacity reduces with the span increasing and the mid-
span displacement increased with the increased span. This phenomenon is consistent
with beam bending of isotropic sections. Longitudinal contact shear stresses showed
close to zero value at the region between two point loads which is under pure bending.
In addition, there was no horizontal differential displacement in this region of the beam.
These confirmed the assumption made in proposed partitioned multi-phase beam failure
model of no slippage occurring in this region. The differential displacement at top
connection at both ends of the model confirmed the failure of top connection. Bending
and shear stress distribution along the beam span were plotted to confirm the classical

beam bending behaviour.
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The finite element models provided more insight and details of failure mechanism and
stress distribution including contact stresses which cannot be determined by
experimental work. Comparison of FE model results and test results will be carried out

in the next chapter.
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5. Comparison of experimental and numerical investigations

5.1 Introduction

Laboratory experiments and FE models have been presented in Chapter 3 and Chapter 4,
respectively. Detailed setup of experiments and typical results were illustrated in
Chapter 3. In Chapter 4, two proposed failure models were created to simulate the
failure modes of experiments for shear capacity and beam bending. The proposed
progressive failure model was adopted when setting up FE shear model. To set up the
FE beam models, the proposed partitioned multi-phase failure model was initiated and
adopted. The setup of FE models were based on the setup of experiments. Detailed
description of FE model setup and comparison with test setup was made in Chapter 4.
Typical results and failure modes obtained from FE models were displayed in Chapter 4

as well.

As the purpose of building FE models is to provide inclusive and cost effective results,
it is essential to verify the results generated by FE models by experimental results. In
this chapter, a comprehensive discussion of the experimental results compared with FE
model results will be presented. Comparisons will only be performed between the

experiments at room temperature and FE models for this study.

Comparison will involve shear and tensile capacity tests and those obtained from the FE
models, as well as four-point bending beam tests and relevant FE model results. In
comparing shear test results with those of FE model, failure mode and deformed shape
will be compared. Load-slippage of connection graphs obtained from both experiments
and FE model are plotted together for discussion. Conclusions are drawn based on the

comparisons and discussions.

For comparison of tensile capacity tests with FE model, failure modes and deformed
shapes between experimental and FE modelling results will be discussed. In addition,
load-displacement (elongation of the specimen) graphs obtained from experiments and

FE model will be plotted and studied.

In terms of the four-point beam bending, result comparisons between experiments and
FE models will be carried out for all types of beams. Although laboratory tests were
carried out much further into the plastic range than FE models, all beam specimens were

not tested to their ultimate capacities. Both experiments and FE models performed in
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the serviceability limit state of this type of fagade beam. Therefore, comparisons will be
made only for the deformed shapes and slippage of connection rather than the failure
modes. Load vs mid-span displacement relationships for all beam types will be
compared with the FE model results as well as strain distribution at mid-span along the

cross-section and moment-curvature relationships.

5.2 Comparison of shear test results and FE modelling

As FE model was built to simulate the experimental work, it is necessary to compare the
results of FE model to those from experiments. Comparison of the results between
experiments and FE modelling has been made on deformation and load-slippage
relationship. The comparison is limited to experiments at room temperature only as the

temperature effect is too complicated to be included in the FE modelling at this stage.

Comparison of deformed shapes between FE model and experiment are shown in Figure
5.1 below. The photo taken from the test (Figure 5.1) shows consistent deformation
shape as the FE model which is the failure of connection between polyamide to bottom

aluminium part.
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Figure 5.1 Comparison of deformed shapes
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As the connectivity relies on the manufacturing process, it is impossible to maintain
every connection identical for all specimens. Therefore, the slippage happened
randomly at not only the bottom connection but also the top connection for some
specimens during testing. In some cases, one connection at the top and the other one at
the bottom slipped. These special deformation cases are shown in Figure 5.2 below.
Since the FE model assigned identical connection properties to all connections, it
reported idealised deformation shapes. This idealised deformation shape was confirmed

by some tests whose specimens had relatively identical connectivity.

One connection at both sides slipped Top connection failed

Figure 5.2 Random slippage at connections

As mentioned in Chapter 3, displacement measured by the Linear Variable
Displacement Transformer (LVDT) at cross head was adopted instead of direct
measurement under the specimen. This displacement was plotted against loading for all
test specimens at room temperature on one graph and compared with the results from
the FE model. The combined test and FE model load-displacement relationship graphs

are presented in Figure 5.3.
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Figure 5.3 Relationship of load — slippage of connection comparison

Load-slippage curves from experimental work exhibit large variations between the
specimens. This phenomenon confirms the variation of connectivity between specimens
as discussed before. The load-slippage curve obtained from the FE model falls within
the range of test curves. The maximum loading capacity from the FE model is 4.3kN
which is slightly lower than the highest value obtained from the experiments of 4.6kN.
Slippage of the connection at the maximum load of FE model reaches 1.35mm. There
are two test specimens (RT-01 and RT-10) which achieved a similar maximum loading
value whose slippages are 1.27mm and 1.40mm at this point. The FE model result again
fell in between the test results. Before slipping occurred, the load-slippage curve from
the FE model stays at the top range of test curves. After the connection failed, this curve
lies in the middle range of test curves. It also shows the loading capacity drops to 2.2kN
almost linearly with increasing slippage. However, the load-slippage curves from the
experiments demonstrate a non-linear rather than a linear behaviour after connection

slipped. It can be seen that the curve from the FE model displays a similar load
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decreasing rate as the test curves with increased slippage. Therefore, the load-slippage

curve from the FE model provides a good simulation and simplification of test curves.

In summary, the FE model provides good correlation with experimental work. Based on
uniform connectivity for all connections, the FE model demonstrates the idealised
slippage location which is at bottom connections. This has been confirmed by some test
specimens. However, other specimens showed random slippage of connections which
were mainly due to the unevenness of connectivity, largely due to manufacturing
process. Load-slippage curve obtained from the FE model gives good prediction of the
actual testing curves. The proposed progressive failure model is now confirmed to be
successfully simulating the degradation of connection after slip occurs. Hence, the
simulation methodology can be applied to other similar facade composite profiles to

predict the sectional shear capacity and connectivity.

5.3 Comparison of tensile test results and FE modelling

To verify the FE tension model, comparison of deformation and load-displacement
relationship obtained from laboratory tests and model is discussed here. Deformation
and failure modes recorded from both the experiments and the FE model were listed in
Chapter 3 and Chapter 4. To make comparison between the deformations, deformed

shapes are plotted side by side in Figure 5.4 below.
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Figure 5.4 Comparison of deformed shape
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Figure 5.4 shows similar deformed shapes between the test specimen and the FE model.
Bending deformation at the shoulder of bottom aluminium part was clearly observed in
both cases. The profile on the shoulder of the FE model exhibits similar deformation as
the test specimen. The shoulder of the FE model rotated almost the same 60° angle as
the specimens from the experiments. The web in both cases is dominated by tensile
deformation. The rigid joint between shoulder and web was transformed to hinged joint
for both test specimen and FE model. The enlarged detail of the specimen also
demonstrates that polyamide at bottom connection was half joined with the connection
similar to the model. The reason for a small discrepancy in deformation between test
specimen and the model is that the rotation of top aluminium part in the model is much
greater than that from the test specimen. However, this has little influence of overall

deformation of the section.

Load-displacement relationship obtained from test shows a good correlation between
each specimen. The variation between test specimens is minor, unlike the shear tests.
Again, unlike the shear test, which mainly tested the connectivity of section, tension
tests relied more on the material properties and cross sectional area, especially the
bottom aluminium part. As the aluminium material has stable properties and the area of
the bottom part is uniform for all specimens, therefore, the load-displacement curves of

all test specimens displayed a uniform pattern. All test data are plotted in Figure 5.5

below.
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Figure 5.5 Load-displacement relationships from test data
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The load-displacement relationship curves show an initial settlement of specimen/test
jigs at the beginning of test which is circled in red. As the FE model represents the ideal
loading condition, no external noise is included. It is, therefore, important to remove the
initial settlement from the test curves when making comparison with the FE model. To
eliminate the initial settlement of the test, all test data were modified to make
displacement equal to zero at 0.5kN. The revised load-displacement curves from all

tests are plotted in Figure 5.6 below.
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Figure 5.6 Revised load-displacement relationships from test data

For easy comparison, the load-displacement curve generated by the FE model was
plotted together with all revised test curves in Figure 5.7 below. The results from FE

model were also modified to match the modification of test data shown in Figure 5.6.
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Figure 5.7 Load-displacement relationships — comparison of test and FE model

Figure 5.7 shows that the FE model is much stiffer in the elastic range as well as in the
plastic range. The tensile capacity of the FE model is also approximately 30% higher
than the test data. Generally speaking, FE modelling simulates ideal situations which
have the tendency to give high bound values. However, boundary conditions assigned in
the model might affect the results. To find out whether the higher bound results
generated from FE models were caused by the boundary conditions, several models
with different boundary conditions were generated. As symmetrical section geometry
was adopted, symmetrical boundary conditions should be applied for all models so that

the applied displacements match the experimental conditions.

Therefore, testing the relevance between boundary conditions and section tensile
capacity are only related to changing the top support conditions. The results shown in
Figure 5.7 was based on the boundary conditions shown in Figure 4.26 where a simple
support (restraint in Y- axis only) was applied at the centre line of the top aluminium
part. This model is named as model-1, which is tabulated in the table below together

with the other five models with different boundary conditions.
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Table 5.1 Boundary conditions

Model Name

Boundary conditions

Model-1

Line restraint applied at centre
line of the top aluminium part.

Restrained along Y-axis only.

Model-2

Line restraint applied at centre
line of the top aluminium part.
Restrained along all three

axes.

Model-3

Line restraint applied at centre
line of the top aluminium part.
Restrained along X and Y

axes only.

Model-4

Area restraint applied at the
top aluminium part.

Restrained along Y-axis only.

Model-5

Area restraint applied at the
top aluminium part. Restraint

at X and Y axes only.

Model-6

Area restraint applied at the
top aluminium part.
Restrained along all three

axes.

ol il il ol
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The load vs displacement relationship diagrams of the above models are plotted

together in Figure 5.8 below.
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Figure 5.8 Comparison of load-displacement relationship under different boundary

conditions

Figure 5.8 shows the results from model-1 to model-6 are all well above the results
obtained from experiments. Results from Model-1 to Model-3 are merged into one line
which indicates the numbers and directions of restraints applied to the models have no
influence on the section tensile capacity. However, results from Model-4 to Model -6
show that section capacity increases as restraint areas increases. Results from Model-1
to Model-3 are closer to the actual test results than the ones from Model-4 to Model-6.

Hence, the boundary conditions assigned in the model as Model-1 are suitable.
Calibration of FE model results

Unlike the section shear capacity, the tensile section capacity relies on both material
tensile capacity, especially the aluminium alloy, and the connectivity of the connection
between aluminium and polyamide. Top and bottom aluminium were distorted before
the connection failed. This phenomenon is completely different from shear tests in
which the aluminium profiles remained undeformed after the connection failed. This
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indicated that material properties play an important role in tensile tests. Therefore,
adjusting the material properties of aluminium may be a useful method for calibration of

results.

In order to calibrate the FE model to reflect the real situation in experimental testing,
equivalent material properties were considered in FE modelling, e.g. Young’s modulus,
0.2% proof strength and ultimate tensile strength (E, fo and f,) of aluminium material
mentioned in section 4.2.1 were reduced by 30% to match the elastic range of the FE
model to the test results. According to section 4.2.1, Ramberg-Osgood continuous
material model was adopted to work out reduced nominal stress—nominal strain
relationship at plastic and hardening regions. The reduced engineering stress and strain
were translated into true stress and true strain. The relationship between them is plotted

in Figure 5.9 below.
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Figure 5.9 True stress — true strain relationship of aluminium alloy 6063 T6 with
equivalent Young’s modulus and strength

To eliminate the initial settlement of the test, the revised FE model was also modified to
make displacement equal to zero at 0.5kN, the same as the revised test data.

Comparison of the revised FE model results with test results is shown in Figure 5.10.
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Figure 5.10 Load-displacement relationships — comparison of test and modified FE model

The modified FE model shows good correlation with test data. The elastic portion of the
FE model matches the test data although it lies in the top range of the data set. The peak
load is in the lower bound of the data which provides a conservative result. The middle
plastic portion shows a good approximation with the curves obtained from test data as
well. Therefore, the modification method provides an effective and conservative

approach to model this type of fagade composite profiles in tension.

In conclusion, comparison of deformation and load-displacement relationships between
the experiments and the FE modelling was discussed in the section. Deformed shape
generated by the FE model provides good match to test specimens. Tensile elongation,
as well as bending deformation, dominated the distorted shape. The FE model also
provided good simulation of connection failure, i.e., polyamide slipped away from

connection.

The load-displacement relationship generated from the FE model results showed stiffer
behaviour than the one obtained from experiments. However, the calibration method of
using equivalent material properties of aluminium brought the two graphs together. The
modified load-displacement curve exhibited good correlation to the experimental curves

with a slight conservatism.

156



5.4 Comparison of beam test results and FE modelling

As mentioned in previous chapters, facade mullions are the major load bearing elements
in a curtain wall system. The applied lateral loads make them behave as beams in
bending. The FE simulation of the fagade mullion provides tools to explore the bending
behaviour of this type of mullions. A proposed partitioned multi-phase beam failure
model was introduced in Chapter 4 to simulate the failure mechanism of this facade
mullion. To verify the effectiveness and validity of the FE models, results obtained from
experiments and FE modelling are compared and discussed in this section. The
comparisons are carried out in relation to deformed shape, load-displacement
relationship as well as moment-curvature relationship and strain distribution. The

validity of the FE model will be confirmed here.

5.4.1 Comparison of deformed shapes

The deformed shapes generated by the FE models for all types of beams at the end of
simulation shows similar behaviour. The beams bent with respect to Y-axis as typical
classical beams but the connections failed. This behaviour is comparable to the
experimental results. As mentioned in section 3.5, the deformation of all specimens is
mainly due to bending but also due to slippage of top connection. This phenomenon is
also observed in the FE models. Typical deformed shapes from the FE models are

plotted together with test results in Figure 5.11 and Figure 5.12 below for discussion.

(2
Bending deformation of test specimen Bending deformation of FE model
Figure 5.11 Comparison of bending deformation
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Figure 5.12 Comparison of connection failure

The above displacement diagrams shown in Figure 5.11 indicate that the beam
specimens deflect mainly along the Y-axis (local axis of 2-2) which is in the direction of
loading. This is consistent with the deformed shape shown on the right of Figure 5.11
for the FE model. In addition, Figure 5.12 displays the comparison of horizontal
deformation of the beam between experimental and FE modelling results. As the top of
the beam is under compression, the differential displacements shown on the FE model
are negative. The differential displacement between polyamide and bottom aluminium
part, recorded from both experiments and FE models, are negligible. However, the
differential displacement between polyamide and top aluminium part is 2.7mm from the
FE models and 14mm, approximately, from the test specimens at the end of the
experiments. The differential displacement observed at the end of the experiments is
much larger than that recorded from the FE models as the applied displacement on the
test specimens was much larger than the applied displacement on the FE models. In
order to avoid convergence problems, the applied displacements to the FE models had
been limited. The specimens went further into plastic deformation than the FE model.
Nevertheless, the FE model was able to capture the phenomenon of top connection

failure which was confirmed by the experiments.
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5.4.2 Comparison of load vs mid-span displacement

Vertical displacements at mid-span versus loading, for both experimental tests and FE
models, were plotted together for easy comparison. Graphs are shown below in Figure

5.13 to Figure 5.16 for each type of beam.
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Figure 5.13 Load vs mid-span displacement graph — Type B beam
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Figure 5.15

Load vs mid-span displacement graph — Type D beam
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Figure 5.16 Load vs mid-span displacement graph — Type E beam

The above comparison graphs show good correlation between experimental and FE
modelling results. The loading capacity of all types of beams reached a peak value, and
then dropped down after the polyamide encountered a major slip at the top connection.
However, the loading capacity soon picked up after reaching the lowest value at dip. It
then went back to the value between peak and dip loads and continuously increased in a
slow rate while displacement increased. This three stage failure mechanism was
reflected by the FE models although the peak loads reached in the FE models were not
at the exact displacements with experiments. However, the specimens within each beam
type also showed a small discrepancy regarding displacement when reaching the peak
load. This is due to the uncertainty introduced by the manufacturing process to the
connections in the specimens. It is, therefore, acceptable. Meanwhile, the values of peak

load and dip load obtained by the FE models are comparable to the experimental results.
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5.4.3 Comparison of strain distribution diagrams

Since seven strain gauges were placed along the cross section during tests (Figure 3.24),
the strain distributions of all specimens can therefore be plotted along the cross-section
against the FE model results. Comparison of mid-span strain distributions at critical
loading stage — elastic, peak and dip loads are plotted in Figure 5.17 to Figure 5.20 for

all four types of beams.
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Figure 5.17 Mid-span strain distribution diagrams at critical loading stages — Type B beam
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Figure 5.18 Mid-span strain distribution diagrams at critical loading stages — Type C beam
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Mid-span strain distribution diagrams at critical loading stages — Type E beam

The above mid-span strain distribution diagrams at different loading stages show

reasonable correlation between experimental and FE modelling results. The neutral axis

location obtained from the FE models is generally consistent with the experimental

results. In the elastic range, FE models behaved slightly stiffer than the test specimens

as the strain at bottom of AL2 part was smaller than the experimental results. With the
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span length increased, the strain distribution of larger span beams were closer to linear
than the smaller span beams in the elastic range. This phenomenon was reflected in both
experimental and FE modelling results. This is because the effect of elastic connection
between aluminium and polyamide increases with the span length increasing (Standard
2004). However, larger strains were observed from FE models than the experimental
results in the plastic range. This phenomenon is consistent with the load vs mid-span
displacement graphs. It can be observed that the strain distribution obtained from both
experiments and FE models is non-linear at peak and dip loads when major slip started
and continued. The top aluminium part was under compression. Since the failure
process of beam bending was a partitioned multi-phased one, the interfacial actions
between the top aluminium part and polyamide at mid-span under pure bending was
observed to display only minor changes. However, as the other parts which were under
combined bending and shear forces lost composite action, the bending part which did
not go through major slippage of connection can no longer act as a compressive top
portion of the whole section. It just rested on the top of polyamide and bottom
aluminium combined section working independently and was subjected to compression
only. However, the compressive strain was small. The strain at this top part of the cross-
section shows small discrepancies between FE modelling and experimental results. As
the connectivity of the connections is not uniform across the specimens, the
experimental results between specimens were also showing discrepancies as well.
However, improvements might be able to be made in future refinement of the FE

models in further studies of this type of composite fagade mullions.

5.4.4 Comparison of moment-curvature relationship

In a composite section, it was assumed in the sandwich theory that thick faces of a
sandwich structure may undergo local bending deformation (Allen 1969). When the
sandwich bends as a whole, the faces take part in bending about its own centroidal axis
plus bending about the whole sectional centroidal axis. Due to the different geometry of
top and bottom aluminium parts (faces), the curvature of top and bottom faces might not
be the same. It is therefore necessary to investigate the curvatures at top and bottom

extreme fibres and obtain further understanding of the bending deformation.
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Classic beam theory with full composite action

Like other homogeneous flexural members, when the connections are intact, this
composite facade mullion section is assumed to remain plane after bending; the neutral
axis of the cross-section is constant along the beam length. Curvatures on the cross-
section can be calculated by strain and neutral axis location. To calculate curvature, the
methodology presented by (Hibbeler 2008) was adopted to study a segment from a

beam in bending.

A segment in bending Deformed element

Figure 5.21 [lustration of a bent segment

In Figure 5.21 above,

p indicates the radius of curvature

N.A  indicates the neutral axis of the section

M indicates the applied bending moment

For the small element shown in Figure 5.21, the following relationships can be obtained

dL’=(p+y)d6

dL =pdob

dL-dL=y do

Therefore, strain € = (dL™-dL)/dL =y d6 /dL=y/p [5.1]
Since curvature K = 1/p [5.2]

Combining Eq.5.1 and Eq.5.2, we get
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K=¢e/y (strain and curvature relationship) [5.3]
From elastic beam bending theory, we know the extreme fibre stress is

o=My/I (bending stress due to M) [5.4]
e=o/F (Hook’s Law) [5.5]
Combining Eqns. 5.4 and 5.5, we obtain

€ =My/El [5.6]

Substituting for € from Eq. 5.6 into Eq. 5.3, we can find moment-curvature relationship

as
K=M/EI [5.7]
where, ET1is the flexural stiffness of the beam

The strain-curvature relationship stated in Eq. 5.3 and the moment-curvature
relationship stated in Eq. 5.7 are general forms for composite beams only where the
strain distribution is linear along the cross-section (Ferdinand P.Beer and E.Russell
Johnston 1992). Unfortunately, it is only in the elastic range before slip when the strain
distribution can be treated as approximately linear. With increasing loading, minor
slippage might take place. After major slippage occurred, the strain at top of the section
had no correlation to the bottom part at mid-span location as shown in Figure 5.17 to
Figure 5.20 for both experimental and FE modelling results. However, it still kept a
linear relationship between the polyamide and bottom aluminium parts. Therefore, the
curvature at bottom of the section can be calculated by Eq. 5.3. As the top aluminium
part was under pure compression without bending at mid-span, it is meaningless to
discuss curvature at this section. Hence, the moment-curvature relationship was studied

against bottom extreme fibre curvature only for the full loading process.

As seven strain gauges were installed onto every specimen during testing, the strains at
these points can be used to calculate the neutral axis location and curvatures at bottom
extreme fibre of the cross-section at each loading increment by Eq. 5.3. For FE models,
seven corresponding points were chosen along the cross-section at mid-span to obtain
strains at these points and work out neutral axis location and, therefore, calculate

curvatures at each loading increment.
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Moment-curvature graphs of bottom extreme fibre at mid-span location for each type of
beam were plotted together with experimental results below for comparison (Figure

5.22 - Figure 5.25).
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Figure 5.22 Load vs bottom curvature at mid-span location — Type B beam
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Figure 5.23 Load vs bottom curvature at mid-span location — Type C beam
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Figure 5.24 Load vs bottom curvature at mid-span location — Type D beam
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Figure 5.25 Load vs bottom curvature at mid-span location — Type E beam

The graphs above show comparable results between experiments and FE models. The
moment-curvature curves generated by FE models fell in the range of experimental
results. Based on the comparisons of deformation, strain distribution and moment-
curvature relationship at mid-span, it can be concluded that the FE models were able to
provide good correlation to the experiments and, therefore, are useful for further

investigation of the facade beam.
Further investigation of bending behaviour in plastic range

Further investigation into the strain distribution in the combined bending and shear
loaded portion of the beam is based on the results from FE models. The strain
distribution diagrams are plotted for each type of beam in Figure 5.26 below at the
location of region C (refer to Figure 4.42) near one-third of span to investigate the
behaviour of top aluminium part after slip. It was found that the top aluminium was bent
at its own centroidal axis. The top extreme fibre was under compression while the
bottom one was under tension. In the meantime, the bottom aluminium part was also
bent at its own centroidal axis as well. This phenomenon confirmed the curvature at top

and bottom extreme fibre of the composite section was different after slippage occurred
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in the plastic range. In addition, comparison of strain distribution diagram at mid-span
location with the above one (at near one-third of span) at dip load, shown in Figure 5.26,
clearly reported the different behaviour between regions along the beam span. At the
pure bending region, although only minor slippage might occur, the failure of interfacial
section on the other regions stopped this region of the top aluminium part bending
together with the bottom part. With the failure of connection in combined bending and
shear force loaded regions, the top and bottom aluminium parts acted separately. This
finding confirmed the validity of the proposed partitioned multi-phase failure model and

will help to develop the analytical model to calculate this type of composite sections.
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Figure 5.26 Strain distribution diagrams in the location of combined bending and shear
forces — all beam types
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Figure 5.27 Comparison of typical strain distribution diagrams at dip load between regions
under pure bending and under combined bending and shear forces

In conclusion, the FE models provided good correlation to the experiments. Deformed
shapes generated by FE models well matched the experimental ones. Failure of top
connection between aluminium and polyamide was observed in both experiments and
FE models while the bottom connection was kept intact in FE models and experiments.
Strain distribution at mid-span was studied and comparison was made. The results from
FE models have relatively good consistency with experimental ones although
improvement can be made in future studies. Comparison was also made to load vs mid-
span displacement relationship graphs. Again, the FE models provided good correlation
with experimental works. When the beam reached the peak load, slippage occurred at
the top connection. The load carrying capacity dropped down quickly to the dip load
then rose to the capacity between peak and dip load and then gradually went up with
increasing displacement. Mid-span moment vs curvature relationships at bottom
extreme fibre of all beam types, obtained from FE models and experiments, were
consistent. Further investigation at the location under combined bending and shear

forces at plastic range were carried out based on the FE models. The strain diagrams
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showed the top and bottom aluminium parts bent along their own centroidal axis after
major slip. It, therefore, confirms that the top and bottom curvatures have no

relationship after slippage occurs in the plastic range.

5.5 Summary and conclusion

In this chapter, comparisons of results between experiments and FE models were made
and discussed. For shear capacity test and FE model, failure mode and deformed shape
were compared as well as relationships of load-slippage of connection. Similar
comparisons were made to the tensile capacity tests and FE model. To eliminate the
initial settlement generated in the tensile experiments, both test data and FE model
results were modified to make displacement equal to zero at the loading of 0.5kN. To
calibrate the FE modelling results to match the test ones, a rectification method by
applying equivalent aluminium material properties was adopted. This method helped to
match the load-displacement graph generated from the FE model to the ones from

experiments.

To verify the FE models of four-point bending beams, deformed shapes and slippage of
connections were compared between experiments and FE models for all types of beams.
Comparisons were also made to the relationship of load vs mid-span displacement,
strain distribution at mid-span along the cross-section and relationships of moment to

bottom curvature as well.

In conclusion, the FE models had generally good correlation with the experiments. The
deformed shape generated from the FE model for shear capacity test, provided idealised
slippage location which was confirmed by the experimental work. The load-slippage
curve obtained from the FE model matched the experimental results very well. The
consistency between the FE model and experiments strongly proved that the proposed

progressive failure model created to simulate the shear tests was appropriate.

The comparison of deformed shapes between the FE model and tensile tests showed a
reasonable correlation. Both deformed shapes showed not only tensile deformation but
also bending deformation, especially at the shoulder of specimens. The failure mode
produced by the FE model matched the experimental ones which was the polyamide
slipping away from the connection. Although load-displacement graphs between the FE
model and experimental works had discrepancies, an effective rectification method was

able to reduce the gap between them. As the tensile strength of the section is affected by
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tensile strength of the aluminium alloy and the connectivity of the joint, adjusting
material properties of aluminium alloy is an effective approach. By applying the
equivalent material properties of aluminium, the relationship of load-displacement
obtained from the FE model showed good agreement to the results from the

experimental ones.

In terms of beam bending models, results generated by the FE models and experimental
works indicated a good correlation between them as well. After successfully applying
the proposed partitioned multi-phase failure model, the FE models generated consistent
deformations with the experiments. At the end of loading, the top aluminium part
slipped away and lost load carrying capacity while the bottom connection was intact for
both tests and the FE models. Consistency was observed when studying the relationship
of load vs mid-span displacement between FE models and experimental results. Both
reached the peak loads before major slippage occurred. After slip, the load carrying
capacity dropped down quickly to the dip load, and then gradually picked up in a flat

rate with increasing displacement.

The mid-span strain distribution diagrams in the elastic range showed linear relationship
across the section and consistent between experiments and the FE models. After major
slippage occurred, the top aluminium part lost connection to the bottom part at the
regions under combined bending and shear forces. It was observed under pure
compression at mid-span but with a relatively small compressive strain, although
negligible, slippage was detected in this region from the FE models (Figure 4.46). The
results obtained between experiments and FE models were relatively consistent;
however, further improvements can be made in future studies. Further investigation
was carried out to study the behaviour of the section after major slip. Strain distribution
diagrams generated by the FE models were plotted at the location for all types of beams
involving combined bending and shear forces. The comparison of strain distribution
between these regions was also plotted. These strain distribution diagrams showed the

top and bottom aluminium bent at their own centroidal axis after slip.

The relationship between moment and curvature at bottom extreme fibre obtained from
the FE models and experiments at mid-span matched relatively well. In general, the FE

models of all types of beams provided consistent results with the experimental works.
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This finding confirmed the effectiveness of the proposed partitioned multi-phase failure

model in numerical simulation.
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6. Numerical investigation of other profiles with similar

connection details

6.1 Introduction

Aluminium has been used widely as the major building material for modern curtain wall
facades since twentieth century. Its material property of being able to be extruded into
any shape brings architect’s imagination into reality. Now, the aluminium extrusions are
designed with unlimited shapes and complexity. To improve thermal isolation, glass
fibre reinforced polyamide was introduced as a thermal break to join the external and
internal aluminium extrusions together. The various external and internal combinations
of extrusions add countless variety of facade curtain walls. As a major load bearing
element in the curtain wall system, thermal break fagade mullions are shaped to suit

architectural requirements.

Although the thermal break mullions can be built in many desired shapes, the
connection between aluminium extrusions to polyamide thermal break is almost
identical. The glass fibre reinforced polyamide is machine rolled into pre-knurled

aluminium extrusion.

In this research, a typical thermal break facade mullion section was investigated.
Methodology of carrying out numerical analysis was detailed in Chapter 4. The
developed methodology will be used in this chapter for numerical investigation of
another profile — a special asymmetrical mullion profile. Finite element models will be
built to test the shear and tensile capacity of this asymmetrical mullion profile. A four-
point bending beam will be built as well. ABAQUS/ CAE version 6.11 is adopted for all
FE modellings. The numerical investigation will provide comprehensive details of
connectivity between aluminium and polyamide and section shear and tensile capacity

as well as bending capacity.
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6.2 Numerical investigation of the section shear capacity

6.2.1  Section geometry

An asymmetrical mullion section comprising external and internal aluminium profiles
made of aluminium alloy 6063T6 and joined by 25% glass fibre reinforced polyamide is

studied. The geometrical details of the section are presented in the graph below.
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Figure 6.1 Geometry of the asymmetrical mullion section under study
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6.2.2 Model setup

To investigate the shear capacity of this asymmetrical thermal break section, a three
dimensional finite element model was set up by using ABAQUS software. The
geometry of this section was converted from an Autocad drawing file supplied by the
manufacturer to a standard ACIS text file (SAT) and then imported into ABAQUS
software. This section was imported as three separate parts and assembled together by

position constraint tools.

Each part is 100mm long, according to the requirement of EN14024:2004 (Standard
2004), and imported as a deformable solid. The internal aluminium part (AL1) was
partitioned into several portions to allow boundary condition and load assignments. The
external aluminium part (AL2) was also partitioned into two portions for the assignment
of boundary conditions. The polyamide core was kept as one piece. The partition
assignment is shown in Figure 6.2 below. When partitioning the aluminium parts, same
principles mentioned in Chapter 4 were adopted. Edge, face and cell partition toolsets

were used to define the location of cells.

Internal aluminium part (AL1) External aluminium part (AL2)

Figure 6.2 Partition assignment
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Material property of aluminium alloy 6063T6 was assigned to the aluminium parts
while 25% glass fibre reinforced polyamide PA66 was assigned to the core. Both elastic
and plastic material properties of these two materials were defined in the model. For
aluminium alloy, the Young’s modulus, yield strength and ultimate strength was defined
according to Chapter 4 as well as the material model. Stress-strain relationship specified
in Chapter 4 was adopted here. True stress and true plastic strain listed in Table 4.1
were input into ABAQUS model to define the material plasticity. Similarly, material
properties of glass fibre reinforced polyamide defined in Chapter 4 was adopted in the
model as well. Polyamide material was simplified as an isotropic material with
transverse material properties as this simplification was confirmed valid in Chapter 4.
Stress-strain relationship shown in Figure 4.7 was input into the model to define the

elasticity and plasticity of the material.

As a composite section, the interface action between aluminium and polyamide was
defined as tangential behaviour as specified in Section 4.5.1. Penalty friction
formulation was also applied to the interface in the isotropic direction. The proposed
progressive failure model initiated in Chapter 4 was used here to model the failure
mechanism. Since the connection of this asymmetrical section is identical to the typical
section, same friction co-efficient specified in Section 4.5.1 was adopted in the FE
model. Similar to the shear FE model of typical section, discretization of surface to
surface was assigned to the interaction between aluminium surface and polyamide
surface. “Small sliding” tracking formulation was assigned for the tracking approach
between the two contact bodies. Aluminium contact surface was assigned to “master”
surface while polyamide surface was assigned to “slave” surface. The master and slave

contact pairs are shown in Figure 6.3 below.
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Master face
Slave face

Slave face

'\Master face

Interface between internal aluminium part Interface between external aluminium part
and polyamide part and polyamide part

Figure 6.3 Master-slave assignment

Loading and boundary conditions were assigned to match the shear FE model of the
typical section illustrated in Chapter 4. Displacement was applied in the model as
loading. Linear ramp up function was applied in the step for the assigned displacement.
According to Section 4.5.1, displacement was applied to two-thirds of bottom of the
large external aluminium part (AL2). Boundary conditions of fixed supports were
applied at the top of the small aluminium portion (AL1) and lateral restraint was also
provided at 10.5mm below the top of AL1 in the length of 10.5mm. Lateral restraints

were also assigned to AL2 along the specimen height to prevent the movement in z-axis
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direction. Details of loading and boundary condition assignments are shown in Figure

6.4 below.

Fixed support

Applied lateral
restraint

Applied displacement

zZ X

Figure 6.4 Boundary conditions and applied displacement

As the connection between aluminium and polyamide of this asymmetrical section is
identical to the typical section, the displacements at each loading step were assigned to
match the FE model of the typical section. The initial step represents the setup of the
typical section. In step 1, displacement was assigned as 1.35mm. It was increased to
1.8mm in step 2 and the friction co-efficient was reduced to the value shown in Table
4.4. In step 3, a further increase of the displacement to 2mm was assumed. Then, the
displacement set in step 3 was extended through step 4 and step 5. As the setup of the
typical section was based on the experimental results, the FE model results of this

asymmetrical section needs to be verified by experimental investigation in future studies.
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The same quadratic reduced integration solid elements (C3D20R) used in the FE model
of typical section were applied to both aluminium and polyamide parts. Fine meshes of
seed 5 were applied to the aluminium parts and finer meshes of seed 3 were applied to

the polyamide part. Detailed mesh of all three parts is shown in Figure 6.5 to Figure 6.8

below.

. .

Figure 6.6 Mesh assignment of part AL2 from different view angles
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Figure 6.7 Mesh assignment of polyamide part PA from different view angles

Figure 6.8 Mesh assignment of the assembled whole section
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6.2.3  Typical results

The FE model showed similar failure mode as the typical section. The polyamide insert
slipped away from the connection. The failure mode and deformed shape obtained from
the FE model is shown in Figure 6.9 below. The bottom connection failed and slipped

away by about 2mm.

Polyamide slipped
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Figure 6.9 Deformed shape

The contact stresses along the direction of applied displacement of both left and right
interfaces are plotted in Table 6.1 and Table 6.2 below. The contact stresses were
selected at the beginning of step 1, middle of step 2 and end of steps 1 and 2 to display
the change of connectivity of the interfaces. Similar to the typical section, the contact
stresses at aluminium and polyamide at top and bottom connections increased from the
beginning of loading and reached peak values. They, then, started decreasing when slip
occurred. At the end of calculation (step 5), the contact stresses decreased to zero which
indicated the failure of connection. As the section is not symmetrical, the contact stress

distribution of the left interface differs from the one on the right side.

T.
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Table 6.1

Contact shear stresses at the connection between internal aluminium part and

Analysis
steps Contact shear in aluminium (MPa) | Contact shear in polyamide (MPa)
CSHEARE CSHEMRZ
+1. 87,00 ABndan| | T
+| d54a.00 +1.07a0|
Step 1 — +|.0%%a.0n +B.Edda |
SteP t +7.2968.0] Az da]
Incremen 43,5550 | 27340
1 +2. B |03 +1.584a0]
- -3.503e-01 2503 |
T=0.0025s 7 aman) -|.50Re-0 |
-|.0#Ge. 0 -2.936e-0|
-, 444,00 -4, 3R5e-0|
-|.312e400 -5, 70Ba-0|
GSHERRZ CSHEARZ
+3.0ERe40 | +n53danl | T
+|.886a.n | 453158401
Step 1 — 45,508,400 45.092a40|
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-2 YERe4D | +|. 40|
_ -4 1722401 +2.0858.00
T=1s 55770 Toizent | X
-5.593e40| e
7. Ta8e4n| -3::-15=1E4J:I|
-8.95d240 4575401
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42 293a,40 | +5.820a40| I
4+ £%aan | +3. 175a40| ’
Step 2 — 4564492400 42535840
. -2, 90402400 +|.88%,40|
increment 1. 16380 | 2d5ean|
4 20270 +5.02Ba.00
-2 H90a40| -4.085a-0|
T=0.575s LT -G 343a,00 R
-4 6 3e40] -1.328a,01
B8R -1.9% lasdn|
-B.345a40 | -2 E18asn|
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+1. 7 el +2.094%a00 | 1
+.22daan| +2. 4583a40 |
Step 2 — 4B, E4a,00 +1.95Ea40 |
; +1. 14%a40n +.d50asn|
mcrement A syt 8 BdZaLnn
6 -3.048a,00 +4 EAna.Lnn
-1.B44aLn | -2 Alge-nl
T=1 S 2 |ndagn| -B.245e.400 R
-2 E5a40| -1.020e40|
3213840 e
-3,768a.0 | = 013e4d
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Table 6.2

Contact stresses at the connection between external aluminium part and

polyamide
Analysis
steps Contact shear in aluminium (MPa) | Contact shear in polyamide (MPa)
CSHEARE CSHEARZ ,
+.9|2ann | T, +4.803a-01 ‘
Step 1 — +1.548a,00 +5.937a-01
. +|.253a,400 45, [72a-n|
mcrement ETIY +3.355a-0
1 +E.0d2a0] +1.54]a0]
+2. P dan| -2, ¥50a-n2
T=0.0025 4083802 | R 2208 a0
S -3.78da-01 5.40ge-m] | R
S3.055a-nl B.rran|
-|.050a40n -1.85%a-0l
-1, 38%a.0n -4.353a.01
CSHEAAZ CSHEARZ
+5E5lgasnl | T. +4. 34%a,4n|
LA T 43008400 | T
Step 1- IF. Rebcel- Mgl +2 9 2an|
increment +3. 77540 +1.913a401
8 42 828401 +9. 245800
+1.88a4nl -: -E.490%a-n|
T=1s 44,34 [a40n R -|.0E3a40|
-1.2%2a-01 -2 NBEa4n |
-, EONE400 30808401 | R
-1.9072401 -4.0d3a40 |
-2 88424001 B.03%esn|
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sealeanl| T 2590801 |
+53.0% [aan | w2.0891anl |
Step 2 - +2.45 laan | +1.501aan]
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4 +|.24 18401 +3.21 lasin
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The load versus slippage of the connection was studied. The relationships between the

load and the slippage are plotted in the graph below (Figure 6.10).

Load (kN)
w

0 0.5 1 1.5 2 2.5

Slippage of connection (mm)

Figure 6.10 Load vs slippage of connection

In summary, the deformed shape generated by the FE model shows the failure of
connection — polyamide slipped. This failure mode is consistent with the typical section.
The contact stresses in both aluminium and polyamide increase with the loading. Once
slippage occurred, the stresses started to drop gradually and finally reached zero when
connection failed. This confirms that the proposed progressive failure model is

applicable to simulate this irregular thermal break section as well.
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6.3 Numerical investigation of the section transverse tensile capacity

6.3.1 Model setup

To investigate the tensile capacity of this asymmetrical thermal break fagade mullion
section, a three-dimensional finite element model was built by using ABAQUS software.
The standard length of 100mm was adopted in the modelling. The FE model geometry
was imported into ABAQUS software from an ACIS file which was generated from

Autocad drawing file provided by the manufacturer.

Similar to the shear model, the section was imported into the software as three separate
parts. Each part was imported as a deformable solid. The section was then assembled by
applying position constraint to join the three parts together. To be able to apply loading
and boundary conditions, both external and internal aluminium portions were
partitioned by edge and cell partition toolsets. Details of the partition assignments are

shown in Figure 6.11 below. However, the polyamide core was kept as a single region.

Figure 6.11  Partition assignment of internal and external aluminium parts

Material properties of aluminium discussed in Section 4.2.1 was adopted in the model
for both elastic and plastic stages. Ramberg-Osgood continuous model was also
assigned to represent the aluminium plastic hardening stage as the shear model. Based
on the conclusion of Chapter 5, Section 5.3, the equivalent Young’s modulus and
strength of aluminium alloy shall be applied into the model to achieve comparable

results with the experimental ones. Revised stress and strain relationships of this
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aluminium alloy, shown in Figure 5.9, were adopted and input into the software to
define the material plasticity. Aluminium was defined as an isotropic material, the same

as the typical section model.

For defining the material property of glass-fibre reinforced polyamide PA66, a similar
approach as mentioned in Section 4.5.1 was adopted. The simplified material model was
adopted as the shear model. The polyamide material was defined as an isotropic
material with material properties in transverse direction. True stress and true strain
relationship, discussed in Section 4.2.2 Figure 4.7, was input into ABAQUS model to

define the elastic and plastic material properties.

Similar to the shear test model, the interaction between the aluminium and polyamide
was assigned as tangential behaviour. Penalty friction formulation was chosen to apply
to the interface in isotropic direction. As the connections are identical to those of the
typical section, frictional co-efficient p of 0.9 used in the tension model of the typical

section was adopted in this model.

“Surface to surface” discretization was assigned to the interfaces of aluminium and
polyamide. “Small sliding” tracking formulation was again assigned for the tracking
approach between the two contact bodies as the shear model as well as the tension
model of the typical section. As discussed in Section 4.4, aluminium contact surface
was assigned to “master” surface and polyamide contact surface was assigned to “slave”
surface. The same master-slave surfaces shown in Figure 6.3 were assigned in this
tensile model. The section was assembled as shown in Figure 6.12 below with contact

surfaces highlighted.
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Interface between internal aluminium
part and polyamide part

Interface between external aluminium
part and polyamide part

_________________________________________________________________________________________________________________

Figure 6.12 Interaction assignment

Similar to the FE model of the typical section, displacement was assigned instead of

loading. Displacement along x-axis was applied at the external aluminium part while

simple support was assigned to restrain the section at the internal aluminium part.

Detailed model setup is show in Figure 6.13 below.

Applied
displacement

Simple
supports

Figure 6.13

Displacement and boundary conditions
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Fine meshes of seed 5 were used to mesh the aluminium portions in the model while
finer meshes of seed 3 were adopted to mesh the polyamide portion as determined in
Section 4.3 for the typical section. As the deformation presented in the tensile
experiments showed combined tensile and bending deformation for the typical section,
hex dominated quadratic reduced integration elements (C3D20R) were assigned to
model all three parts to prevent shear locking. Details of the mesh are shown in Figure

6.14 to Figure 6.17 below.

Figure 6.14 Mesh assignment of the internal aluminium part from different view angles
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Figure 6.15 Mesh assignment of polyamide part from different view angles



Enlarged
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Mesh assignment of the external aluminium part from different view angles
Mesh assignment of the assembled whole section

Figure 6.17

Figure 6.16




6.3.2  Typical results

The deformed shape shows combined tensile and bending deformations similar to the
typical section. However, the deformed shape is quite different from the one generated
from the typical section as the geometry of the two sections is completely different. The
bending deformation exists on both external and internal aluminium parts of this

asymmetrical section. The deformed shape is shown in Figure 6.18 below.
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Figure 6.18 Deformed shape from different view angles

The failure mode is the polyamide being pulled out from the connections which is
similar to the typical section as well. The enlarged details of failure mode are shown in

Figure 6.19 below.
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i Connection between external aluminium : Connection between internal aluminium
part and polyamide at left side | part and polyamide at left side

Connection between external aluminium | Connection between internal aluminium

part and polyamide at right side part and polyamide at right side

Figure 6.19 Enlarged details of failure mode

Figure 6.19 shows that the polyamide insert at the left side of the section and the
polyamide insert at the right of the section, joining with external aluminium part, have
been pulled out of the connection completely. However, the connection between
internal aluminium part and polyamide insert at the right side of the section has kept
some connectivity, i.e. the polyamide insert was semi-joined with the aluminium part.
This behaviour is well expected as the section is not symmetrical. This failure mode is

consistent with the failure mode of the typical section.

196



Load versus displacement graph is studied and plotted below. The graph shows similar
trends as the one obtained from the typical section but with smaller load carrying

capacity.

Load (kN)
w

0 5 10 15 20 25
Displacement (mm)

Figure 6.20 Load vs displacement diagram

Contact stresses were studied and listed in Table 6.3 and Table 6.4 below. The contact
stresses at all interfaces increased with the loading and reached the peak value at the end
of step one. They then dropped to zero in a second as the polyamide was pulled away
from the connection. The contact stresses are consistent with the failure mode shown in

Figure 6.19.
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Table 6.3

Contact stresses at connection between internal aluminium part and polyamide

Analysis
steps

Contact shear in aluminium (MPa)

Contact shear in polyamide (MPa)

Step 1 —
increment
1

T=0.01s

CSHEMAZ

+2.015a-01
+|.E12a-01
+.20%a-01
+3.067a-02
-+ 03%a-02
+|. |58a-04
-4.0 |Ba-nz
-5.0d4a-02
-1.20%e-n|
-LEDe-n|
-2.013e-01

CSHEARE

+3.878a-02
+3, [02e-n2
w2 38 Ta0
+1.55 a0z
+7. T5Ea-03
+1.5 15205
-7 753203
-|.5E le-n2
-2 5Ge-NE
-3, |02e-02
-3 477e-02

Step 1 —
increment
8

T=1s
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-+ BEZa.0 |
w2 3 a0
+|.E0 a0
+1.070a.0|
+5. 303a.00
-+, BOGa-02
-5.219a.400
-1.053a40]
-1.583a401
-2, | 14a40]
-2.Bd44a.0|

=
o
=

rmAmed - 1D

CSHEARZ

+4 B23aan|
+3.700aa40 |
+2.70haan |
+|.88Eaa0 |
+09.332e.00
+|.003a-01
-0, | |Baa0n
-1, 534401
-2 BB |
-3.ET0e40 |
-4 50240

Step 2 —
increment
4

T=0.575s

CSHEARE

40,000,400
+.000e.00
+0.000e400
40,000,400
+.000e.00
+0.000e400
40,000,400
+.000e.00
+0.000e400
40,000,400

+.000e.00

CEHEARE

+0.0002.00
+.000e.00
0. 000e.0n
0. 000e.0n
0. 000e.0n
+0.0002.00
+0.000e.00
1. 000e0n
0. 000e.0n
0. 000e.0n
0. 000e.a00n
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Table 6.4 Contact stresses at connection between external aluminium part and polyamide
Analysis
steps Contact shear in aluminium (MPa) | Contact shear in polyamide (MPa)
CeREAR: I CSHEARZ
+.544a0 ]
+1. 4780 *I-iiﬁzﬁ ‘
Step 1 — +|. In7a-nl e
+4.540e-03
increment +7. 37702 o 3hdand
1 +5.Be-0 12 19703
e 8504207
= o e -5. |Be-n3
1=0.01s Fametz | g 3 52008
-1. InEa-n| -4, 55%a-03 R
-1.475a-n| - .2%ha-nz
-1.544a-0] -1 54a-n2
CSHEARE CEHEARZ
2 dBdan| 3. 9350
S +loE3en ]| T, +2. 19740l |
tep 1 — +2. 3490840 |
, +l47a.n] . Sa0e0)
increment 449, 5000 +|.343e
4. 4nna4nn +7.498%9a,00
8 -, 35702 -] 245e-02
A0)8 -7, 958e,00
= -4.49 9400
T=1s 4 785m0 -1.5Ga.0 |
'I.‘“"dE-IJ:ll R -2, 393e40| R
14e8a.n | -5 19040
_2.459.!#:” -3.98%ae40 |
CESHEARE CESHEARZ
4D.00Da.400 401, 0000
AD.00DELDD | | 40,0000
Step 2 — AL000en | E.EEEEEE I.
i +0. 000400 .0nne
Increment m.nnn:wu o0 D00e.TD
4 0. 00Da.00 40,0000
0. 000400 40,0000
T=0.575s A0.000E0D 0000400
+0.000as0n [ R 400008400 | R
+0.00DE400 4D, 0002400
+0.00DE400 40,0000

In conclusion, deformed shape of this asymmetrical thermal break facade section

showed both tensile and bending deformation, the same as the typical thermal break

section. The failure mode was consistent with the one generated from the typical section,

which is the polyamide pulled out of the connection. However, as the section is not

symmetrical, the polyamide at the internal connection at the right side was still semi-

connected with the aluminium part. Load versus displacement relationship also

displayed a similar trend as the one of the typical section. However, the transverse

tensile strength is weaker than the typical section. Contact stresses at internal and
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external connections increased with loading and reached a peak value, respectively.
They then dropped to zero as the connection failed. The contact stresses on the other
hand reflected the failure mode. The good correlation of results between the typical
symmetrical section and this asymmetrical section proves the validity of the finite
element modelling technique for simulating the transverse tensile strength and its

applicability to various thermal break facade sections.

6.4 Numerical investigation of four-point beam bending

The above numerical investigations have determined the characteristic strength of this
asymmetrical facade section. To understand its behaviour as a facade mullion which
bends under the lateral loads, a finite element model has been setup by using ABAQUS

software. The model setup details and results will be discussed below.
6.4.1 Model setup

The geometry of the section shown in Figure 6.1 shows the area of external skin being
more than twice of the internal skin. This is opposite to the typical facade section
studied in this research. The geometry of external skin was determined by architectural
requirements instead of by strength or thermal isolation requirements. This is a typical
non-standard fagade section. To build a finite element model of non-standard section,

the modelling technique initiated by this research was adopted.

As the typical span of curtain wall is 3m to 3.5m between floors, the span length of this
beam made of the asymmetrical section was chosen as 3.12m as the type D beam in
Chapter 4. The same span length is to provide comparison between both sections. Due
to its asymmetrical geometry, the full section was imported into the model. This section
was also simplified as previously done for the typical symmetrical section to reduce
computational cost. Since the four-point bending behaviour largely relates to the
geometry of cross section and neutral axis of the beam as well as the contact
interactions as explained in Chapter 4, the profile details make minimum contribution.
The external and internal aluminium parts were then modified slightly to have minimum
change of neutral axis location. As the interaction is based on the contact surface,
therefore, the geometry of the contact interface was maintained as the actual shape to
reflect the true interface behaviour similar to the typical section. The simplified section

is shown in Figure 6.21 below.
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C@ F Detail profile simplified )K

—>

Connection kept
the same as actual
shape.

Actual section geometry Simplified section geometry

Figure 6.21 Details of simplified section

Similar to the typical section model, the geometry of the simplified section was drawn
in Autocad drawing format and then converted to a standard ACIS text (SAT) file. The
beam was imported as four separate parts. All four parts were assigned as deformable

solids and then joined together by position constraint tools.
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Material properties of aluminium alloy 6063T6 were assigned to external and internal
aluminium parts. Middle polyamide parts were assigned the property of 25% reinforced
polyamide PA66. Similar to shear and tension models, material model of aluminium
discussed in Section 4.2.1 was applied. Aluminium Young’s modulus, yield stress and
ultimate stress defined in Section 4.2.1 were input into the models and aluminium was
defined as an isotropic material. To determine the stress and strain relationship in the
plastic range, Ramberg-Osgood continuous model was adopted. True stress and true

plastic strain from Table 4.1 were used to define the plasticity.

As discussed in Section 4.7.1 regarding the FE model of the typical section, the material
properties of the polyamide in longitudinal direction shall be adopted. Young’s modulus
of polyamide in longitudinal direction, discussed in Section 4.2.2, was adopted to define
the elasticity of the material. True stress - true strain relationship of polyamide in

longitudinal direction shown in Figure 4.6 was input into the model to define plasticity.

To be able to make comparison with the typical section model, locations of loadings and

supports were assigned according to the type D model shown in Figure 6.22.

Restraint applied along y-axis

180 1040 | 1040 | 1040 180),
1 \ 1 L=3120 1 /
\Applied displacement along y-axis 7 ¥

Figure 6.22 Model setup diagram

Figure 6.22 shows identical span, loading and support conditions as type D beam of the
typical section. However, extra lateral supports had to be assigned to stop the section
from losing balance due to the asymmetrical geometry of the section. Lateral supports
were assigned to the locations where brackets were attached to connect the mullion
section to the spandrel beams of the fagade as the spandrel beams provide lateral

restraint to the mullion. The assigned lateral supports, representing the lateral restraint
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provided by spandrel beams, are shown in the figure below. The areas of support were

defined according to the assembly diagram shown in Figure 6.23.

S

0

Attached brackets
providing connection to
spandrel beams

Enlarged detail

Lateral supports assigned along the whole span

Figure 6.23 Assignment of lateral support

Same partitioning techniques, used in building the typical section model, were also
employed here. The beam model was divided into several regions according to Figure
4.42 and Figure 4.43 as well as Table 4.8 in Chapter 4. The setup dimensions of type D
beam listed in Table 4.8 was adopted. As the beam model was partitioned into regions
Al to G1, boundary conditions and loadings can easily be applied as well as the contact

interactions along the beam span. When assigning contact interactions between skin and
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core, the multi-phase beam failure model initiated in Section 4.7.2, was applied to

model the progressive failure process.

Fine meshes were assigned to all parts of the beam. Internal and external aluminium
parts were assigned to hex dominated quadratic reduced integration solid element
(C3D20R). The mesh size of the external aluminium is seed 9 while the internal one had
to be assigned to finer mesh of seed 7 due to its geometrical character. Fine mesh of
seed 7 was assigned to polyamide part (PA). According to the typical section model,
hex dominated linear elements with incompatible mode (C3D8I) were assigned to

polyamide part. Detailed mesh assignments are shown in Figure 6.24 to Figure 6.27

below.




Mesh assignment of polyamide part

Figure 6.25

h assignment of external aluminium part
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Based on the methodology created during the modelling of the typical section, the
mechanical contact property of tangential behaviour was assigned as interaction
property. Penalty friction formulation was adopted for the contact bodies in the isotropic
direction. Since experimental investigations have not been carried out for this
asymmetrical profile, the initial friction co-efficient of the typical section of 0.7 was

assigned based on the typical section.

“Surface to surface” discretization was again assigned to the interaction between
aluminium and polyamide contact surfaces as the typical section. The aluminium
interface was assigned as “master” surface while polyamide interface was assigned as
“slave” surface. The details of master-slave surfaces are similar to the shear model
shown in Figure 6.3. “Small sliding” tracking formulation was assigned for the tracking
approach between master and slave surfaces. The assignment of external and internal
interactions is visualized in Figure 6.28. Similar to the typical section model,
interference fit option was chosen to remove minor degree of overclosures between the

contact pairs.
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Enlarged internal
interaction

Interaction assignment at internal connection

————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Enlarged external
interaction

Interaction assignment at external connection

Figure 6.28 Interaction assignment

Loading was applied as displacement according to the typical section models. The
applied displacement values of the typical section models were based on the observation
of experiments. Unfortunately, there was no experimental data available for this
asymmetrical section. Therefore, trial and error method was adopted to find the critical
loading (applied displacement). To determine the critical applied displacement, the
typical section model was used as a benchmark. As the displacement and bending
capacity are related to the bending stiffness of the section and beam span, comparison
was made between the asymmetrical section and the typical section of type D beam.
Since the loading was applied on the internal aluminium part, the bending capacity
comparison was based on the comparison between the bending stiffness of the internal
aluminium parts. Since both have the same material properties, the second moment of
inertia of the internal aluminium part, related to the neutral axis of the whole section,

was compared. The second moment of inertial of internal part of the asymmetrical
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section is about 60% of the typical section. Hence, the initial trial displacement for the
first step was set at 30mm which is 60% of the applied displacement to type D of the
typical section model. In the third step, corresponding to Table 4.9, the applied
displacement was assigned as 50mm (approximately 60% of type D beam). The model
ran for 70 hours and stopped when it finished 99.8% of the first step. The deflection at
mid-span reached 30mm obtained from the load versus mid-span displacement graph
(Figure 6.29). The stress concentration at external aluminium parts reached ten times
their yield stresses. The contact penetration errors stopped the model to converge. As
the interfacial actions between the contact bodies are complicated, they generated the
highly non-linear behaviour under bending. The excessive deformation brought in high
contact forces and, therefore, produced unresolvable contact penetration errors to
prevent the model from converging. This implied that the beam might be overloaded as
the loading history affected the loading capacity and loading path. The applied
displacement caused geometrical non-linearity in the earlier loading increment
determined the loading capacity and deformation in the next increment. Therefore, the
applied displacement of 30mm caused excessively large deformation and contact forces,
well beyond the capacity of this fagade section, and had to be reduced to find an

approximate match for its actual capacity.

10

9

Load (kN)

0 5 10 15 20 25 30

Displacement (mm)

Figure 6.29 Load vs mid-span displacement — Trial 1
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The applied displacement in step one was then gradually reduced to find the
approximate critical loading, capable of generating realistic load-displacement pattern
and making the model converge. A series of models were created to apply trial
displacement in the first step. When the applied displacement reduced to 14mm, the
model converged. The load versus mid-span displacement graphs for these trial models

are plotted below in Figure 6.30.

z
=
©
@©
S
0 10 20 30 40 50 60
Displacement (mm)
——D30 —¥—D25 —o—D21 —<—D18 ——D16 D14
Figure 6.30 Load vs mid-span displacement — comparison of trial models
where,

D30 to D14 indicates the applied displacement in the first step varing from 30mm to

14mm, respectively.

Based on the observations in Figure 6.30, the load verse mid-span displacement graphs

show a consistent trend for all models in the elastic range. The mid-span displacement
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increased with applied loading for D30 to D18 graphs. However, the severe contact

penetration errors made these models fail to advance through the first step.

For the graphs D14 and D16, both graphs show a dip in loadings when the connection
slipped. The loads then picked up after reaching the lowest values. Although the peak
load of D14 is lower than D16, the trends coincided after the dip. D14 graph was able to
show the full loading duration as the model converged. This D14 model exhibited a
similar behaviour to the typical section model and showed the hardening part after the

connection slipped and re-engaged itself in the plastic range.

From the above load-displacement graphs, it can be concluded that the applied loading
in the first step before slip occurring affected the overall behaviour of the beam. This is
probably due to the non-linearity of the interactions existing in the connections. The
beam behaviour at any loading increment relies on the previous increment. The
frictional interaction between aluminium and polyamide is related to the applied normal
pressure in the connection. Any loads higher than the beam capacity resulted in
unrealistic stress concentrations and high degree of overclosure between the contact
pairs. And, therefore, the applied high load caused convergence problems of the models
and can be considered as not suitable for the beam. This trial and error process was
based on the calculations done by the finite element method to find a realistic loading
value for the beam model when there is no experimental data available. This method is
able to provide a reasonable estimate of the section capacity with limited resources. For
this asymmetrical section, the critical applied displacement was identified as 14mm in
step 1. The detailed assignment of displacement and friction co-efficient are listed in

Table 6.5 below.

Table 6.5 Assignment of displacement and friction co-efficient
Step 1 - Phasel Step 2 - Phase II Step 3 - Phase I
.A551gned Friction .Ass1gned Friction co- .Asmgned Friction co-

displacement co- displacement . displacement .

. efficient efficient
(mm) efficient (mm) (mm)
0.7 for all P q 0.7 for A1,D, G1;
./ fora ropagate
14 regions from Step 1 0.1 for other >0 As step 2
regions
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6.4.2 Typical results and discussions

Results of the converged model D14 are discussed in this section. The beam bent under
the two applied loading (displacement). The largest displacement is at mid-span of the

beam. The deformed shape at the end of step 3 is shown in Figure 6.31 below.
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Figure 6.31 Deformed shape and displacement contour along 2-axis (vertical displacement)

The horizontal displacement (along 3-axis) is also plotted below in Figure 6.32 to show
the differential movement between each part of the section. The region at mid-span of
the beam shows no differential displacement at the connections which indicates no
slippage is occurring. This confirmed the assumption of multi-phase beam failure model,
initiated in Section 4.7.2, was also applicable to the asymmetrical sections. Connections
at both ends of the beam show clear differential displacements which indicate the

occurrence of slippage.
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Figure 6.32 Displacement contour along 3-axis (horizontal displacement)



Load versus mid-span displacement graph shown in Figure 6.30 of D14 shows similar
trend as the one obtained from the typical section model — type D beam model. When
the loading capacity reached a peak value, it dropped down sharply due to the slippage
of polyamide away from the connection. The loading capacity soon picked up and went
up higher than the previous peak value, then trended flat as displacement increased.
This phenomenon is different from the typical section results, as both experimental and
numerical investigations of the typical section showed only one peak load. This is
probably due to the re-engagement of the connections. Further investigation is required

to confirm this assumption.

To study further into the bending behaviour, neutral axis location is investigated at the
critical load points — elastic load, first peak and dip loads. Strain diagrams at mid-span
location are plotted at these load stages, to show the neutral axis location, in Figure 6.33.
In the elastic range, the neutral axis is located below the mid section height. It moved
higher towards the middle of the section height when it reached the peak load. At the
dip load, the neutral axis rested at middle of the section height. It indicated that the
neutral axis location was no longer at the geometric centroid of the section after the
slippage in the connection occurred. After slip, the external and internal aluminium
parts partially separated and bent according to their own neutral axis rather than the
neutral axis of the composite section. As the connections were formed by polyamide
being rolled into the knurled aluminium extrusions, the polyamide bent together with
the aluminium parts after slip. As the deformation increased, the interfacial action
between them possibly re-connected the slipped joints and the composite action was
restored again. As the sectional area of the external aluminium part is much larger than
the internal one, the re-engaged section was able to reach the second peak load shown in
the load versus mid-span displacement diagram. This is different from the typical
section due to the different geometry and possible minor degree of re-engagement at the
connection after slip. The section capacity of the typical section increased but was not

able to create the second peak load.

The strain distribution diagrams also showed the connection failure after elastic loads.
Point A and B are located at the top and bottom extreme fibre of the external part while
point C is located at the bottom extreme fibre of internal part which is also the bottom
extreme fibre of the whole section. The strain diagram in the elastic range is almost

linear where point A, B and C are lying on a straight line. The point C moved away
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from the linear line between points A and B in the peak and dip loads, which showed
non-linear behaviour in these loading stages. This phenomenon is consistent with the

experimental and numerical results of the typical section.
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Figure 6.33 Strain distribution diagrams at mid-span location

Load versus curvature diagrams of top and bottom extreme fibres at mid-span location
were plotted below for further understanding of the beam behaviour. The formulation
used to calculate the curvatures given in Section 5.4.4 was adopted. The top and bottom
curvatures of the external aluminium part (points A and B) together with the curvature

of the internal part at bottom extreme fibre (point C) are plotted together in Figure 6.34.

The curvature of bottom extreme fibre (point C) is much smaller than the one at top

extreme fibre (point A). After the loading reached the first peak value, the connection

213




slipped. The loading capacity dropped to the dip load and the curvature at top extreme
fibre increased but the curvature at bottom extreme fibre decreased. This can be
explained by the strain diagram shown in Figure 6.33. The strain at point C is similar to
point B at peak load. It dropped to approximately half of the value at point B at dip load
due to the partial separation of the connections after slip. Therefore, the curvature at
point C decreased from the peak load to dip load stage. As both aluminium extrusions
bent along their own neutral axes, the strain distribution between points A and B
remained as a linear distribution and the load versus curvature graph of points A and B
is mirrored between each other. Interestingly, the graph of load versus curvature at
bottom extreme fibre of the section (point C) is similar to the one at top extreme fibre of

the typical section.
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Figure 6.34  Load vs curvatures at various locations of the mid-span cross-section
In conclusion, the beam model shows similar behaviour between this asymmetrical

section and the typical section. The proposed partitioned multi-phase beam failure
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model was successfully applied. The beam deformed in a consistent way as the typical
section. The connection slipped after reaching the peak load. As the polyamide slipped,
the internal and external aluminium parts were separated partially. This caused the dip
in loading capacity. After the drop, the connection was gradually re-engaged together
and the loading capacity increased similar to the typical section models. However, due
to the large bending stiffness of the external part, the loading capacity exceeded the
previous peak to create the second peak load before the hardening stage started. This
phenomenon is different from the typical section as the bending stiffness of the external

part of the typical section is too small to generate the second peak load after slip.

6.5 Summary and conclusions

In summary, numerical investigation of an asymmetrical thermal break facade mullion
section was presented in this chapter. Finite element models were created by using
ABAQUS software to investigate the shear and transverse tensile capacities. FE model
of four-point beam bending was built using ABAQUS software as well. Results were

presented and discussed.

Basic principles of setting up the model and applying loading and boundary conditions
were based on the principles initiated in Chapter 4. Mesh assignment, material
modelling and contact interactions were defined according to Chapter 4. Fine meshes
were adopted similar to the typical section model. Simplified assumptions for assigning
material properties were made by applying isotropic material properties of polyamide in
transverse direction to the whole part in shear and tensile models while polyamide
material properties in longitudinal direction were applied as in isotropic case for the
beam model. The interaction between aluminium and polyamide was assigned as

frictional behaviour as for the typical section.

To simulate the failure mechanism under shear and bending, the two modelling
techniques created in Chapter 4 were adopted for this asymmetrical section model. To
model the shear failure, the proposed progressive failure model was applied while the
proposed partitioned multi-phase beam failure model was adopted to simulate the

failure mode under bending/shear combined action.

Similar to the typical section, the failure modes of shear and tension models were either

the polyamide slipping away or being pulled away from the connections, respectively.
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The beam model showed slippage of connection and the three-stage progressive failure

mode.

The deformed shapes of all FE models were also presented and discussed. Contact
stresses of shear and tensile models were plotted to provide an understanding of
interaction between aluminium and polyamide at these loading conditions. Load-
displacement relationships for both tension and beam models were plotted as well as
load-slippage relationship for the shear model. Strain distribution diagrams at mid-span
location of the beam model as well as load versus top and bottom extreme fibre

curvature graphs were plotted to gain further knowledge of the beam bending behaviour.

In conclusion, the modelling techniques created to build the FE models of the typical
section were successfully adopted to model this custom made asymmetrical fagade
section. This is a strong and supporting evidence that the two novel models proposed in
Chapter 4, namely, proposed progressive failure model and proposed partitioned multi-
phase beam failure model are suitable to be generalised for various thermal break fagade

sections.

The models of section shear and transverse tensile capacity generated a similar trend as
the typical section. However, variations in the beam model were observed. The capacity
of beam model made of asymmetrical section mainly depends on the contact forces,
contact penetration errors and loading history and loading path. After slippage occurred
in the connections, the internal and external aluminium extrusions were partially
separated and bent along their own neutral axes. As the deformation increased, the
interfacial action between them possibly re-connected the slipped joints and the
composite action was restored again. As sectional area and bending stiffness of the
external aluminium part are too large to be ignored, the re-engaged section was able to
reach the second peak load. This phenomenon, revealed by the finite element simulation,

needs to be confirmed by experimental investigation in future studies.
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7. Proposed frame work for analytical solution based on sandwich

theory

7.1 Introduction

Sandwich types of sections have been widely used in various industries, mainly
aerospace and car industries, for years. They are also used in manufacturing large
integral shell structures. A typical sandwich section consists of two thin stiff skins and a
core which is stiff in vertical direction and very flexible in horizontal direction. The

skins are either identical or different.

Early studies of sandwich theory are listed in (Plantema 1966) and then followed by
Allen in (Allen 1969). Allen assumed the skins and the core are firmly bonded together.
The core is anti-plane which makes no contribution to the flexural rigidity of the
sandwich beam. However, it is stiff in transverse direction. Allen studied both thin and
thick skinned sandwich beams. For the thick faced sandwich beam, he concluded that
local bending stiffness of the skins has an effect on the shear deformation of the core.
He also assumed that shear stress is constant through the core and the whole sandwich
beam study is limited to the elastic range. Zenkert (Zenkert 1995) further developed

Allen’s sandwich theory by introducing transverse shear deformation.

Other researchers such as Monforton and Ibrahim (Monforton & Ibrahim 1977) studied
sandwich plates with anti-plane core and two unequal thickness faces. Kemmochi and
Uemura (K.Kemmochi 1980) proposed a multilayer-builtup theory to analyse a
sandwich beam under four-point bending. They considered bending stiffness of face and
core as well as the relative displacement between both faces. Gordaninejad and Bert
(Gordaninejad & Bert 1989) included transverse shear deformation in the facings and

stretching action in the core into their sandwich theory.

Several researches led by Frostig (Frostig & Baruch 1990), (Frostig 1991),(Y 1992),
(Frostig 1992), (Y. Frostig 1992), (Frostig & Shenhar 1995), (Shenhar, Frostig & Altus
1996) and (Thomsen & Frostig 1997) studied the behaviour of sandwich beams with
transversely flexible cores by using a superposition approach. They included the effects
of transverse flexibility of the core and peeling stresses between the skin face and the
core on the overall bending behaviour. They investigated sandwich beams with either
identical or different skins. Their superposition approach is the basis of this proposed

analytical solution.
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A typical thermal break facade section comprises two aluminium extrusions joined by a
polyamide core. Comparing with aluminium extrusions, the polyamide core is very
flexible in horizontal direction due to the material properties and geometrical size.
However, it is stiff in the vertical direction as it is often made short and stocky. It,
therefore, can be classified as a special type of sandwich structure which has irregular

thick skins.

Past studies of the thermal break fagcade profiles by Feldmeier in (Franz Feldmeier 1988)
and Heinrich et, al. in (Heinrich, Schmid & Stiell 1980) were based on the sandwich
theory. They took consideration of the shear deformation of the core. Shear deformation
was obtained from the experiments to calculate elasticity constant of the polyamide core.
Elasticity constant and section geometry were used as well as the span length to work
out the effective stiffness of the section in the elastic range. The capacity of the
composite section relies entirely on the experimental results to determine the elasticity
constant. Their approach to include the composite action between aluminium and
polyamide by defining the elasticity constant was adopted in European Standard

EN14024:2004 (Standard 2004).

Although the above analytical investigation of the section capacity of the thermal break
facade section provided analytical solutions to work out the section capacity, it is rather
a semi-empirical analytical solution and has to rely on the outcomes of experimental
investigation. This chapter proposes a new frame work for an analytical solution based
on the sandwich theory and superposition approach to evaluate the bending capacity of
any thermal break fagcade section in the elastic range. The original sandwich structures
proposed by Frostig is under the assumption that the structure is formed by top and
bottom thin skins with relative thick core in the middle, which is different from the

thermal break fagade sections in this research. The differences are listed below.

1. Geometrical difference — the typical sandwich structure is made of solid top and
bottom face sheets/skins plus solid thick core in the middle while the thermal
break facade section comprises top and bottom aluminium extrusions which are
hollow sections and two thin pieces of polyamide joining them together.

2. Connection between the skin and core is different. The width of contact surface
of the typical sandwich structure equals to the section width while the contact

width of the thermal break fagade section is only a fraction of the section width.
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The interfacial action between the skins and core of the thermal break section is
mainly frictional action with dependence on the manufacturing process as the
polyamide is rolled into the pre-knurled aluminium extrusions. It is therefore
complicated. However, the interfacial action for the typical sandwich structure is
cohesion/friction against peeling stresses.

3. Loading conditions are different. This research focused on beam bending under
multi-loading points rather than the simple three-point loadings/uniformly
distributed loadings.

4. The failure mechanism is different. The failure of the typical sandwich structure
is the separation of skin and core due to the peeling stresses while the failure
mechanism of the thermal break section is much more complicated. The failure
of the thermal break facade is mainly due to the slippage of the connection, i.e.
polyamide slipped away from connection. However, peeling forces also make
contributions. The failure mechanism of the thermal break section is the
combination of slippage due to friction and separation due to peeling stresses. It

is therefore much complicated than the typical sandwich structure.

These differences result in the fact that Frostig’s formulations cannot be directly
adopted in the current study, and therefore, it requires analytical development to derive
new formulations to suit the thermal break section. Based on the superposition approach,
the analytical formulations were re-developed and advanced for the thermal break
facade mullion sections under four-point bending. The typical thermal break facade

section studied in this thesis is used as an example.
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7.2 Analytical formulations

Analytical formulations are based on the superposition approach by Frostig and his
colleagues. Formulations for calculating deflection, shear stresses and peeling stresses
as well as bending moment were derived based on the sandwich section with anti-plane
core under either uniformly distributed load or concentrated load. Due to the differences
between the typical sandwich structure studied by Frostig and the thermal break facade
section, formulations were re-derived to suit. Boundary conditions of four-point
bending were adopted to work out constants in the equations. The analytical
formulations are based on the typical thermal break facade section studied in this
research, which comprises asymmetrical top and bottom skins made of identical

aluminium alloy and glass fibre reinforced polyamide core.

7.2.1  Superposition approach

Superposition approach is to separate the total loading conditions applied on the skins
and core of the sandwich beam. The whole sandwich structure is divided into two sub-
structures. The sub-structure I is assumed to be loaded in the same direction by either
uniformly distributed load (UDL) or concentrated load (P). The core of sub-structure I
is an anti-plane core where shear stresses exist, but the height of the core remains
unchanged. Therefore, the deflections of both skins are identical. For sub-structure II,
the height of the core is allowed to change. The core is loaded with self-equilibrating
UDL or concentrated load P and, therefore, is free of shear stresses. The UDL or P
applied on top and bottom skin is equally valued but in opposite direction. The

demonstration of this superposition loading is shown in Figure 7.1.

P,_T PtI pl
ac qt q"
d: Top skin
: _frterTir | [Freesres
dp - Bottom
V. NRARZ skin
1 1
qr pr dp P q pli
Whole structure Sub-structure I Sub-structure 11
Figure 7.1 lustration of superposition loadings
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where:

d;and d, denote the height of top and bottom skin

c denotes the height of core

gt and g} denote UDL applied on sub-structure I at top and bottom skin

q' denotes UDL applied on sub-structure II

gl and q7 denote UDL applied on the whole structure at top and bottom skin

Pl and P} denote concentrated load P applied on sub-structure I at top and
bottom skin

p1 denotes concentrated load P applied on sub-structure I1

Pl and P denote concentrated load P applied on the whole structure at top

and bottom skin

As to Figure 7.1, it is, therefore, seen that,

q +q"=q;; 9% tq"=q, [7.1]
or

Pl + P! =P[; Pl +pP!=P] [7.2]
and

G *qp =q:t4p=9" orPl +Py=P +Py=P" [7.3]

7.2.2  Basic assumptions

Assumptions are made to work out governing equations and formulas. The assumptions

are consistent with the assumptions made by Allen and Frostig. They are listed below.

1. The structure is assumed to behave in the elastic range.

2. The deflections and rotations of skins and core are small.

3. The cross-section of top and bottom skins remains plane and perpendicular to its
longitudinal axis after bending.

4. The distance between the centroids of the skins is constant.

5. The shear strain in the skins is negligible.
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6. The mechanical properties of top and bottom skins are identical.

7. The core is very stiff in transverse direction that can only resist shear stresses
and transverse normal stresses, but has negligible normal stress resistance in
horizontal direction. In other words, the core has little flexural stiffness.

8. The interface between skin and core carries shear and transverse normal stresses.

9. The sandwich beam is loaded on the bottom skin under four-point bending.

7.2.3 Sub-structure I

As mentioned in Section 7.2.1, sub-structure I consists of two asymmetrical skins and
an anti-plane core. The skins are loaded by two different loads in the same direction
whose sum is the applied load. The core can only resist shear stresses and has no
flexural rigidity. As the core is very stiff in transverse direction, the shear stress is
assumed uniform in the core. The interfaces between skins and core are subjected to
shear and peeling stresses. As the core is not deformed vertically, the displacements of

the top and bottom skin are identical.
Internal force equilibrium

Internal forces are studied by assuming the top and bottom skins loaded by two loads
g and g} as shown in Figure 7.1. If a small portion of sub-structure I at the length of
dx is used to draw the free body diagram, the internal forces on the whole structure and

on skins and core can be shown as below. The width of the sandwich beam is ‘b’.

qldx

) y

C Ct 1
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X
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Geometry Load and internal force diagram
Figure 7.2 Geometry and free body diagram of overall sub-structure I
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From Figure 7.2 above, the force equilibrium of overall sub-structure I can be expressed

as,

NL=0 [7.4]
lo)k

a_xT + (g +qp) =0 [7.5]
aﬂ — QL =0 [7.6]
where

N1 denotes axial force existing at the section

Q% denotes total shear force existing at the section

ML denotes total bending moment existing at the section

To understand the internal forces at skins and core, free body diagram is drawn below
(Figure 7.3) to show internal forces separately on skins and core, based on the
assumption that core takes a uniform shear stress '7’. The peeling stresses p} and pj, are

the normal stresses in the top and bottom interfaces between skin and core.
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Figure 7.3 Loads and internal forces on skins and core of sub-structure |



From Figure 7.3 above, equations of force equilibrium of skins and core are:

Upper skin

%+rb=0;%+q{—p{b=0;%— §x+rb2dt=0 [7.7]
Lower skin

Mo tp=0:2 1 qf —pih=02_ gp + 2= [7.8]
Core

Z—;C + (i + pp) =0 [7.9]
where

NL, denotes axial forces at top and bottom skins (i = ¢, b)

QL, denotes shear forces at top and bottom skins (i = ¢, b)

ML, denotes bending moments at top and bottom skins (i = t, b)

b denotes the width of beam

pl and p} denotes the vertical normal stress at top and bottom contact

layers, respectively.

Deformation diagram

Based on the definition of sub-structure I, the deflections at the top and bottom skins as
well as the centre of rotation ‘O’ are identical. Assume w' is the displacement at top
and bottom skin and the centre of rotation which is located on neutral axis for sub-

structure 1. The corresponding deflection diagram is shown below in Figure 7.4.
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Figure 7.4 Deformation diagram of sub-structure I

In Figure 7.4 above, point O represents the centre of rotation while point O’ represents
deformed location of point O. The distance between point O to point O’ is equal to the

vertical displacement of skins and core - w'.

Based on the assumptions stated in
Section 7.2.2, the centre of gravity is located on the neutral axis (N.A.) as the centre of
rotation. The top and bottom skins have bending resistance, but not the core. The core
only takes shear forces and has shear deformation. The maximum displacement caused
by shear deformation is at the interface between the skin and core. Therefore, kinematic

relationships can be worked out based on Figure 7.4.
The horizontal displacements along the centroidal axis of top and bottom skins are:

Top skin displacement

ow! d
0 — _ Zt
ug = —yee+ (e + 5 [7.10]
Displacement by Displacement by bending

shear deformation of §p deformation of skins
core
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ow! d
up =y = 5o (5= o) [7.11]

Shear deformation of core

V=G [7.12]
where
wl! denotes the vertical displacement of the skins and core for sub-
structure 1.
u? and u) denote horizontal displacement at the neutral axis of top and

bottom skin, respectively.

y denotes shear strain of the core.
G, denotes shear modulus of the core.
¢, and ¢, denote distance from neutral axis to the centroidal axis of top and

bottom skins, respectively.

The constitutive formulations for axial force and bending moment can be derived based

on small deflection and linear elasticity assumption. They are

Axial forces at top and bottom skins

0

N/ = ZEA;SE

0

Topskin  Ni =EA 2% = EA,

awl
(-5 F7)c 2,1
therefore, Ny = EAt{— L o ki + %aa:;} [7.13]
aw! dy,
0 ] W Zb_
wl
=St Y)op 2,1
therefore, Ny = EA), {— I rr ] dz_baa:z} [7.14]
62WI . aZWI

[7.15]
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E denotes Young’s modulus of top and skin material
I; and I, denotes second moment of inertia of top and bottom skin

Based on the internal force diagram shown in Figure 7.3 and nil axial resultant forces,

the total internal forces can be expressed as:

Niy = — N, [7.16]
Qr = Qix + Q2 + the [7.17]
ML= M.+ MY+ Np (c+F+ 2 [7.18]

After substituting Eqn. 7.13 and Eqn. 7.14 into Eqn. 7.16, Eqn. 7.16 becomes

aw! awl
|l-——+7v]c 2.1 o|{—-5—+7v]c I
i eaf A oy [ ACE g
ax 2 0x? 0x 2 0x?
[7.19]
Eqgn. 7.19 can be re-arranged into
A(pcy) , %wla, (pcy)  ?wldy,
Af— ==+ S5+ A=~ 5751=0 [7.20]
From Figure 7.4, geometrical relations can be obtained such as,
ow!
p=——-+v and ¢, — ¢, = [7.21]

By substituting Eqn. 7.21 into Eqn. 7.20, Eqn. 7.20 can be solved by integration and

therefore,
d¢ dp
A _ow! (A —Ap
Qpc = Ry pc— —— <—Ab_At + 4 [7.22]
de . dp
A _ow! (A Ay
Qcy = Ry pc— —— <—Ab_At + A4, [7.23]

Constants 4; and A2 were generated during integration where 4; and 42 can be taken as

zero based on Eqn. 7.20.

Based on Eqn. 7.8, Eqn. 7.14 can be re-written as

2 0x2

NI, = EA, f—x{— 6[(_% el “—”aZW’} = b [7.24]
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Substituting Eqn. 7.12, Eqn. 7.23 and Eqn. 7.21 into Eqn. 7.24, then Eqn. 7.24 can be

re-arranged as

EAiApc 9%t 33wl
(Ap—Ap)Gc 0x? dx3

EAy (—Coa +%2) = th =0 [7.25]
where,

da da
nale-4)

C =
2A Ac—Ap

With algebraic manipulations, Eqn. 7.25 is recast as the first governing equation below.

3wl 0%t
Py aaxz +pB1=0 [7.26]
where,
_ Atc Q= b
a - db 2 ﬁ - db
(At=Ap)(=c24+)Gc (=c24+-)EAp

The second governing equation can be derived by first substituting Eqn. 7.15 into Eqn.
7.18.

aZw!
d0x2

92 1
My, = —El,—— — El,

+ NE (c+ %+ 2

Then, based on Eqn. 7.6 and Eqn. 7.17, the above expression can be written as

63 1 a3 1 d d
QL = —Elta—;;— El, a:ﬁ + th(c++ D) [7.27]

Based on Eqn. 7.5 and Eqn. 7.3, we get

aQL,

== —(a+q) = —q"

Therefore, Eqn. 7.27 is cast into the second governing equation,
64WI dt db ot _ T
E([t+1b)m—b(C+?+ 7)5—6[

By simplifying the above equation, we get

Pwl_ 5o 1 [7.28]
dx* ax  E(Ig+Ip) )
where,

(o]
I

N

N

E(I¢+1p)
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Eqn. 7.26 and Eqn. 7.28 are the two governing equations used to work out displacement

and internal forces. The solutions of these two equations are

wlh= C + Cox + C3x2 4+ Cyx3 + Cse™* + Coe ™ + wy, [7.29]
6C. 3 3 _

7= —74+%csesx—%c6e ¥ 41, [7.30]

where,

s = ’%; coefficients C; to C¢ are to be determined by using appropriate boundary
conditions and will be explained at the end of this section.

To find particular solutions of the governing equations, we first combine them together
by subtracting Eqn. 7.28 from Eqn. 7.26. Therefore, the differential equation with one

unknown is

231 = ot qT
aﬁ— (6+,8)£— E+1p) [731]

Hence, one of the particular solutions of the above equation is

o _ _ __d"
ax E(I+1p)(8+B) [7.32]

The above equation is the particular solution of Eqn.7.30. To find the particular solution

of Eqn. 7.28, Eqn. 7.32 is to substituted into Eqn. 7.28, so

2wl B _(_ qT = qT
dx* E(I¢+1p)(6+B) E(I¢+Ip)
Hence,
4,1 _ T T
% =0 (_ E(It+ICII,)(5+B)) + E(Ij+1,,)
_ (%)#:m [7.33]
Loading function

As this research is focused on the four-point beam bending, the applied loading q7 is
varied along the beam span instead of a uniformly distributed load. For the uniformly
distributed load, the loading situation is simple and can be treated as a constant along
the span. To represent the point loads applied at one-third and two-thirds of the span,

Dirac Delta function was introduced. Therefore,
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1, x=x,0r x =x,

0, x # x,0r x # X, [7.34]

Ay = PT[6p(x — x1) + 8p(x — x,)] {
where,

PT = [ql dx, e<1 (i=12)

Xi—€&

Eqn. 7.32 and Eqn. 7.33 shall be integrated to find the particular solutions for deflection
w! and shear stress T. The integration process listed below is a process to derive
relationships between shear force versus loading, slope versus loading, bending moment

versus loading and deflection versus loading.

The first integration of Dirac Delta function can be represented by Heaviside function

which can also represent the shear force along the beam span.

_1, X S xl
Jaby =Quy =PT[H(x—x)]+ D;§ 0O, X <x <X [7.35]
1, X = Xy

The second integration of Dirac Delta function can be represented by ramp function.

This ramp function is equivalent to bending moment along the span as well.

I Q(Tx) =My = PT[R(x —x)] + Dix + D, 0, x, <x<x, [7.36]
(x — x2), x> x,

The third integration of Dirac Delta function can be represented by the first integration

of ramp function. This can represent the slope along the beam span.

D
fff Gl = B = PT[Ri(x —x)] + —x* + Dax + Dy

_M' X S xl
2
0, X <x<Xx; [7.37]

k (x—x2)?

_— X =Xy

The fourth integration of Dirac Delta function can be represented by the second
integration of ramp function which equals to the deflection multiplied by the flexural
stiffness of the beam. This is the basic Euler-Bernoulli equation, also known as “static

beam equation”.
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D, , D
jﬂ]q(Tx) = Elwy = PT[R,(x — x)] + —x* +—="x% + D3x + D,

6 2

_ 3
{ - % ] X S X1
{ 0, X <x <X, [7.38]

_ 3
k %, X 2 X,
where,
x; and x, Denote the distance equal to one-third of span length and

two-thirds of span length from left support, respectively.

D,to D, Denote integration constants which will be determined by

appropriate loading and boundary conditions

To determine integration constants D, to D,, boundary conditions of simply supported
beam loaded with two concentrated loads at one-third and two-thirds of the span (L)

shown in

Figure 7.5 are considered. Based on the shear force diagram of this four-point bending
beam in Figure 7.6, constant D; in Eqn. 7.35 shall equal to zero to be consistent with
the diagram. To find the value of D,, boundary conditions of bending moment equal to

zero at the supports were applied as illustrated below.

when x = 0, M) = 0, also D; =0,

therefore, from Eqn. 7.34,

PT{(0-4)]+ 04D, =0 —> p, ="t
3 2 = 2 =

Based on boundary conditions,
(l) x =0, W) = 0
(ll) X = L, W(L) =0

D5 and D, are solved as below.

pT12 pTp3
and D, = —
6 162

D3:
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% %

Figure 7.5 Loading diagram of four-point bending

P/

P/

Figure 7.6 Shear force diagram

PTL
3

Figure 7.7 Bending moment diagram
Applying the constants D, to D, into Eqn. 7.35 to Eqn.7.38, the following equations are
then detrived and can be used to solve the particular solutions of Eqn. 7.29 and Eqn.7.30.
The particular solution of Eqn.7.31 represented by Eqn. 7.32 can be solved by applying

the Heaviside function in Eqn. 7.35 as
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-1, x < Xxq
1, = —APT[H(x —x)]{ 0, x; < x <Xy [7.39]
1, X =Xy

1

d /T ==
an @+B)E(Ie+p)

The particular solution of Eqn.7.29 represented by Eqn. 7.33 by applying the second

integration of Ramp function in Eqn.7.38 is

I — (B ) pr )] = P2 PT2 PTE
EU + I)w) = (55) PTIR,(x = x)] = T a2 + Ex = B2
(x=x1)3
[ =, x <x
{ 0, X1 <x<Xxy [7.40]
_ 3

6

To obtain the solution for deflection and shear stress, constants C; to Cy shall be found.
Constants C; to C, can be worked out by direct integration method. Based on Figure 7.5,
the whole beam can be divided into three parts. Relationship between bending moment
and deflection for a beam ignoring shear deformation is based on Euler-Bernoulli beam

theory.

M= —EIZY

dx?
where, w is the vertical deflection of the beam.

To find out the relationship between M and w, direct integration method is used. The

integration process is shown below.

2
when 0<x<Z, M=—E16—V;=PTx
3 0x
T
therefore, w = —% (%x3 + Ax + B) [7.41]
2 T
when £stﬁ, M= -E12%=-FtL
3 3 d0x2 3
T
W= ——(=x?+Ax + By) [7.42]
2
when Z<x<lL, M= —EIZ%=_pTx+ PTL
3 0x
= L3+ iy 4 Ax + B 7.43
w = EI( s X 7 X 2X 2) [7.43]
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The constants 4, A;, Az B, B; and Bz can be worked out by using boundary conditions

and compatibility conditions of the four-point bending.
(1) boundary conditions
x=0,w=0, x=Lw=0;

(11) Compatibility conditions

L dw, Odwg
¥=3 ===
2L dw;, dwg
e P Y
L
x=§, W = Wg,
2L
x:?, WL:WR;

Applying boundary and compatibility conditions into Eqn.7.41 to Eqn.7.43, six

equations can be produced. It is, therefore, possible to determine the six constants can

be solved.
A= pTe2  _  pli2  _ 7PTI%
- 9 U1 T 6 12T 18 ’
PTL3 PTL3
B= 0;B, = i B, = ;
»H1 162 * 2 18 ’

Eqn.7.41 to Eqn.7.43 can, therefore, be re-written as

L 1 pPT pT2
when 0<x<-, w= ——(—x3- x) [7.44]
3 EI“ 6 9
L 2L 1 PTL pT2 pTL3
when -<x<=, w= —=(—x%—- ) [7.45]
3 3 EI ™ 6 6 162
2L 1 pT pPTL 7pT 2 pTL3
when —<x<L,w= —— ——x3+—x2——x+—) [7.46]
3 EI 6 2 18 18

With the loading versus deflection relationships listed in Eqn.7.44 to Eqn. 7.46 for

classic beams ignoring shear deformation, constants C; to C, can be derived as below.

L PTLZ PT
When O<XS—, Cl = C3 = 0, CZ - ——, C4_ == 5
3 9E (It+1p) 6E (I+1p)
L 2L pTL3 pT2 PTL
when -<x<=, (=—"——,(=—-——, (G=——,(,=0;
3 3 162E (Ig+1p) 6E (I+1p) 6E (It+1p)
2L pTL3 7pT2
when —<x<L, Ci=———, (b= ——,
3 18E (It +1p) 18E (I+1p)
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pTL pT
C; = , Cfp = ———;
2E(Ig+1p) 6E (It +1p)

As constants Cs and Ce in Eqn. 7.29 and Eqn. 7.30 are the coefficients of the portions
representing shear deformation, Eqn. 7.30 is used to find the value of them based on the

loading conditions. With particular solution 7,,, Eqn. 7.30 can be re-written as

3 3 -1, X <X
6C, s S _
T= _7_'_?656596_?666—596_14]3 [H(X—Xi)] 0, X1 <x <X,
1, X = Xy
[7.47]
The loading boundary conditions of x = 0, Z—; =0andx =1L, 2—; = 0 are applied to

Eqn. 7.47. The following two equations are then derived.

. _ ot _ s* 0o, s* 0 _
(1) x =0, w3 Cse” + 3 Cee” =0

.. _ ot _ s* s, S* —sL _
(11) x =1L, w3 Cse® + 3 Cee™ =0

Therefore, Cs = C4 =0

With all constants and particular solutions determined, the deflection and shear stress

can be obtained by the following equations.

Deflection
L 1 pT2 pT
< < - I — _ T A3 1
when 0<x < S W E(It+1b)( 5 X )+ wy [7.48]
L 2L 1 pT3  pTp2 pPTL
when -<x<=,w/= (— + x ——x%) + w) [7.49]
3 3 E(Ig+1p) 162 6 6
2L 1 pT3  7pT12 pPTL pT
when —<x<Lw'= (— + x——x?>+—x*+ w, [7.50]
3 E(Ig+1p) 18 18 2 6
where
( Ly? 2 3
- L L L L
ABPT (=) x2+= ;o x <=
6 162 3
L L3 L 2L
Wy = 3 A,BPT[ x2+—x——], -<x<=
6 162 3 3
2L\3
- L L? L3 2L
ABPT( 3) x’+=x——|; =<x<L
L 6 162 3
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Shear stress

L pT
when OSXSE, T= —m— Tp [751]
2L
when —<x<L, t= -1 [7.52]
3 14
hen Z<x<l t=—0 —— 7.53
when <x<L, t= BEGT) Tp [7.53]

where, T, is shown in Eqn. 7.39.

Internal forces

Based on the formulas derived above, slope, shear force and bending moment are given

below.
Slope 6'

Slope 6! can be derived from Figure 7.4 and Eqn. 7.21,

Iy __owl T
0—(/)— 6x+y_ 8x+GC
L 1 pT12  pT owh 1 pT
<x<t g = ( _r 2) _owp 1
when 0=x=< 3’ 0 E(It+Ip) \ 9 2 dx G “BE(Ig+Ip) + Tp) [7.54]
ow) (x L)Z L 12
w. — -3 . .
where—* = ABPT[—>—*~— ~x + =], and 7, is shown in Eqn. 7.39.
dx 2 3 6
Ty2 T 9 I
when Z<x<Z,9l =— (u—ux)— e _ [7.55]
3 3 E(Ie+Ip) \ 6 3 ax G
aw}, = o1 L 12 . .
where, o = ABP'[— Xt ?] and 7, is shown in Eqn. 7.39.
2L 1 7pT12 pT owh 1 pT
2L 7 pl — (__ T P 2) _owp 1 _
when 3 XS L6 E(I;+Ip) \ 18 P Lx + 2 ax = G (ﬁE(1t+1b) )

[7.56]

1 _ _2L 2 2
where, aa% = ABPT[@ — éx + %] and T, is shown in Eqn. 7.39.

Bending moment

Bending moment at top and bottom skins can be obtained from Eqn. 7.15 and total

bending moment can be calculated by Eqn. 7.18 and Eqn. 7.19. Eqn. 7.19 can be re-
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written as the following and substituted into Eqn. 7.18 to obtain total bending moment

of the section.

6[ aW+ ] 2.1
ax G dp 0°w
NP = FA, {— L 29X Gcl %7 Y
xx b ox 5 dx?

= EAp{—[—

0x2
where

% = —AP"[5p (x - g) + 68 (x - %)]

when O<x<§ a;‘:;lz E(I+lb)( pT )+
.

when é sx= %‘ 6;\:;’ E(1t1+1b) (PTL) 3;‘:’2{:
where, — = ABPT (- é)

when 23—L <x<L6 = EE +1b) ——(PTL—PTx) + 92 Wp

Shear force

azwl

L
1, x=-o0or x=—
3 3

L 2L
0, xi;orxqt?

Shear forces at top and bottom skins can be calculated by Eqn. 7.7 and Eqn. 7.8 and

total shear force can be calculated by Eqn.7.17.

BMxx det 63 I det
= + 2% = _F]
BMxx Thd; a°w Thdy
= + 2% = _El 2%
Qxx dx 2 b g3 2

3,1 _pT 3.,,1
when O<x££,aw= i 0wy
37 9x3 E(I¢+1p) ax3
*wp 1ppT
where, ——= = — AP
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2L 3wl pT 3wl
when =<x<I, = P
3 - 0x3 E(Ig+Ip) 0x3
3w}, T
where, Pyl ABP

Peeling stresses

Peeling stresses are the vertical contact stresses between interface of the core and the
top and bottom skins to transfer the loads between the skins. Peeling stresses are related
to the shear stress in the core which was defined in Eqn. 7.9. Based on the assumptions
stated in Section 7.2.2, the anti-plane is rigid in vertical direction but slender in
horizontal direction. The height of core is unchanged under the loading. The deflection
of top and bottom skins and centre of rotation are kept identical. As the section is
studied in elastic range, the normal stress distribution is assumed to be linear and can be

plotted as below.

Figure 7.8 Peeling stress in the core

Combining Eqn. 7.7 and Eqn. 7.9 with Eqn. 7.15, the relationship formula between top

and bottom peeling stresses can be formed as following.

I, ,9t0T_ | 1,,90T__|
Qb 5,—Peb _ aptb5 5 ~Ppb [7.57]
Ely Elp ’

Based on Figure 7.8, peeling stress can be expressed as
] ]
pi = ——-Cir; and pj = === Cpr; [7.58]

c=C =Gy [7.59]

239



Combining Eqns. 7.57 to Eqn. 7.59 and, peeling stresses at top and bottom interface for

a four-point bending beam without any distributed loads can be obtained as below.

ot I; d d di .
pl= = (R -24c)+ %] i=ub [7.60]
Therefore,
__It (de_dp de __Ip (4t _dp ap .
Ci _Ib_lt(2 - +c)+ *; and czf_lb_lt(2 - +c)+ L, [7.61]

As a beam under four-point bending, compatibility conditions at the point loads can be

derived as the follows,

UQuw= Qe =P" tw=1r [7.62]

Substituting Eqn. 7.7 and Eqn.7.8 into Eqn. 7.17, shear forces can be represented by the
derivative of bending moment. Therefore, total shear force is

I ds

2

3wl a3 d
QL = —Elta—;;—Elb a:ﬁ +Tb(F+ S +0) [7.63]

Substituting Eqn. 7.63 into Eqn. 7.62, Eqn. 7.62 is re-written as

63 1 63 1 63 1 a3 I
—Elt( L —V:“*)) - Elb( 0 _ —W<R>) = pT [7.64]

0x3 0x3

Also, peeling forces at top and bottom interfaces are the shear force increments at top

and bottom interfaces and are defined as

33w/ 3wl 33w/} a3w!
P! = —Elt( e ax;’”); P = —Elb( — ——ang>) [7.65]
Therefore,
P! = %PT, i=tbh [7.66]
tTip

7.2.4 Sub-structure I1

Sub-structure II is similar to sub-structure I with asymmetrical skins. However, the core
in sub-structure II is treated as an elastic core which is flexible in vertical direction, very
flexible in longitudinal direction and free of shear stresses. The height of the core
changes under compression. The self-equilibrated load system of sub-structure II is
illustrated in Figure 7.1. The elastic core of sub-structure II works similar to an elastic

foundation to transfer loads between the skins. To understand the behaviour of beam
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supported by elastic foundation, Hetenyi’s book, “Beams on elastic foundation”
(Hetényi 1946) was studied. In this book, Hentenyi explored the two types of elastic
foundations. The first type is based on the pressure in the foundation which is
proportional at every point to the deflection occurring at that point but is independent of
pressures or deflections elsewhere. This is a widely used assumption. However, it
implies discontinuity in the supporting medium which is made of independent springs.
The second type of elastic foundation considers the continuity of supporting medium.
The supporting medium is an elastic continuum. In his book, Hetenyi discussed the
beam with infinite length and finite length under concentrated load, and different shapes
of uniformly distributed loads for the first type of elastic foundation. He worked out
basic governing equations to solve for deflection and internal forces as well as
presenting worked examples. His methodology is applied here to solve the deflection

and internal forces in sub-structure II.
Internal force equilibrium

From the loading diagram shown in Figure 7.1, the top and bottom skins are loaded with
two loads equal in value but applied in opposite directions. The internal force diagram
can be drawn by adopting a small portion of the structure with length dx. The geometry
of the sandwich beam is identical to sub-structure I. The free body diagram for the

whole structure is shown below in Figure 7.9.

q”dx
) y
¢ T T oM~
| ) i -NA My /‘ i/ MT, +a—;xdx
dp .
T

Qr. r o 00u
dx xx 1\ Qxx + Ox dx

qII dx
Geometry Load and internal force diagram
Figure 7.9 Free body diagram of overall sub-structure 11

Overall internal force equilibrium can be derived based on the above diagram.

Miyx = M7x; Qix = Qux; Nix = N =0 [7.67]
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A free body diagram of internal forces at skins and core is also shown in Figure 7.10.

————————————————————————————————————————————————————————————————————————————————————————————————————————————————

1 M
ME, q" dx M, + 2
C ] [ 3 Top skin
a t
2 1 e + B;X d
p' bdx

Bottom skin

Figure 7.10 Loads and internal forces on skins and core of sub-structure II

From the internal force diagram and loading condition shown above in Figure 7.10,

several equations can be derived as follows,

Upper skin
9 t t

Nie = 05222 4 qll —pllh = 0; 22— QL =0 [7.68]
ox O0x

Lower skin

b .00k 1 Iy — . OMix b

Nex =0;—"=4+q" —p'b=0;—"="— Q¢x =0 [7.69]
ox O0x

Core

Q%x = 0; o5 = p" [7.70]

where,

oy denotes normal compressive stress in vertical direction in the core

p!! denotes vertical peeling stress at the interface between core and skins
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The constitutive relations of the top and bottom skins are the same as those defined in
sub-structure I in Eqn. 7.15. As the core is an assumed elastic core which is able to

change in height under compression, it shall comply with Hooke’s Law.

of = Ee, = E,20 (7.71]
where,

E. denotes Young’s modulus of core material

wl denotes the displacement of core

Deformation diagram

As the core of sub-structure II is an elastic core, it is able to change its height, the
displacement of top and bottom skin cannot be kept identical to sub-structure 1. The
relationship between them relies on the height change of the core. To demonstrate the

kinematic relation, the deformation diagram is drawn below in Figure 7.11.

11
t

. ‘k‘“fﬁfﬂi /2

o — L w

N.A
Cp
- - - d,/?2

Figure 7.11 Deformation diagram of sub-structure II

To find out the relationship between the skins and the core, the elastic core can be
treated as an elastic foundation (Hetenyi, (Hetényi 1946)). The top and bottom skins are
assumed supported along their length by an elastic foundation which can deform

243



vertically. The interaction between them is opposite to the applied forces. As the top
and bottom skins deflect, horizontal forces such as friction might be generated. In this
study, the influence of horizontal friction is not considered to minimize complexity.

However, it is worth to investigate the influence of friction in a future study.

The change of the core height determines the total displacement at top and bottom skins.
As the vertical displacement of the core generated by the normal stress was ignored in
sub-structure I, it shall be included in the displacement calculation of sub-structure II.
Hence, the displacement of the core has two components: axial deformation due to axial
compression p!! and the deformation caused by the vertical normal stresses from sub-

structure 1. It can therefore be expressed as,

T+ wll =wlH [7.72]
According to Hooke’s Law —>  p'bdx = E.bdxw!!/c
II

c

To determine the deformation of the core due to the normal stresses in sub-structure I,
Eqn. 7.9 is evolved as below. The change of core height due to sub-structure I can be

expressed as

at c
sw = Pt [7.74]

Ec

Substituting Eqn. 7.73 and Eqn.7.74 into Eqn. 7.72, the displacement in the skins are

at ¢

e pheta ()
Mywih =252 oz [7.75]
Ec E.
where,
w{! and w}! denote displacement in the top and bottom skin, respectively

As the top and bottom skins are bending under the same load, therefore, the bending
moment applied to the top and bottom skin is identical. Therefore,

II

R A

Let us integrate the above equation twice and apply the identical boundary conditions to

the top and bottom skins. The integration constants cancel each other at either side of
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the equation. The displacement relationship between top and bottom skins can be

obtained as follows,
wil = Lwl! [7.76]
Combining Eqn.7.75 and Eqn. 7.76 together, we get
1 ng d t+1b)
p" =wy E, + p} + 2 (2) [7.77]

Combining Eqn. 7.15 and Eqn. 7.69, we get

4. 11
6wb

q! —Elb
b

I —

p [7.78]

The governing equation can be derived by combining Eqn. 7.77 and Eqn. 7.78 together.

4 11

q'-EI Yb
b g% _ ”E (It+1b) + p + & ot C
b b 0x 2
04 wb adt ¢

EIb + ”Ecb (It1+clb) = q” - b(pb + __)
t

Replacing p; with Eqn. 7.58, the governing equation above can be re-written as

aWb

El,

Ie+1p) d
+ Wyl Ecb = = q!f = S5 = Car) [7.79]

For a beam under four-point bending, the loading q'! applied on sub-structure II shall be
solved as the following. The two concentrated loads are defined by Dirac Delta
functions same as the ones in sub-structure I by Eqn. 7.34. When the concentrated loads
are applied on the bottom skin, the load applied on sub-structure II (g'") equals the load
applied on the top skin (p!b) at sub-structure 1. Based on Eqn.7.66, peeling stress can be

found as

Pl =——PT =plb

It+Ib

Written for the four-point bending beam, concentrated loads applied on the sub-

structure II at one-third and two-thirds of the span are

1, x= Lorx=%
3

)[6p (x — x1) + 8p(x — x3)] L zi [7.80]
0, X *+ 507' X *+ ?

Cl(x) = T(

It+1p
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The governing equation, Eqn. 7.79, is re-written below with loading solved in Eqn. 7.80.

o*wi! 11 _ pro_lt L 2L 9T (€
El oxt T kewy =P (1t+1b)[6D (x - 3) +0p (x T3 )] B axb 2 C20)
1, x= é or x = %
. ~ [7.81]
0, x#-or x #—
3 3
where,
k. =E.b % represents the spring stiffness of the core when acting as
t

an elastic foundation
The general solution of Eqn. 7.81 can be obtained from (Hetényi 1946) for a beam
supported on elastic foundation under concentrated load as Eqn. 7.81 is similar to Eqn.

1 in (Hetényi 1946). The general solution is
wil = e (mycosAx + mysinix) + e **(mzcosAx + m,sinix) [7.82]

where constants m, to m, have been solved in (Hetényi 1946) and listed below.

1 1 I
w 6 Q
m=—+-—= 3—T
2 41 SABE(Ip+Ip)
S ! Mk Qr
2740 4AZE(Ig+lp)  SA3E(Ip+lp)
. =W _ e of
37 2 41 8BABE(It+lp)
— ! Mk Qr
4T 40 T aA2E(e+1p)  BABE(Ip+lp)
where,
1= 4| Ecb
4EIc

wl, 87, QL andM!L are internal forces from sub-structure I
To find particular solution, Eqn.7.81 is re-written as

Bl Y = e + T s ( L)+5 ( ZL) T -c
b ax4 - CWb (It+1b)[ D ve 3 D ve 3 ] ax 2 2‘[)
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L 2L
1, x=7o0rx=-—

> > [7.83]
0, x # 30T X * ey

(i) One particular solution due to w}' is
k
W{,él — _E_ch [7.84]

. . . ]
(1) One particular solution due to the sum of PT and i can be solved as below,

Bl 22 = PP [8, (x = ) + 8 (x = )] - bE - G)APTIS, (x - £) +

L 2L
1, x=-o0or x=—

2L ’ 3 3
(SD(x__)]
3 0, xigorxi%

L 2L
1, x=-o0or x=—
3 3

=[P (1 +1b) b( = C)APT][8p (x __) +dp (x _%)] 0, x # éOT X # %
_ L 2y, )b X :é or x= %
=BP"[6p (x =) + 85 (x = 2)] 0, = or 522 [7.85]
where,
= () = AbC — Car)

To find out the solution of wj/, an integration process similar to Eqn.7.35 to Eqn.7.38

were carried out. The solution is,

( T
BP xX—z L L? L3 L
__Q__xz_l__x__’ xS_
Elp 6 6 6 162 3
wih, =42 [~Exz 4 By L Ley<i 7.86]
bp2 — Vg, L 6 6 1621’ 3= 7 = 3 )
2L
BPT |\ x—— L 12 L3 2L
( 3) x2+—x ; —=<x<L
L Elb 6 6 6 162 3

Combining the two particular solutions together, the particular solution of Eqn.7.83 is
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A :
BTl () 1o 2 B ke . L
Elp 6 6 6 162 El, ' -3
ppT 2 3
17t BP [ L o L L ] ke L 2L
Wy, = —|—=x —x——|——e%; -<x<-— 7.87
b = El, L 6 s 162 El, "’ 3= 7= 3 [ ]
N3
BPT (x_?) L 2+£ L3 _ ke  x. &<X<L
L Elb 6 6 6 162 El, ' 3~ 7 T

The Eqn. 7.83 is solved with a general solution and a particular solution. Therefore,

deflection and internal forces for sub-structure II can be derived as following,
Deflection

wil = e™(m,cosAx + m,sinix) + e (mzcosAx + mysindx) — W{,Ip [7.88]

Bending moment
Top and bottom skins:

2,11
a Wb
dx?

M! = —EI,

; My = -El,

[7.89]

2,11
2 Wb
0x2

where,

a2wj! 92wl
PP —2? [e’lx (mycosAx + m,sinix) + e **(mycosdx + m4sinlx)] + Oxzp

and,

=
IA

IA w|Rwi-

h

2,11

dx2

[ -@x-2),
Jo

[@—%L

W~
AN
=
AN

BpT L k
—[R(x —x;) ——] ——e
Ely 3 Elp
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IA
=

Total bending moment at section is,

M= M4+ MU [7.90]

Shear force
Top and bottom skin shears are,

11
1 _ oM

63WIIJI I _ aMlI)I
t ox

= —El ax3 ’ b ax

11
- _E, 2", [7.91]

ox3 "’
where,

3,11

63WII)I — 13
0x3

— [e?*(m,sindx — mycosdx) — e~ (mysindx — mycosix)| +
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and

1,
3,11

If_
B [ — 20 — 1] — ke x!
ax3  EI [H(x xi) 3] T | 0,

1,

Peeling stresses

1 _ wpke, pll = — wi'ke
t b ) b b

7.2.5 Overall structure behaviour

xS£

3

L 2L
-l x < —
3 3
%SxSL

[7.92]

Overall structure behaviour is determined by both sub-structures. Internal forces, apart

from axial forces, and deflection, are the sum of both sub-structures. As the axial force

does not exist in sub-structure II, it is only generated by sub-structure I. The deflection

and internal forces are listed below.
Deflection
(1) Total deflection at top skin
Weeor = W+ II_Z;W#
(1) Total deflection at bottom skin
Wpor = W'+ wy!
Bending moments
(1) Total bending moment at top skin
M tor = Mgy + Mél
(1) Total bending moment at bottom skin
My, tor = My + My
Shear forces

(1) Total shear force at top skin

Qt,tot = Qix + le

249



(1) Total shear force at bottom skin

Qb,tot = Q)lgx + QIIQI

Axial force — Eqn. 7.13 and Eqn. 7.14

Peeling stresses

(1) Total peeling stress at top skin

11
Wp kC at [ It (dt db de
Pt.tot b ax Li,_i;\2 2 2

(1) Total peeling stress at bottom skin

11
wp Ke at [ Ip (dt dp dp
Pb,tot b axl,_\2 2 2

7.3 Equivalent section

The above analytical formulations are based on a solid composite section. Unfortunately,
the thermal break facade mullion section is a thin walled hollow section which
comprises top and bottom aluminium extrusions and glass fibre reinforced polyamide
inserts. To be able to calculate the forces and responses in a thermal break fagade
section by the analytical solutions, the typical thermal break section studied in this

research has to be transformed into an equivalent solid composite section.

As the analytical solution is to determine the capacity of the section under four-point
bending, the sectional bending and shear capacities and deflection along the span are
sought after. The bending and shear capacities and deflection are related to bending
stiffness and neutral axis location of the section. The cross-sectional area is not as
critical as the bending stiffness. Therefore, the basic principle to transfer the hollow
thermal break section into a solid section is to keep the bending stiffness relatively
similar to the original one. To work out the equivalent section, trial and error method
was introduced and applied. Based on the section geometry, the bottom skin has major
contribution to the section bending stiffness due to its larger size whose area is almost
four times bigger than the top skin. As both skins are made of identical material, the
transformation relies on the second moment of inertia of the top and bottom skins. To
start the trial and error process, the geometry of the original section is investigated. The

geometry and properties of the typical thermal break section are shown below.
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Figure 7.12  Geometry of the typical thermal break facade section

The section properties are
I, = 1.92x10°mm?*, I, = 4.13x10°mm*

A, = 364.11mm?, A, = 1225.67mm? A, = 119.7mm?

where,

I and [, represent the second moment of inertia of top and bottom
skins with respect to the neutral axis of the whole section

A; and 4, denotes the area of top and bottom skins, respectively

A, denotes the total areas of polyamide inserts

Based on the geometry and section properties of the typical thermal break facade
section, an equivalent solid composite section was derived by applying trial and error
method to match the second moment of inertia of both top and bottom skins. The
neutral axis location is also taken into consideration during calculation. As the bottom
skin is much larger than the top section, its geometry provides a starting point for the
trial and error process. After several trials and errors, the geometry of the equivalent

section was determined. The equivalent section is shown in the figure below.
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Figure 7.13 Geometry of equivalent solid section

The section properties of the equivalent section are
I, = 2.56x10°mm?*, I, = 3.63x10°mm*
A, = 245mm?, A, = 1225mm?, A, = 119.7mm?

Comparing with the original section, the areas of bottom skin and core are identical to
the original one. However, the area of the top skin is smaller than the original one.
Although the individual second moment of inertia of top and bottom skin differs from
the original one, the sum of I; and I, almost equals to the original one. During the trial
and error process, it is impossible to match every section property between the
equivalent and the original one. As the overall section behaviour is based on the overall

section properties, the conversion was, therefore, focused to match the total second
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moment of inertia with least discrepancy of the neutral axis locations between them. For
this conversion, the distance of the neutral axis location from the extreme fibre of
bottom skin is increased by 12% with the section height increasing by 17%. Therefore,
the neutral axis location is matching the original section. Hence, the equivalent solid
section provides similar section properties comparing with the original one and,

therefore, can be used in the calculations by applying the analytical solutions.

7.4 Summary and conclusions

The proposed frame work for analytical solution for four-point bending of a beam is
based on the superposition approach with modifications to suit the thermal break facade
section. Due to the difference between typical sandwich structure and the thermal break
facade section, formulations were re-derived and advanced. Based on the sandwich
theory, some basic assumptions were made to start deriving relevant formulations. The
sandwich beam was divided into two sub-structures. The first sub-structure was
assumed to be loaded in the same direction by either a uniformly distributed load or
concentrated loads. The core is an anti-plane core which is stiff in the vertical direction
but slender in the horizontal direction. The height of the core was kept unchanged under
loading. The deflections of top and bottom skins were identical. The second sub-
structure was loaded by self-equilibrating loads which are either uniformly distributed
or concentrated loads. The core in the second sub-structure is an elastic core which

changed its height under loading.

Internal force diagrams of both sub-structures were drawn to assist the analysis.
Kinematic relationships of sub-structure I and II were also derived and plotted in graphs.
Governing equations were derived based on these relationships. Boundary and loading
conditions as well as continuous conditions based on a four-point bending beam were
adopted to solve the differential equations for particular solutions and integration
constants. The second sub-structure was assumed as a beam supported by elastic
foundation. The core of the sub-structure II was assumed to act as an elastic foundation.
Its vertical stiffness affected the load transfer between the top and bottom skins.

Governing equations of the second sub-structure were solved by Hetenyi’s methodology.

The overall structural behaviour of the sandwich beam is a combination of first and

second sub-structures. Deflection and internal forces, such as bending moment, shear
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forces and peeling stresses, are the sum of those for the first and second sub-structure.
As there is no axial force in the second sub-structure, axial forces are only related to the

first sub-structure.

To be able to apply the formulations derived to calculate the deflection and internal
forces of a thermal break fagade section, the fagade section had to be transformed into a
solid sandwich section. Trial and error method was recommended to solve the problem.
The typical thermal break facade section was used as an example to explain the

principle of transformation.

The analytical solution proposed in this thesis needs to be verified by experimental and
numerical work before design tables can be derived for industry applications.
Unfortunately, these works require extra funding and time which is beyond the scope of
this study. However, it is recommended that experimental and numerical investigation
based on the analytical frame work provided in this chapter to be carried out to verify

the analytical solution and apply them to the industry applications in future studies.
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8. Summary, conclusions and recommended future works

8.1 Summary and conclusions

In summary, a typical thermal break facade mullion section was studied in this research.
Experimental and numerical investigation was carried out to gain thorough
understanding of the section behaving under shear, tension and bending loads. A
proposed frame work was carried out as well to work out an analytical solution for

beam bending of a typical thermal break section.

Rigorous laboratory tests were carried out to determine shear, transverse tensile and
bending capacity of the typical section at the beginning of the research. These
experiments were performed at various temperatures and under various loading rates at
room temperature. Beam tests of four-point bending were carried out at room
temperature under quasi-static loading. Experimental setup and process were

demonstrated and the results discussed.

All section capacity tests show similar failure modes under either quasi-static loadings
at various temperatures or high strain rate loadings at room temperature. For shear
capacity tests, shear failure of the polyamide, due to it slipping away from connection,
was observed for all shear tests regardless of testing environment and loading rates. In
terms of the transverse tensile tests, polyamide was observed to either pull away from
the connection or break. Test results show both shear and tensile section capacities, as
well as elasticity constant, are temperature sensitive. However, the section shear and
tensile tests under various loading rates showed mixed trend of strain rate sensitivity.
The section shear and tensile capacity demonstrated no clear trend of strain rate

sensitivity, but the elasticity constant was clearly increased with the strain rate.

The four-point bending beam tests confirmed a good ductility of this type of fagade
mullion section. The failure mechanism of three-stage progressive failure mode was
observed. The bending capacity of the section after slippage occurring was re-gained to
some extent based on the capacity of bottom aluminium part with partial connection to

the top aluminium part.

Finite element models were created by using ABAQUS software to gain further insight
into the typical thermal break section. The FE models were built to simulate the shear

and transverse tensile tests as well as four-point beam tests. Modelling details including

256



mesh and partition assignments, boundary and loading conditions as well as contact
interactions were discussed. Material modelling of aluminium and polyamide materials
was shown. Isotropic material properties of aluminium alloy were applied to the
aluminium extrusions. Ramberg-Osgood material model was adopted to describe the
elastic, plastic and hardening relations of the aluminium alloy. As the glass-fibre
reinforced polyamide is an orthotropic material, simplified assumptions were made to
treat it as an isotropic material. According to the loading direction and deformed shape,
isotropic material properties of polyamide in transverse direction was assigned to shear
and tensile models while polyamide material properties in longitudinal direction was

applied as an isotropic case for the beam models.

The contact interaction between aluminium and polyamide was assigned as friction. As
the interfaces between them are geometrically complicated and the interfacial actions
between them largely depend on the manufacturing process, it is a challenge to simulate
the failure mode of the connections. To solve this problem, two new modelling
techniques were developed and applied to the models to simulate the progressive failure
process under pure shear force and under bending/shear combined action. These two

new models are

e Proposed progressive failure model — under pure shear force
e Proposed partitioned multi-phase beam failure model — under bending/shear

combined action

By applying the proposed failure models, failure modes of shear and bending models
were showing good correlation with experimental investigations. The polyamide slipped
away from the connection in shear model. The beam models showed the slippage of
polyamide and the three-stage progressive failure mode. In terms of tension model, the
polyamide was pulled away completely from the top connection while it rotated half out

of the bottom connection but remained connected by the other half of interface.

The deformed shapes of all FE models were presented and discussed. Stress
distributions were plotted to provide further understanding of this typical section in all
three loading conditions. Load-displacement relationships for both tension and beam

models were plotted as well as load-slip relationship for the shear model.

As the two proposed progressive failure models were derived for the typical
symmetrical thermal break section, it is important to test them on different thermal
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break fagade mullion sections which have similar connections to the typical one.
Therefore, an asymmetrical thermal break fagade mullion section was modelled using
ABAQUS software to investigate the shear and transverse tensile capacities. The FE

model of four-point beam bending was also built using ABAQUS software.

Basic principles of setting up the model and applying loading and boundary conditions
were based on the principles for the typical section. Mesh assignment, material
modelling and contact interaction were also defined according to the typical section
models. The two proposed progressive failure models were successfully applied to the

shear and four-point bending models, respectively.

Similar to the typical section, the failure modes of shear and tension models were either
the polyamide slipping away or being pulled away from the connections, respectively.
The beam model showed slippage of connection and the three-stage progressive failure

mode. Results of these FE models were presented and discussed were carried out.

To extend the research into the analytical domain, a frame work for analytical solution
for four-point bending was proposed based on the sandwich theory and superposition

approach with modifications to suit the thermal break facade section.

Due to the differences between typical sandwich structure and the thermal break facade
section, formulations were re-derived and extended. The sandwich beam was divided
into two sub-structures. Internal force diagrams of both sub-structures were drawn to
assist the analysis. Kinematic relationships of sub-structure I and II were also derived
and plotted in graphs. Governing equations were derived based on these relationships.
Boundary and loading conditions as well as compatibility conditions based on a four-
point bending beam were adopted to solve the differential equations for particular

solutions and integration constants.

The overall structural behaviour of the sandwich beam is a combination of first and
second sub-structure. Deflection and internal forces, such as bending moment, shear
forces and peeling stresses, are the sum of the first and second sub-structure. As there is
no axial force in the second sub-structure, axial forces are only related to the first sub-

structure.

To be able to apply the formulations derived to calculate the deflection and internal
forces of a thermal break fagade section, the fagade section had to be transformed into a

solid sandwich section. Trial and error method was recommended to solve the problem.
258



The typical thermal break facade section was used as an example to explain the

principle of transformation.

In conclusion, a comprehensive and rigorous experimental investigation was carried out.
The investigation showed that the shear and transverse tensile strength increased with
temperature under quasi-static loadings. However, it showed no clear relationship
between shear and tensile capacity with strain rate loadings at room temperature except

the elasticity constant which increased with increasing strain rate.

The four-point beam tests displayed a three-stage progressive failure mode. This failure
mode applied to all beam specimens at various span lengths. The specimens showed

ductile behaviour.

The FE models were built to simulate the experimental works on shear, tension and
beam bending. Two new models, namely, a proposed progressive failure model and
proposed partitioned multi-phase beam failure model were successfully applied to the

FE models.

Comparing with the experimental results, the FE model provided good correlation to the
experiments, generally. The deformed shape generated from the FE model for shear
capacity provided idealised slippage location which was confirmed by the experiments.
The load-slippage curve obtained from the FE model matched the experimental results
very well. The consistency between the FE model and experiments clearly indicated that
the proposed progressive failure model created to simulate the shear tests was

appropriate.

The deformed shape between the FE model and tensile tests showed a reasonable
correlation. Both deformed shapes showed not only tensile deformation but also
bending deformation. The failure model generated by the FE model matched the
experimental one. Comparing the load-displacement graphs between FE model and the
experiments, some discrepancies were observed. Equivalent material properties of
aluminium were adopted to rectify the FE model. After applying the equivalent material
properties of aluminium, the relationship of load-displacement obtained from the FE

model showed good agreement to the results from the experimental ones.

The results generated by the FE models were consistent with the experimental ones.
After successfully applying the proposed partitioned multi-phase failure model, the FE

model generated a three-stage progressive failure mode similar to the experimental ones.
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Slippage was observed between the top aluminium part and polyamide core.
Comparisons were made for load-displacement relationship, moment-curvature
relationship and mid-span strain distribution diagrams between experimental results and
FE models for all beam types. In general, the FE models presented consistent results
with the experiments. This finding proved that the proposed partitioned multi-phase

failure model is appropriate for numerical simulation.

The numerical investigation of the asymmetrical thermal break mullion section showed
general consistency with the typical section. The modelling techniques created to build
the FE models of the typical section were successfully adopted to model this custom
made asymmetrical fagade section. This is a strong supporting evidence that the two
proposed novel models, namely, the proposed progressive failure model and proposed
partitioned multi-phase beam failure model are suitable to be generalised for various

thermal break facade sections.

Analytical formulations were derived based on sandwich theory and superposition
approach. These formulations were developed and extended to suit the thermal break

facade mullion sections.

8.2 Recommended future works

Due to the limitation of current research scope and funding, the analytical solution
proposed in this thesis has not been verified by experimental and numerical work.
Future experimental investigation is recommended to confirm the validity of the
formulation. The numerical investigation is also recommended to transfer the
formulation into computational codes to generate numerical results which can be then
used to compare with experimental ones. The combined numerical and experimental
investigation will determine the application of the analytical formulation. Design tables
then can be derived for industry applications. The methodology to transform thermal

break section into a uniform rectangular section shall also be verified in future study.

Analytical formulation can be refined to include frictional interfacial actions in sub-
structure II. By assuming a continuous elastic supporting medium, frictional contact

forces can be adopted and developed in future study.
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As the experimental investigation for the strain rate sensitivity in this thesis gave
uncertain results due to limited numbers of tests performed, future experimental
investigation involving large quantities of specimens under various strain rate tests are

recommended to carry out.

Although the asymmetrical thermal break mullion section studied in this thesis shows
similar behaviour as the typical symmetrical section based on finite element modelling,
it is important to prove the correlation by experimental investigation in future study.
Discrepancies discovered in this study from FE models can also be verified as well in

future work.
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Appendix — Polyamide Material Properties

in transverse direction

Bayer MaterialScience AG / BMS-Thermoplastics Testing Center Uerdingen 03.07.2008
Zugversuch nach VA 5.1.3.1 (in Anlehnung an DIN EN ISO 527) 18-19
Parametertabelle:
Auftragsnummer : KUEXT02667 v-Priif : 2,5 mmimin
Auftraggeber : H.Qusios LE 285 mm
Materialtyp : LO SW : 25 mm
Ansatz Probektrper : Typ 1BA EN ISO 527-2:1996
Partie ] Priftemperatur  : 23°C/50%r.F.
Prifar : Deben Lagerbedingungen: kondifioniert
Bemerkung : Prifkdrper gefrast, Prifmaschine : ZwickZ020/148285
V- E-Modul 1 mmimin
Ergebnisse:
B H | ssT |DST| SB | SR | DR |E-Mod.| NDR [Rp0.1|D.b.Rp0.1| Rpi1 |D.b.Rpt
Nr mm [ mm |[Nimm?| % |Nimm?*|Nmm?*| % | Nimm®| % | N/mm* Ed Nmm?*: %
1 518 | 2,02 | 6873 [1271| 687 | 674 [ 139 | 2493 | 10,3 | 28,32 1.2 52,2 an
7 | 518 | 202 | 7109|1160 71,1 | 687 | 140 | 2593 | 105 |3110] 1.3 555 | a1
3 | 518 [ 2,02 | 71,50 12,33 | 71,5 | 69,8 | 14,1 | 2654 | 105 [ 3247 | 13 | 669 | 3.1
4 |518[202 [7435|1053| 744 | 731 [ 1162015 ] 92 [3291] 12 [600] 30
-] §17 | 2,02 | 72,08 | 11,73 | 721 | 71,0 | 129 | 2749 88 | 31,73 12 56,5 30
80
5 B g e
E ] J,/;. 2 ..///// //f
= . o / s £
= 40 4+ / A ," #
g / o K s ’.-'/
E A & ¥ / _r'l I_)'
& £ 7 /
T I 7
? 20 1 ,'/ A S ,-’f
fr f I
0 AL : { : et : ! f—t—
4] 5 10 15
Dehnung in %
Statistik:
Serie B H S8T | DST SB SR DR | E-Med. | NDR |Rp 0.1|D.b.Rp0.1| Rp1 |D.b.Rpi
n=5| mm | mm [Nmm? % |N/mm® Nmm*| % | Nfmm* | % |N/mm?* % Nmm®*| %
X | 5.18 | 2,02 | 71,65 (11,78 71,5 | 700 |13, |2661 | 100 |31,00| 1,3 |6658 | 3.1
s | 001000 202| 083 20 |22 | 1,1 [ 161 | 06 | 181 00 | 24 | 00
v 0,11 | 017 282 | 7.08 2182[ 313 | 8,03 6,00] 572| 577 3,22 434 1 144

55T Streckepannung ; DST: Streckdehnung ; SB: Zugfestigkeit

SR: Bruchspannung ; DR; Bruchdehnung ; NDR : nominelle Reitdehnung
E-Modul - Zugmodul

Rp0.1 : Spannung b. 0.1% Dehngrenze ; D.b.Rp0.1 : Dehnung b, Rp0.1
Rp 1: Spannung b. 1% Dehngranze ; D.b.Rp1 . Dehnung b. Rp 1

Prifergabnisse warden nach den giltigen Prifnormen und Verfahrensanweisungen der Prifeinrichtung generiert,

Hinwels gema DIN EN 17025 :

- Die Privfergebnissa barlehen sich ausschilaflich auf dle Prifgegenstands.

- Dhne schitfiliche Genehmigung des Priflaboratoriums darf der Bericht nicht auszugswelse
- Wedtare Prilfparameter enfnebimean Sie bilte der Auftragsbastatigung.

vervielfaltigt werdan.,

Eine Varwendung der gelleferdan Prifergebrisse fiir weitare Auswerlungen seltens des Aufraggebers ist gesiatiet.
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