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Synopsis
Using hollow sections, namely fabricated hollow columns, due to the higher loadbearing capacities is becoming more popular in the construction industry. An
innovative hybrid-fabricated column (HFC) was recently developed at Civil
Engineering Department of Monash University. In this column, four ultra-high strength
steel (UHSS) tubes are welded to thin mild steel (MS) plates at corners to form a closed
section. Although the superior performance of the HFCs has been demonstrated, due
to their geometry, the subject of connecting I-beams to the HFCs is challenging.
In this research, an innovative prefabricated modular connection was developed
based on the geometrical characteristics of the HFCs. First, this patented connection
was modelled using the FE model. The HFC used in the simulations had four corner
tubes with material properties of MS or UHSS. The geometry of the plates connecting
the corner tubes was chosen to be either flat or corrugated in different cases, but their
material was chosen to be MS in all cases.
Thus, experimental tests were conducted on the proposed prefabricated modular
connection under monotonic loading to validate the finite element modelling. The
connection was tested in two different versions in which the beam was either bolted or
welded to other components. Material properties of the FE model were chosen similar
to the properties of the materials used in the experiments. Combination of these
parameters has shown the impact of material properties and attachment methods on the
behaviour of the connection.
Using the validated finite element model, the behaviour of the proposed connection
was compared to that of some conventional connections. Furthermore, a topology
optimisation has been conducted on two aforementioned versions of the connection
with different thicknesses. The behaviour of the connection (original and a thinned
version) used along the HFC consisting of corrugated plates, and corner tubes was also
studied using the FE model. Whereas corrugated plates show less stiffness under loads
perpendicular to the corrugation, the effect of bidirectional connections along with
corrugated HFCs was also investigated. Thus, the effect of the dimensions of the
connection components on the joint behaviour was investigated.
A component-based model was also developed for simulating the behaviour of the
connection. The results of this model have been compared to the results of the finite

| IV

element model, showing a good agreement. The component-based model has the
potential to accurately predict the moment resistance and rotation capacity of the
connection.
The innovative connection proposed in this research has been able to satisfy the
requirements and constraints dictated by the geometry of the hybrid fabricated
columns. It utilises the superior material properties of the corner tubes and efficiently
transfers the load from the beam to the column through them, as the strong components
of the column. It also can be adjusted for different levels of capacity required in the
construction. However, it should be designed to satisfy the full-strength connection
status. Although the behaviour of the patented connection under cyclic loading should
be investigated in future, it might have a potential to be used in seismic region as the
rotation capacity of the connection is beyond the prerequisite limits in standards for
moment frames used in these areas. The modularity and reusability of the connection
are two other significant benefits of the connection, which improve the building quality
and construction time, cost, and safety.
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1.1 Motivation
Using hollow sections in structural design, due to lower weight and surface area in
comparison with equivalent open sections [1], has become more popular. Add to this the
aesthetic appearance of exposed hollow sections and minimal painting and maintenance
cost of these sections [2]. On one side, in spite of this increasing demand due to the
mentioned advantages, load-bearing capacity of hollow sections is not adequate in many
cases for today’s applications such as high-rise buildings or bridges, in that, hot-rolled or
cold-formed sections have limited sizes. On the other side, the cost of manufacturing
sections with desirable capacities increases so much that their usage is not economically
feasible in real-world projects. Therefore, fabricated columns are making their way into
structural applications more than ever.
One particular type of these fabricated sections, which is of main interest in this research,
has a rectangular cross-section and consists of four steel plates welded to one steel tube at
each corner. This concept for fabricated sections was first introduced in early 2000 [3] and
has been investigated by many researchers, notably in Civil Engineering Department of
Monash University [4]-[22]. These research works have proven the superior performance
of this hybrid fabricated column (HFC) - shown in Fig. 1-1 - in comparison to
conventionally fabricated columns in axial load bearing. Their performance under bending
is currently being investigated in Civil Engineering Department of Monash University. This
investigation includes not only hollow section with flat faces but also works towards
finding other ways of making even further improvements in these columns performance by
introducing concrete filled double skin columns and utilising corrugated plates instead of
flat plates as column face.
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Corner
Tube

Mild
Steel
Plate

Fig. 1-1. Hybrid Fabricated Column (HFC)

This superior performance makes this type of column a good candidate for use in
high-rise buildings subject to extreme events. It is needless to say that due to the loading
types in high-rise buildings under extreme scenarios, the moment connections will be
discussed and investigated. Bolting and welding are the main two ways of connecting
beams to columns where bolting is usually the first preference unless special necessities
dictate otherwise. Generally, the welded connection types for hollow structural section
(HSS) moment connections are as follows (Fig. 1-2) [23]:
•

HSS through-plate flange-plated

•

HSS cut out-plate flange-plated

•

HSS directly welded

•

HSS end plate

•

HSS above and below continuous beams

•

HSS welded tee flange

•

HSS diaphragm plate
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(a)

HSS through-plate flange-plated

(c)

HSS end plate

(b)

(d)

HSS cut out-plate flange-plated

above and below continuous beams
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(e)

HSS welded tee flange
(f)
HSS diaphragm plate
Fig. 1-2. HSS Welding Connections [23]

For directly bolted connection to HSS wall several methods can be used such as
(Fig. 1-3) [23]:
•

Through bolts

•

Blind bolts

•

Threaded studs

•

Flow-drilled bolts

•

Nails

•

Screws

(a)

Through bolts

(b)

Flow drill
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Hollo-bolt

Huck ultra-twist bolt

(c)

(d)

Blind bolts

Threaded studs
(e)
Fig. 1-3. HSS Direct Bolting Connections [23]

Welded nuts

In addition to these special types of connecting methods, usage of standard bolted
moment connections, i.e. bolted tee-stub, and end-plate connections are desirable. However,
in many cases, inaccessibility of the inside of hollow sections is a real obstacle in
construction. This access may be required for inspection purposes (e.g. to check for weld
defects) or for tightening the bolts. Making access holes or welding channels/plates on the
faces of HSS or employing blind bolts are usually used to tackle this problem.
The majority of previously illustrated connections can be used with the concrete-filled
columns, as well. Several other types of connections, which are mostly specific to concretefilled columns, are depicted in Fig. 1-4.

(a)

Moment endplate with anchor bolts in
concrete [32]

(b)

Typical Japanese Style Through
Diaphragm
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(c)

Moment endplate with anchor bolts in
concrete [33]

(d)

T-Stub [34]

(e)
ConXL System[35]
Fig. 1-4. Different Types of Connection to Concrete-filled Columns

As it can be seen, there are many different solutions available to be used for beam-tocolumn connections. However, the choice of a proper solution lies on the shoulders of the
designer, which should be made based on factors such as seismic activity in the area,
criticality of the building and alike.
However in the case of HFCs, the topic of connection has not been investigated before.
Due to the special geometry of the connection, the suitability of the current conventional
connections or the need of designing a new generation of connections to be used along with
this column type has been looked into in current study.
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1.2 Research aims
Since the introduction of hybrid fabricated columns, researchers have investigated the axial
and flexural behaviour of this particular column under monotonic and cyclic
loadings [3]-[22]. However, the topic of beam-to-hybrid fabricated column connections is
original. This research problem is investigated through numerical simulations and
experimental tests.
Different types of bolted connections, including but not limited to conventional
connection types such as flush and extended end-plate connections are investigated in this
thesis. Due to the particular geometry of this column type (HFC) in which high or ultrahigh strength tubes are welded to the thin mild steel plates at corners, conventional types
of connections may not be suitable for use. The conventional connections transfer the load
to the column faceplates, which are not the strong components in HFCs. Faceplates in this
column are deployed to maintain the rotation capacity of the column while corner tubes are
considered as load-carrying components. A desirable connection should act in a way that
connection load would be transferred to the tubes which count as the strong components.
Numerical simulation in the preliminary stage includes modelling conventional
connections (e.g. flush and extended endplate) to find an estimate of how this column
would behave under monotonic loading with these types of connections. Using the results
of the preliminary study, a robust connection that can easily be fabricated and installed with
high moment resistance and rotation capacity is proposed, modelled, and investigated.
Following this stage series of experiments under monotonic loading is performed. These
experiments are used to validate the numerical modelling as well as to prove the robustness
of the proposed connection.
Afterwards, having the experimental test data and using the already validated numerical
model, a topology optimisation, and a number of parametric studies on the corner tube
material, size of the connection, and shape of the column faceplate is performed. A
mechanical model (component-based method) is also developed that can predict the
behaviour of the connection (moment-rotation curve) accurately. The generated dataset
from experimental tests and numerical simulations could be used to provide a design
recommendation for this specific column and its variations and relevant, robust
connection(s). In summary, the research aims can be summarised as:
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•

Suggesting a new generation of robust connections that can be used along with
HFCs;

•

Experimentally and numerically investigating the behaviour of the proposed
connections under monotonic loading in conjunction with different geometries
and materials used in the HFCs;

•

Providing a component-based model for the connection, which can represent
the moment-rotation behaviour of the connection accurately and can be used in
further parametric studies or design recommendations.

1.3 Literature review
Cold-formed hollow structural sections were first made in the early 1950s in the United
Kingdom. High strength and bending stiffness of fabricated rectangular hollow sections
compared to open section members, their torsional stiffness reduces the necessary lateral
bracing of these columns [24],[25]. In addition, higher post-buckling strength, ductility,
and energy dissipation capacity due to their less sensitivity to local buckling makes them
suitable members to use in moment resisting frames. In spite of possessing the advantages
above, finding suitable connections to hollow section members is still under investigation.
Most active areas of research are mainly seismic structural applications, column
connections, bolted connections, composite members, and composite connections [26]. The
focus of these researches has been on fully restrained welded and bolted connections but
when it comes to hollow sections, there is a need for more studies. The concept of
innovative fabricated columns, which has been developed during the past two decades,
needs more focus in research particularly on finding an appropriate beam to column
connections. Now that these structural members are opening their way into the not only
steel building structure but also in transportation and highway industry, agricultural
equipment, mechanical members, and recreational structures [27], the research should be
pursued more proactively. This chapter provides a general overview of related publications
mainly on bolted I-beam connections to hollow and concrete filled rectangular sections,
connection classifications and commonly used design guidelines and standards.
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1.3.1 Connection Classification
Different classification systems for connections are available. The system suggested by
Bjorhovde [28] is among the first systems proposed as a whole. This system of
classification is based on a reference length and in terms of stiffness, ultimate strength, and
ductility requirements. This system can be used for frames with the unknown layout.
Connections are classified as rigid, semi-rigid, and flexible according to their initial
rotational stiffness.
Eurocode 3: Part 1-1 (1992) [29] suggested another system a few years after the system
by Bjorhovde. This system which after undergoing some changes now has evolved to
Eurocode 3: Part 1-8 (2005) [30], is based on the load-bearing capacity of frame members.
In this system, the layout and member sizes should be known. The term “joint” is used as
the term referring to all members of a connection together. On the one hand, according to
this system connections are classified based on their initial rotational stiffness as rigid,
semi-rigid, and nominally pinned. On the other hand, according to the strength (comparing
design moment resistance of connection with connected members), joints are classified as
full-strength, partially strength and nominally pinned.
A unified system of joint classification has been developed by Nethercot [31] which
considers stiffness and strength of the connections simultaneously and classifies joints as
fully-connected, partially-connected, pin-connected, and non-structural. This system
imposes rotational requirements on the connections. The connection in this system would
be checked for both ultimate and serviceability limit states.
1.3.2 Design Guides and Standards
CIDECT 1 has published a set of design-guide books under the general title “Construction
with Hollow Steel Sections.” This series of books consists of nine volumes, each dedicated
to one aspect of analysis, design, and construction of structures with hollow
(circular/rectangular) sections. CIDECT “Design Guide 9: For structural hollow section

1

Comité international pour le développement et l'étude de la construction tubulaire
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column connections” [36] covers the topic of welded and bolted connection analysis and
design.
The American Institute of Steel Construction (AISC) published the Hollow Structural
Sections Connections Manual (AISC 310) [37] in 1997 with specifications and
commentary specifically focused on onshore HSS design and construction. This
publication was later included in AISC Steel Construction Manual (AISC 325) [23] in 2005.
Sections J and K of Specification for Structural Steel Buildings (AISC 360:2010a) [38]
contain guidelines for designing hollow structural section members and connections. For
the purpose of designing for seismic applications, prequalified connections for special and
intermediate steel moment frames for seismic applications (AISC 358:2010b) [39] can be
used.
AISC Design Guide 24: Hollow Structural Section Connections [1] is another resource
for designing hollow section connections. Design guide 24 is a supplementary publication
to the 13th edition of the American Institute of Steel Construction (AISC) Steel
Construction Manual [23]. This reference also provides information for the design of
connections for special purposes such as seismic or fatigue applications.
Other major standards that covers the topics related to hollow structural section design
are Eurocode 3:Part 1.8 [30], British Standard BS 5950 Part1 [40], Australian Standard AS
4100 [43], Canadian Standard CSA-S16-01 [41], Eurocode 3 Part 1.1 [44], New Zealand
Standard NZS 3404 [42] and the Architectural Institute of Japan (AIJ) [45]. The majority
of the publications above use the T-stub component method and single or multiple-yieldline mechanism methods in combination with experimental data to analyse the connections
and develop the design formulae.
For designing concrete-filled tubes and composite frames, still, a gap for having a
reliable, quantitatively justified design guide exists [111]. The recently developed Direct
Analysis method for stability design of steel structures (AISC 2010b) has yet to be validated
explicitly for use with composite structures. There is little data to justify the structural
system response given in the specifications (ASCE 2010; ICC 2012) for seismic design of
composite frames, and little guidance is available regarding the value of stiffness that
should be used in elastic analyses of composite frames. Provision for the design of
composite structures can also be found in Eurocode 4: Part 1-1 (2004), CEN 2009 (Canada),
Standards Australia (1998), and AIJ-SRC (Japan-1991).
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However, in the case of using conventional connections such as extended or flush endplate connections, since the bolts do not directly connect the sections, these connections
are not special bolted connections. In fact, the connection behaviour is determined by the
intermediate connecting steel components, which are welded to the members. Adapting
such configurations to tubular columns requires the development of solutions that deal with
the issue of local deformations in the column face [113].
1.3.3 Bolted Connections to Rectangular Hollow Sections
Moment Frame connections with traditional welded or bolted connection were extensively
used from within the 1960s to early 1990s due to the belief that they can show enough
ductility. After Northridge, California earthquake (January 17, 1994) this belief went under
scrutiny as a result of brittle fracture observed in nearly 150 buildings [46]. A 5-year
investigation program was initiated by FEMA 2 to dig into the causes and find the required
solutions. Design recommendations and state-of-the-art reports were published in
2000 [47]. Two main strategies were developed to improve the connection performance
through relocating the plastic hinge away from the face of the column. The first strategy
was strengthening the connection with cover plates, ribs, side plates, and haunches, and the
second one was weakening the beam at a short distance away from the column face by
reducing the flange width. Achieving this goal in rectangular hollow sections requires the
column to be effectively stiffened in a way that load transfer does not impose any yielding
or local buckling on the column face. This saves the column undergoing undesirable failure
modes.
In practice, connections behave as semi-rigid ones, and their components deformation
should be taken into account. Experimental tests are the best possible way (although not
always feasible) for recreating the moment-rotation curve and capturing the behaviour of
beam-to-column connections. Some of the experimental test results have been gathered in
databanks of hundreds of tests. The databank created by Kishi and Chen[48] which includes
all the experimental data from 1936 to 1986 or SERICON databank [49],[50] which

2

U.S. Federal Emergency Management Agency
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contains the data of the tests performed across Europe and also the results on single
components and composite joints, are good examples. Individual tests are also available in
the literature for different connections such as endplate[51], T-stub joints [52], blind bolted
connections [53], reverse channel[54], and through plate[55]. Other methods also used to
predict moment-rotation curves of end-plate connections such as T-stub model, yield line
model, and finite element analysis. T-stub model was the outcome of early efforts to find
non-experimental ways of analysing end-plate connections [59]-[62].
Nonetheless, in the case of connections with multiple components and complex
geometries with nonlinearity of material properties, geometry and interactions included,
the numerical simulation can be very computationally expensive. Mechanical models or
component-based method models are counted as a reliable alternative to the complex threedimensional finite element models. In this method, the joint is decomposed to its
components, which take part in moment capacity and ductility. Each part is attributed a
force-displacement characteristic curve that can describe its behaviour reasonably
accurately. Assembling these components in the proper way leads to a model that can
represent the moment-rotation behaviour of the joint accurately at a computational cost
usually less than finite element modelling.
The basics of the component method are based on the analytical and experimental tests
performed by Zoetemeijer [63]. Wales and Rossow investigated the behaviour of doubleweb angle connections using a rigid bar connected by two non-linear springs [64].
Tschemernegg investigated unstiffened welded connections [65]. Tschemmernegg and
Humer studied end-plate bolted connections with this method [66]. The research works
done by Jaspart[67],[68] culminated the research studies done before him in this field and
it finally was incorporated in Eurocode 3 [30]. Since then, various studies have been done
using the component-method approach in different connections such as reverse
channel [69], blind bolted [70], and hollow section joints [71]. Shi et al. have performed
several experiments and developed a new model based on components method to evaluate
the moment-rotation relationship for stiffened and extended steel beam-column end-plate
connections [82].
First models developed for finite element analysis of end-plate connections were by
Krishnamurthy [72]-[74]. Sherbourne and Bahaari used 3-D finite elements to analyse endplate connections. In addition to the overall behaviour, the contribution of the bolt, endplate and column flange flexibility to the connection rotation was singled out [75]. With
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the finite element method, they also studied the structural properties of an extended endplate connected to an unstiffened column flange [76]. Based on 34 stiffened, extended endplate connections and 19 end-plate connections without stiffeners in the tension region,
they produced a single standardised M–φ function for each of these two connection types
by curve fitting [77],[78]. Using many new functions of the finite element method and
simulation the mechanical behaviour of end-plate connections and each component more
accurately has been performed [79],[80]. Finite element analysis has also been used to
investigate

the

fundamental

behaviour

and

characteristics

of

other

different

connections [83]-[85] as well as performing extensive parametric studies [86]-[88].
Numerous commercial software packages have been used to address this problem such as
works performed with ADINA [89], LUSAS [90] and especially in the recent years with
ANSYS [91] and ABAQUS [92].
In spite of the extent of studies that have been carried out and have led to several new
connection details being proposed for the connection of I-beams to wide-flange columns
since the 1994 Northridge earthquake, but research for the connection of I-beams to boxcolumns has been limited [93]. Among this limited range of publications, a large portion
of the researchers has chosen to investigate the behaviour of connections made with the
blind bolting system. Flowdrill system is one of the methods of blind bolting the
connections to hollow sections that first was introduced in 1996 [94],[95]. In this system,
a hole is drilled in one of the connection faces without removal of the material, and then
this hole is threaded to fit a standard bolt. According to recent studies without any stiffening
to the hollow section column face, the flexible column face deformation will be the
governing failure mode irrespective of the type of fasteners used [36]. Huck blind bolting
system (HSBB

3

and Ultra-Twist) is a blind bolting method developed by Huck

International in 1990. Researchers have shown that this method requires an even thicker
column face to achieve the full tensile strength of the bolt compared to that of the Flowdrill
system [96]-[98]. Lindapter Hollobolt as another system of blind bolting was introduced in
1995 [99]. It has been proven to provide a secure grip against pull-out [36]. Reverse

3

High strength blind bolt
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mechanism Hollobolt (RMH) is found to have more grip than the standard one [100]. Ajax
ONESIDE bolting system is another method proposed in 2002 [101]. In a hollow section
connection, the performance of the ONESIDE may be limited by the thickness of the tube
wall [102]. Another disadvantage is that the installation procedure of ONESIDE imposes
geometrical limitations to the system [103]. Lee et al. proposed a new blind bolting system
to rectangular sections in which channels with side plates connect beam flanges to the side
face of HS columns [104].
In addition to the research works regarding the end-plate connections to I-beams,
particular works are merely focused on this connection between I-beam to rectangular
hollow sections. Ghobara et al. investigated this connection with high-strength bolts and
blind bolts [105]. Later on, they proposed a design procedure for extended end-plate
connection to hollow rectangular sections [106] and an analytical moment-rotation
relationship for this type of connection [107]. A design guide for bolted end-plate
connection of hollow rectangular sections [108] and an FE model for the design of bolted
hollow structural sections joints [109] have been proposed by Wheeler et al. Achieving a
full-resistance connection by attaching the connection directly to the rectangular column
face usually needs local strengthening the face. One of the methods used is locally
thickening the face by a special procedure invented in Japan [112].
The first efforts to address the problem of connections to concrete-filled columns started
in the mid-1980s [110]. Many researchers have investigated the behaviour of connections,
whether bolted or welded, to this type of column. Researchers have investigated the
feasibility of connection beams to concrete-filled hollow sections using standard highstrength bolts. Ricles led a research work with the purpose of examining the effect that
different connection details have on cyclic performance. Various connection details were
investigated, including interior diaphragms, exterior extended structural tees, and split
tees [114]. Wu et al. proposed a new design of bolted beam-to-column connections for CFT
using through bolts [115]. Wu et al. also proposed a new bi-directional connection using
thorough bolts [117]. Van et al. have conducted an experimental work about three new joint
configurations using standard and through bolts and proposed design guidelines for their
developed connections [116]. Denavit and Hajjar recently performed a very extensive
research on the behaviour of concrete-filled members and composite frames [111].
Using reverse channel connections is another method of connecting beams to hollow
and concrete filled connections. Potential fire and earthquake resistance of structures using
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this type of connection have been investigated [118]-[125]. Tizani et al. recently
investigated the performance of a new blind bolted connection to concrete-filled hollow
sections [126],[127]. Yao et al. investigated the blind bolted connection to rectangular and
circular concrete-filled section using modified blind bolts with cogged ends [33]. Agheshlui
et al. investigated the connection to rectangular concrete-filled sections by headed stud
anchored blind bolts [32].
ConXL is another connection which has been invented in 2005 [35]. The purpose of this
connection is to omit the on-site welding practice, which increases weld quality and tries
to introduce more industrialisation into construction projects. This connection is a
prequalified connection in AISC 358 [39] for a specific size of I-beams and rectangular
hollow section columns. Shahidi et al. [128] recently investigated the behaviour of this
connection with an unfilled column under cyclic loading. Eighteen specimens of ConXL
moment connections with axial force in single, planar, and bi-axial loading conditions with
different arrangements of bolts were tested. Results show that seismic behaviour of
specimens with beam section depth less than W30 series under cyclic loading, even with
the reduction of the number of the bolts to sixteen, are suitable over 0.04 rad rotations [128].
In another research Rezaeian et al. [129] investigated eleven types of ConXL connections
including RBS and normal beams with columns not filled with concrete with axial force in
single, planar and biaxial loading conditions. It was found that in addition to satisfying the
0.04 rad condition very low local buckling of the column is observed.
Connection to concrete-filled double skin square tubes has recently investigated by He
et al. [130]. They have developed an analytical model to investigate the structural behaviour
under seismic loading. It was found that the behaviour is consistent with the expected
performance corresponding to current seismic design codes, implying that effective seismic
performance of composite CFDST frame with bolted connections can be achieved. Li et
al.[131] studied mechanical properties of H-beam connection to concrete-filled double skin
rectangular hollow sections using T-stubs and high-strength bolts to find the possible
failure modes.
As mentioned before, since every connection has its characteristics depending on the
components of that specific connection type, so we have a knowledge gap to see how beam
to innovative fabricated column connection works. Whereas connections to the specific
case of this research that is an innovative fabricated column have not been investigated
before, it sounds necessary to have it numerically and experimentally investigated. Having
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these results enables to find out about the behaviour of this column in frames and propose
design recommendations based on numerical and test data. This fosters the ground for this
type of column, which has been proven to have superior capacities, make its way easier and
more effectively into the construction industry.
1.4 Thesis layout
This thesis is divided into six chapters. The main part of the research performed in this
work is presented in four consecutive chapters after Chapter 1, which is an introduction to
the thesis, including overview, outline, and outcomes. The final chapter (Chapter 6) is a
summary of the findings and the outlook. The content of each chapter is as follows:
• Chapter 1- Introduction:
The opening chapter of the thesis provides an overview of the research work undertaken.
It also provides an insight into the previous studies available in the literature, pertinent
to the field of this study. In addition, the thesis outline and major outcomes of the
investigations are pointed out in this chapter.
• Chapter

2-

An

innovative

I-beam

to

hybrid

fabricated

column

connection: Experimental investigation:
This chapter presents the experimental campaign performed on the innovative
connection. The experimental work includes three real-scale tests on the innovative
connection attached to the HFC. The first test is on a bolted version of the connection,
and the other two tests are on another version of the connection in which the beam is
welded to the connection angles. Tests are done on HFCs with mild steel and ultra-high
strength steel corner tubes. These tests are also simulated using the finite element
method. The finite element model developed for these tests is verified against the results
of the experimental tests. This chapter is published as a journal paper.
• Chapter 3- A numerical study on the innovative I-beam to hybrid fabricated column
connection:
This chapter deals with the numerical simulation of the different connections attached
to the HFCs, using finite element method. The moment-rotation curve of four
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conventional connections including flush endplate, extended endplate, reverse channel,
and ConXL is numerically extracted. The results of the simulation of these connections
are then compared to the results of the innovative connection presented in the previous
chapter. The topology of the innovative connection is also optimised, and the
performance of the optimised connection is numerically studied. This chapter is
accepted for publication as a journal paper.
• Chapter 4- A component-based model for the innovative prefabricated beam-tohybrid tubular column connections:
The results of a mechanical model developed for the analysis of the innovative
connection is presented in this chapter. This model is created using the component
method approach in which the connection is broken down into multiple components
with their specific stiffness and resistance. The components included in the model are
those that play a role in moment capacity or ductility of the connection. These
components, based on their location in the connection, are assembled, and the resultant
model can estimate the behaviour of the connection, namely its moment-rotation curve.
The results presented by the component-based model are compared to those obtained
from the finite element in the previous chapters. This chapter is submitted as a journal
paper and is currently under review .
• Chapter 5- Numerical investigation of the behaviour of innovative beam-to-hybrid
corrugated columns connection:
This chapter includes the analysis of the behaviour of the innovative connection attached
to a particular type of HFC, which comprises four corner tubes and corrugated plates.
Using the verified finite element model developed in Chapter 1, the connection
behaviour under monotonic loading is numerically investigated and compared to the
behaviour of the case of HFC with flat plates. A new version of the connection with
modified dimensions (thinner components) is also studied in this chapter to investigate
how the behaviour of the connection changes when its components are no longer
reusable. Thus, the moment-rotation behaviour of this connection, attached to the HFCs
with flat plates and corrugated plates are compared. The effect of bidirectional joints on
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the moment rotation of the connection attached to HFC with corrugated plates is also
investigated in this chapter. This chapter is planned to be submitted as a journal paper.
• Chapter 6 – Summary and future works:
This chapter concludes the thesis by pointing out the summary of the findings and
provides an outlook of the possibilities for the future work in the field of the topic of
this thesis.
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Abstract
Hybrid fabricated columns (HFCs) have been investigated by researchers during the past
two decades. Many researchers have reported higher load-bearing capacity, post-buckling
strength and better energy absorption as the main advantages of this type of column
compared to other structural sections. This provides an opportunity for the construction
industry and designers to utilise these superior properties in building more reliable
structures. However, no matter how capable and reliable a column is, it still needs a robust
connection to make the use of this column in construction viable. Since the topic of
connections between these columns and I-beams has been untouched, the authors decided
to study this knowledge gap. In this research, a new generation of modular connections is
proposed by the authors, referred to hereafter as M-HFC. The performance of this
connection has been tested experimentally. In addition, a three-dimensional finite element
model has been developed to simulate the behaviour of the connection. The results show
that this connection is a fully resistant and semi-rigid connection according to the standard
classifications, which makes it a good choice for use in moment frames.

Keywords: hybrid fabricated column, modular connection, bolted connection, ductility,
ultra-high strength, moment-rotation
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2.1

Introduction

Today’s construction industry demands structural members with very high capacity.
Cold-formed sections, such as rectangular or circular hollow sections, which are
currently available in the market, have limitations on the member dimensions [1]-[5]. On
the other hand, fabricated sections appear to have the capacity of meeting these higher
demands. Considering the closed profile of the fabricated members, additional stresses
resulting from special loading cases such as torsion, warping and biaxial moments are less
of an issue, while these stresses can lead to the reduced load-bearing capacity of open
sections [6]. The concept of hybrid sections composed of thin plates and tubes welded
together to form a closed section was first studied by Aoki [7]. In this research, stub
columns with triangular cross-sections were fabricated by welding three plates to three
tubes at each apex and tested under uniform and eccentric compressive loading. It was
found that the capacity of the stub columns was far greater than the sum of the individual
member’s capacities. Numerous researchers have worked on this concept and have made
considerable developments in terms of finding the behaviour of the new configuration of
fabricated columns under different loading conditions, materials, and temperatures using
experimental and numerical methods [8]-[13].
Based on the previous research, the greater load-bearing capacity, post-buckling strength,
ductility, and energy dissipation of hybrid fabricated columns make them suitable for use
in moment-resisting frames. However, although they possess the aforementioned
advantages, the development of suitable beam-to-fabricated column connections is
challenging.
The difficulty of access to the internal space of the hollow columns can result in
reluctance in using bolted connections for hollow columns. However, different methods,
including blind bolting systems such as Flowdrill, Hollobolt, and ONESIDE, have been
developed in order to resolve this issue [17]-[27]. On the other hand, while the majority of
conventional steel frames are constructed using welded connections, on-site welding errors,
and labour costs make using bolted connections more appealing.
In addition to research on beam to I-shaped column end-plate connections, particular
studies have focused on this type of connection between I-beam to rectangular hollow
sections. For example, Ghobara et al. investigated this connection with high-strength bolts
and blind bolts [28]. Later, they proposed a design procedure together with an analytical
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moment-rotation relationship for extended end-plate connections to hollow rectangular
sections [29]. A design guide for bolted end-plate connections for hollow rectangular
sections [30] and a finite element (FE) model for the design of bolted hollow structural
sections joints [31] have been proposed by Wheeler et al. Achieving a full-resistance
connection by attaching the connection directly to the rectangular column face usually
needs local strengthening of the face. One of the methods used is locally thickening the
face using a special procedure invented in Japan [32]. However, without stiffening of the
hollow section column face, deformation of the flexible column face may be the governing
failure mode, irrespective of the type of fastener used [20].
Moment-frame connections with traditional welded or bolted connection were
extensively used from the 1960s to the early 1990s due to the belief that they can show
enough ductility. After the Northridge, California earthquake (January 17, 1994) this belief
came under scrutiny as a result of the brittle fracture observed in nearly 150 buildings [33].
A 5-year investigation was initiated by FEMA 1 to discover the causes and find the required
1F

solutions. Design recommendations and state-of-the-art reports were published in
2000 [34]. In spite of the extent of studies that have been carried out, which have led to
several new connection details being proposed for the connection of I-beams to wide flange
columns since the 1994 Northridge earthquake, research on the connection of I-beams to
box columns has been limited [35]. Since box columns have not been a common choice for
construction (particularly in the US) the pre-qualified connections for these columns are
very limited [36]. Therefore, the lack of a suitable connection that can be used in practice
has encouraged researchers to propose different types of connection between I-beams and
rectangular tubular columns using structural components such as plates, angles, and tees.
Efforts to improve the connections have not been limited to the structural scale, and many
researchers have investigated the material scale behaviour of different grades of steel in
order to gain a better understanding of their characteristics under different loading
conditions [37]-[40]. Hitherto, the challenging problem of connecting beams to hybrid
fabricated columns consisting of mild-steel plates and ultra-high strength (UHS) corner
tubes has not been investigated. In this research work, an innovative type of connection is
proposed for connecting I-beams to hybrid fabricated columns. The connection behaviour

1 U.S. Federal Emergency Management Agency
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is investigated through experimental and numerical studies in order to extract momentrotation curves for the connection, which can be used to find out how the connection
behaves under quasi-static monotonic loading compared to the requirements specified by
the relevant codes and standards for moment resisting frame connections.

2.2
2.2.1

Proposed connection
Description

Conventional connections may not be a suitable choice to transfer the loads from an Ibeam to the hybrid fabricated column effectively. Therefore, it is necessary to design a new
connection from scratch, based on the characteristics of the hybrid fabricated column (Fig.
2-1).

Corner Tube
Faceplate

Fig. 2-1. Hybrid fabricated column

This new connection should be capable of taking most advantage of the significantly
higher capacities of the corner tubes in hybrid fabricated columns. Obviously, the
connection should demonstrate enough ductility and moment capacity in such a way that a
weak member-strong connection relation exists. A new connection has been recently
proposed for this type of column by the authors and has been investigated numerically [42].
The proposed connection is modular to make construction quicker, easier, and safer. The
modular connection reduces the necessity of on-site welding, increases safety, and provides
the building with better construction tolerances, which makes the jobs of different trades
easier and improves the overall quality of the structure. It will also provide the possibility

C H A P T E R 2 | 39

of retrofitting the building by replacing only the damaged parts or erecting temporary
moment frames. The connection parts are also re-usable in new constructions if a structure
built with these connections were demolished. This connection is also flexible enough to
cover a wide range of column and beam sizes with minimum modifications in the
components or by changing the distance between the top and bottom segments. Although
the connection has fascinating characteristics, it nevertheless requires more investigation
in areas such as geometrical optimisation and ease of production of connection parts. Fig.
2-2 shows a representation of the proposed connection. Each part of the proposed
connection is separately displayed in Fig. 2-3.

Fig. 2-2. Proposed I-beam to hybrid fabricated column modular connection

Bolt hole
Bolt hole

(a) Part No.1- Top collar

(b) Part No.2- Bottom collar

Bolt hole
Bolt hole
(c) Part No.3- Bottom corner

(d) Part No.4- Top corner
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Bolt hole
Bolt hole

(e) Part No. 5- Side plate
(f) Part No.6- Top/Seat angle
Fig. 2-3. Different parts of the proposed modular connection

2.2.2

Connection parts

The proposed connection comprises fifteen components. These components form two
solid segments through the assembly of parts 1,3-1,3-4,4-1,4-4 at the top and parts 2,3-2,33,4-2,4-3 at the bottom, as shown in Fig. 2-2. These two segments are distanced from each
other depending on the size of the beam that is to be used with this connection in the
structure. Four parts of this connection (3-1 to 3-4 as shown in Fig. 2-3 (c)) are welded to
the column tubes and transfer the load from the connection to the column. These parts are
strong bases for the corner parts (4-1 to 4-4 as shown in Fig. 2-3 (d)) of top and bottom
segments. The slot in the middle of this part (Fig. 2-3 (d)) works as a guide for easier
assembly of the parts and in interaction with the previously-mentioned part prevents the
lateral movement of the top corner part under loading. After the installation of the top and
bottom corner parts, the inclined surface in the middle slot of the top corner part engages
with the similar but negative surface on the bottom corner part and acts as a wedge lock.
This guarantees the continual interaction of these two parts. The design of the top corner
part has been made with the bilateral connection capability of the connection in mind. The
design provides engineers with the possibility of using this connection on every column in
the structure and attaching up to four beams to the same connection simply by adding a few
more components. These two corner parts are attached together using bolts that resist the
upward movement of the connection if any upward force is transferred to the connection.
In both segments, an interconnecting member (parts No. 1 and 2) joins the two adjacent
top corner parts. These middle parts complete segments of the connection at the top and
bottom and are the components to which the beams are connected using the angle-shaped
parts (6-1 and 6-2). The top and bottom collars are identical blocks, but the locations of the
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holes are different. The top and bottom flanges of the beam are bolted to two angle-shaped
parts (parts 6-1 and 6-2). The resultant assembly of the two angle parts and the beam is then
bolted to the top and bottom collars. A plate called a web extension is also welded between
parts 1 and 2 at each end. This interconnecting part acts along with the top and the bottom
segments and transfers shear between them as well as contributing to the ductility of the
connection. A side plate (parts 5-1 and 5-2) is bolted to each side of the beam web and the
web extension. The last row of bolts in the side-plates is bolted to two angles that are welded
to the column face. This arrangement increases the interaction between the beam and the
column and utilises the ductility of the column face to improve the connection’s overall
performance. The collar and the top corner parts have matching steps that result in a stable
assembly after installation. The collars are bolted to the top corner parts to avoid
undesirable movement in the case of unexpected or extreme conditions.
2.3
2.3.1

Experimental Phase
Specimen geometry and material properties

An experimental test set-up was designed and prepared in order to investigate the
performance of the connection described in the previous section. Three different tests were
performed on the proposed connection connecting the I-beams to the hybrid fabricated
columns. The column height is one meter and fabricated by fillet-welding the mild steel
(Grade 250) flat plates to the corner tubes that were of two different materials UHS steel
(Grade 1200) or mild steel (Grade 250) in different tests. The welding method used for
fabrication of the column is gas tungsten arc welding (GTAW) using ER2209 filler rods
with 0.2% proof stress and tensile strength of 560–620 MPa and 800–835 MPa, respectively.
The properties of the mild steel and UHS steel materials can be found in detail in data
published by Javidan et al. [11]. M16 bolts that connect the beam assembly to the
connection and M10 bolts that secure corner parts together are Grade 8.8 while M12 bolts
used to attach side plates to the beam web are Grade 12.9.
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Fillet Weld

Corner-bottom

Hybrid Column

(a)

(b)

(c)

Fig. 2-4. Hybrid fabricated column and corner bottom parts after welding (a) Corner tube weld (b) Hybrid column
and corner bottom parts assembly (c) Corner bottom part weld

As shown in Fig. 2-4, the corner-bottom parts of the connection are also welded to the
corner tubes using the tungsten inert gas (TIG) welding method. The components of the
connection are fabricated by machining and are made of Grade 250 mild steel. The beam
is 1.2 meters long and is of 200UB22.3 type [36]. The section geometry of the hybrid
fabricated column is presented in Fig. 2-5 and Table 2-1.

UHSS/MS

Mild steel

Weld line

(a)

(b)

Fig. 2-5. (a) Schematic of hybrid fabricated column and (b) Column cross-section
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Table 2-1. Dimensions of the hybrid fabricated column cross-section

Symbol
W1
W2
H1

2.3.2

Value
mm
286
286
1000

Symbol
T1
T2
R1

Value
mm
3
3.2
34.8

Test set-up

The bottom end of the column is welded to a thick plate. This plate is securely bolted to
the laboratory strong floor, which as a result maintains the encastre boundary conditions all
the time during the tests at the bottom end of the column. The column is axially loaded
under a constant load of 50 kN during the course of testing using a manually-controlled
hydraulic jack through a thick plate placed on the top end of the column. This plate
distributes the hydraulic load evenly on the top surface of the column. This axial load,
which is well below the capacity of the column (1523 kN [11]), is expected to have the
least effect on the connection behaviour [26] while ensuring the continuous establishment
of the only-vertically-free boundary condition at the top end and also simulating gravity
load on the column.

Hydraulic jack
Loading
hydraulic jack
Load cell
Strain gauge
Load cell

Reaction
Column

Connection top segment
Hybrid column

Fixture
Beam
String pot

LVDT

Fig. 2-6. Schematic of the test set-up

Connection bottom segment
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A reaction column is placed adjacent to the hybrid fabricated column. This column
serves as the point of the reaction of the hydraulic jack applying the axial load. Several
strain gauges are installed on the column and connection components to monitor the
behaviour of these parts during the application of the load at the free end of the beam.
Multiple linear and string pots are placed in different places to capture the displacements
of the beam for further extraction of the moment-rotation curves. The displacement
measured by the loading machine, LVDTs, and string pots is used to regenerate the rotation
in the studies (Fig. 2-7).
Rotation of a connection at each deformation stage (elastic or plastic) can be resulted
from global or local rotation of each component; however, in this study the overall rotation
of the connection is being investigated. Whereas the angle θ is relatively small, the rotation
at each point on the beam can be accurately estimated by the following relation (Eq. 2.1)
between the vertical displacement and the distance from the connection face, assuming that
the beam does not bend considerably and the rotation of the connection face and column
are negligible:
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜃𝜃 = tan−1 �𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�

Eq. 2.1

Fig. 2-7. Rotation measurement

Although the angle θ does not exactly represent the actual rotation of the column face
or connection components, it can be used for comparative study between different
connections, which is in accordance to FEMA350 [44]. The quasi-static load was applied
in displacement control mode at a rate of 1mm/min. Loading was applied using a 250kN
Instron machine equipped with a special fixture mounted close to the free end of the beam
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at a one-meter distance from the connection face. This fixture transfers the downward
movement of the hydraulic ram to the beam while letting the beam end rotate following the
deformation in the connection assembly.

2.4

Numerical Modelling

Parallel to the experimental work, a numerical model was developed using Abaqus [43]
to simulate the connection’s behaviour. The robust model developed and verified in this
stage provides a basis for further parametric investigation of the connection’s performance
with different geometry and materials. The column, beam, and connection components
were modelled as three-dimensional objects in the software. The geometry of the beam and
column is the same as those described in section 3 (Experimental phase). The element type
used for meshing the parts was C3D8R, which is an eight-node brick element with reduced
integration and hourglass effect control. This type of element is recommended for the
simulation of models with high degrees of non-linearity such as large deformation problems,
contact, plasticity, and failure [43]. Geometrical and material non-linearities were taken
into account in the modelling procedure. Mild steel and ultra-high strength steel mechanical
properties considered in the simulation are presented in Table 2-2. The details of the
material properties of the column and connection were extracted from the experimental
data [11]. Bolts and weld material properties have been introduced in the previous sections.
Table 2-2. Material properties

Material
Mild Steel (Grade 250)
Ultra-high Strength Steel

Modulus of
Elasticity
GPa
195
210

Poisson’s
Ratio
0.29
0.3

Yield Stress
MPa
266
1260

In an effort to enhance the capability of the model to capture the real behaviour of the
connection, the material ductile damage criteria and damage evolution law were defined in
Abaqus for different steels. These properties were obtained from the data acquired from the
material tension test and fed to the software in the form of tabular data or exponential laws.
The contacts between different parts of the connection assembly are of very great
importance in the modelling of bolted connections, and these contacts were defined using
surface-to-surface interaction and finite sliding formulation. A detailed discussion on the
numerical part can be found in [42]. The results presented in this research work are Von
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Mises stress distribution in the test assembly. Von Mises stress, which is in direct
proportion to the deviatory strain energy, is a common criterion for investigating the stress
state and prediction of the failure of ductile materials under complex loading conditions.

2.5

Results and discussion

This section presents the results of three tests conducted on the proposed I-beam to
hybrid fabricated column connection.
2.5.1

Test No. 1: Connection with bolted angles

In the first test, each of the top and bottom angles (parts 6-1 and 6-2 in Fig. 2-2) were
attached to one flange of the beam using four bolts. The connection setup for this test is
shown in Fig. 2-8. The column corner tubes are Grade 1200 UHS steel.

Top & Bottom Angles
(Parts 6-1&6-2)

Fig. 2-8. Test No.1 set-up

The moment-rotation curve for this test can be found in Fig. 2-9. In this test, the failure
occurred in the two top rows of bolts attaching the beam flange to the angle-shaped part.
The first major drop in the curve (point A) corresponds to the point where two of the bolts
far from the connection face failed and dropped off. The second major drop (point B) relates
to the failure of the second pair of bolts. Using the moment-rotation curve and the beam
dimensions, this connection falls into the category of semi-rigid connections, based on the
definitions and classifications of Eurocode3[45]. Fig. 2-10 displays the profile of the beam
in different situations of the loading from the start to the end of the test. It can be observed
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that the beam local deformation compared to the overall displacement of the connection is
negligible and the linear relation for approximation of the drift angle is reasonable.

100
90
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Fig. 2-9. Test No.1 Moment-rotation curve
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Fig. 2-10. Test No.1 Beam deflection profile during the test

The failed bolts are shown in Fig. 2-11. The fracture started from one thread root and
developed further in a slope until the complete failure of the bolt, which suggests the failure
was a result of a combination of tension and shear actions. The fracture surface roughness
indicated that the fracture was mostly a brittle phenomenon rather than a ductile and smooth
fracture, which is in accordance with the test observations.

Fig. 2-11. Test No.1Failed bolts of the top angle side

The final stage of the connection after failure is presented in Fig. 2-12.
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Fig. 2-12. Test No.1Displacement of different components of the connection

The top and bottom flanges of the beam also underwent plastic deformation, as shown
in Fig. 2-13. The bolts passing through the web of the beam also crushed their holes. The
direction of the deformation of the holes shows the line of action of this group of bolts in
response to the rotation of the beam under loading.

(a) Web holes

(b) Top flange holes
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(c) Top flange
Fig. 2-13. Test No.1 Deformations of different components of the beam

The proposed connection components moved relative to each other following the
response of the beam-column assembly (Fig. 2-14) but no plastic deformation was evident.
This relative displacement was observed in the top segment of the connection, which was
subject to the tensile force applied to the top flange of the beam, while the bottom segment
parts remained in their initial arrangement. After removing the beam and cutting off the
welds of the web extension (the part connecting the top and bottom segments) all the
components sprang back into place.

Fig. 2-14. Test No.1 Relative displacements of the top segment of the proposed connection

The FEA stress levels in the connection components (as can be seen in Fig. 2-15) are
below the yield limit of their material that comply with this spring-like behaviour. The fact
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that the connection components were within their elastic limits and the beam deformed
plastically shows that the connection worked well, consistent with the weak beam-strong
column design philosophy. In this test, the moment capacity of the connection was nearly
95% of the plastic moment capacity of the beam.
The unwanted behaviour of the connection is the abrupt failure of the bolts, which is not
a favourable behaviour in structures. In order to tackle this issue, the connection was
modified and a new test was performed. The results of the simulation presented in Fig. 215 can be used for visual comparison between the FEA deformations of the different parts
of the connection and the test results.

(a)

(b)

Fig. 2-15. Test No.1 Deformations of the connection predicted by FE model (a) Beam web (b) Beam top flange

As Fig. 2-15 shows, the model is able to capture the deformations of the connection parts
successfully. The moment-rotation curve generated using the data extracted from the FE
simulation is also able to predict the connection behaviour accurately (Fig. 2-9). Magnitude
of the maximum Von Mises stress in this case is 1270 MPa, which is observed in the front
corner tubes.
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2.5.2

Test No. 2: Connection with welded angles and UHSS tubes

In this connection set-up, based on the results of the previous test the design was
modified such that the bolts connecting the top and bottom angles to the beam flanges were
omitted and the aforementioned parts were connected to the beam using fillet welds. This
measure was taken to avoid the sudden failure of the connection. This beam assembly was
bolted to the proposed connection collars similar to the previous test. The column was also
the same as that in the previous test and was composed of four UHS steel corner tubes and
mild steel flat faces. The test assembly is shown in Fig. 2-16.

Fillet Weld

Fig. 2-16. Test No.2 set-up

The connection performance in this test was better than that in the previous test in the
sense that both the ductility and capacity of the connection improved significantly (around
44%). In addition, the change made to the connection to eliminate the sudden drop in the
capacity in the advent of failure improved the connection behaviour, in that this sudden
failure did not happen again. The moment-rotation curve of the connection is presented in
Fig. 2-17.
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Fig. 2-17. Test No.2 Moment-rotation curve

Point A in Fig. 2-17 corresponds to the first sign of the failure of the connection, which
is the failure of the right side of the top angle part, as indicated in Fig. 2-19. After this point,
the connection still has the majority of its capacity and shows a ductile behaviour until the
next failure point. At point B, the middle part of the top angle fails and the capacity drops
significantly. Shortly after this point, the hydraulic jack of the testing machine reaches
almost the end of its ram stroke. The testing was therefore stopped for safety reasons and
avoiding any damage to the machine.
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Fig. 2-18. Test No.2 Beam deflection profile during the test

The beam’s profile during the test is presented in Fig. 2-18. As the curves show, the
beam local deflection is negligible and it can be regarded as a straight beam for the purpose
of calculating the drift angle.
This connection also is a semi-rigid connection according to Eurocode3[45], but
compared to the previous connection, the initial stiffness of the connection is greater.

Failure initiation zone

Fig. 2-19. Test No.2 Failed top angle
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The final stage of the connection is presented in Fig. 2-20. In addition to the rupture of
the top angle, the bottom angle also experienced plastic deformation, and the bottom flange
of the beam buckled locally adjacent to the weld line of the bottom angle.

Fig. 2-20. Test No.2 Displacement of different components of the connection

The M16 bolts attaching the top angle to the top collar underwent a large amount of load
and deformed considerably, as shown in Fig. 2-21. Number 1 indicates the bolt on the very
left side of the top collar and number 4 is the last bolt located on the right (see Fig. 15).

Undamaged Bolt
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Fig. 2-21. Test No.2 Deformed bolts from the top segment

The deformations of different parts of the connection are presented in Fig. 2-22.

(a)

(b)

(d)

(c)

(e)

Fig. 2-22. Test No.2 Deformation of different parts of connection (a) Beam web (b) Web extension (c) Bottom
flange (d) Top segment (e) Beam bottom flange buckling
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Samples of the deformation of different parts of the connection, which was analysed
using FE modelling, can be found in Fig. 2-23. This simulation was able to capture the
deformation of the different parts of the connection with a good approximation. In addition,
as can be seen in Fig. 2-17, the moment-rotation curve of the connection predicted by the
FE model was able to predict the connection behaviour reasonably accurately. Maximum
Von Mises stress level reached in this simulation is 1340 MPa that similar to the previous
test is in the front corner tubes.

Fig. 2-23. Test No.2 Deformations of connection predicted by FE model (a) Beam web (b) Top angle

2.5.3

Test No. 3: Connection with welded angles and MS tubes

This test set-up was similar to that described in Section 2.5.2 with the difference being
the material properties of the corner tubes. In this test, the corner tubes were made of mild
steel material (Grade 250) instead of UHS steel, in order to explore the effect of corner tube
material on the connection’s performance. The moment-rotation diagram of the connection
can be found in Fig. 2-24. The initial stiffness of this connection, similar to the previous
connections, puts this connection in the semi-rigid connections category. However, this
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connection had the lowest initial stiffness of the three different tests discussed in this
research work.
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Fig. 2-24. Test no.3 Moment-rotation curve

The moment capacity of the connection was around 10% lower than the connection
attached to the column with UHS corner tubes but the connection showed a higher degree
of ductility, as the rotation capacity of the connection was 12% higher. This higher ductility
could be the result of the crushing of corner tubes and warping of the side plates under the
load that allowed the column-connection to deform relatively significantly while the load
level increased slowly.
Fig. 2-25 shows the deflection profile of the beam in different stages of the test based
on the data acquired from the instruments. The beam remains straight throughout the test.
The last three profiles seem to be curved at their first portion, which can be interpreted as
the slip of the head of LVDT at its point of contact with the beam due to high displacement
of the beam in this particular test, which has caused this bend in the profiles.
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Fig. 2-25. Test No.3 Beam deflection profile during the test

(a)

(b)

Fig. 2-26. Test No.3 (a) Final state of the connection (b) Column lateral face

Further loading of the connection was not possible, as the full course of action of the
hydraulic ram was almost used. The final state of the connection is presented in Fig. 2-26.
As shown in this figure (Fig. 2-26), the column deformed noticeably compared to the
previous tests. Unlike the previous tests in which the corner tubes underwent very limited
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deformation, in this case, the corner tubes deformed significantly. In addition, the lateral
plates of the column crumpled and deformed visibly. As shown in Fig. 2-27 (c), the column
tubes at the point where the bottom segment is connected to them were considerably
squashed. The tube at the top segment of the connection was also distorted and pulled
outward. The top and bottom angle parts, which are welded to the beam, were bent but no
other sign of damage was visible in them (Fig. 2-27 (d), (e)). The holes on the web of the
beam, web extension and the side plates were also not noticeably deformed, as they were
in the previous tests. Fig. 2-27 (f) shows the holes on the web extension as a sample. In this
test, due to the huge deformation of the corner tubes, the bottom collar part was also bent
inward, as shown in Fig. 2-27 (b).
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(a)

(b)

(d)

(c)

(e)

(f)

Fig. 2-27. Test No.3 Deformation of different parts of connection (a) Top collar (b) Bottom collar (c) Corner tube (d)
Top angle (e) Beam angle (f) Web extension and angles

Similar to the previous experiments, this test was also numerically simulated, and the
quantitative results in the form of moment-rotation curve are presented in Fig. 2-24 along
with the experimental results for comparison. The deformation predicted by the FE model
can be found in Fig. 2-28. As in previous tests, the model was able to predict the
deformations of the connection parts accurately. A comparison of the experimental
moment-rotation curve and the FEA results suggests that the model was able to predict the
connection behaviour successfully.
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(a)

(b)

Fig. 2-28. Test No.3 Deformations of the connection predicted by FE model (a) Bottom part bending (b) Web
extension

Maximum Von Mises stress in this test is around 750 MPa happening in the M16 bolts
connecting the top angle to the connection. The moment-rotation curves of all three
connections are presented in Fig. 2-29 to make the comparison of their behaviour easier.
The replacement of the bolts on the beam flanges with welds increased the initial stiffness
and moment capacity. The hybrid column with mild steel corner tubes and attached to the
beam with welded angles still had higher moment capacity than the connection with a
bolted beam, but its initial stiffness fell below that of both other connections.
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Fig. 2-29. Comparison of moment-rotation behaviour of three tests

Table 2-3 summarizes the values of beam plastic moment capacity, and moment
capacity, rotation capacity and initial stiffness obtained from each test.
Table 2-3. Test results summary

Test No.
1
2
3

It is noted that

Initial
Stiffness
(S j,ini )
kN.m/rad
1582.41
1850.01
1404.93

Moment
Capacity
kN.m
63.54
94.13
76.68

Rotation
Capacity

Beam Plastic
Moment Capacity

rad
0.092
0.150
0.163

kN.m
66.53
66.53
66.53

𝐸𝐸𝐼𝐼𝑏𝑏
�𝐿𝐿 is the parameter that is used as the criterion to determine whether
𝑏𝑏

a connection is pinned, semi-rigid or rigid. In these tests, the value of

𝐸𝐸𝐼𝐼𝑏𝑏
�𝐿𝐿 is 2100 kN.m.
𝑏𝑏

According to Eurocode3 [45] the connections with initial stiffness within the range of
0.5𝐸𝐸𝐼𝐼𝑏𝑏
𝑘𝑘 𝐸𝐸𝐼𝐼
�𝐿𝐿 < 𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖 < 𝑏𝑏 𝑏𝑏�𝐿𝐿 are semi-rigid, in which 𝑘𝑘𝑏𝑏 = 8 for frames with a bracing
𝑏𝑏
𝑏𝑏

system reducing the horizontal displacement by at least 80% and 𝑘𝑘𝑏𝑏 = 25 for other frames.
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Connections with stiffness higher than

𝑘𝑘𝑏𝑏 𝐸𝐸𝐼𝐼𝑏𝑏
�𝐿𝐿 are classified as rigid. Comparing the
𝑏𝑏

values in Table 2-3, this connection could be classified as a rigid connection but since this
connection is not used in a frame and the ratio of

𝐾𝐾𝑏𝑏
𝐼𝐼
𝐼𝐼
�𝐾𝐾 ( 𝐾𝐾𝑏𝑏 = 𝑏𝑏�𝐿𝐿 and 𝐾𝐾𝑐𝑐 = 𝑐𝑐�𝐿𝐿 ) [45]
𝑐𝑐
𝑏𝑏
𝑐𝑐

is less than 0.1 for this test, it is assumed that the connection is a semi-rigid connection.

2.6

Conclusion

In this research work, a new connection is proposed for use with hybrid fabricated
columns. Three experimental tests were performed on the connection to investigate the
performance of the connection under static loading. Moreover, a three-dimensional finite
element model was developed in Abaqus [43] to simulate the experiments.
As the results of the experiments suggest, the moment-bearing capacity is at least as high
as 95% of the plastic moment capacity of the beam. When the beam flanges were bolted to
the connection parts, the bolts failed and an abrupt change in the capacity was observed.
As this is not a favourable failure, the bolts were replaced by welding. In this new version,
the connection showed almost 50% higher moment capacity while maintaining the high
ductility. Replacing the UHS corner tubes with mild steel tubes reduced the capacity by
around 10% but notable deformation of the column suggests that the UHS material offers
superior performance. The rotation capacity of the connection was also well beyond
the thresholds suggested by different standards. A typical value for the rotation capacity of
connections to make them qualified for moment frames is usually around 0.04 rad, and in
this connection, the capacity is far beyond this threshold.
This connection can be used for different sizes of columns and beams. In order to modify
the connection for different column sizes, the diameter of the backside of the corner bottom
parts (parts 3-1 to 3-4 in Fig. 2-2) and the length of the collars, (parts 1 and 2 in Fig. 2-2)
need to be altered. The distance between the top and bottom segments of the connection
can also be changed to fit different beam sizes onto the connection.
The modularity of the connection reduces the need to have extensive on-site welding, as
the main welding would be done in the factory while the parts would only be assembled
on-site. Another feature of this connection is the re-usability of the connection, which has
also been practically verified. All three tests were conducted using the same set of
components and the connection components are re-usable in further tests, in spite of the
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large deformations in the hybrid fabricated column. Although the current set of the
connection parts are machine cut but the suggested method of mass production is casting
which could lower the price and make the connection more feasible for widespread use in
the construction industry.
The numerical simulation results presented, show that the model has been able to
predict the behaviour of the connection successfully. The moment rotation curves generated
from the data acquired from the numerical simulation can predict the initial stiffness and
follow the actual behaviour with less than 15% deviation in the majority of the loading
range, especially for the connections connected to the columns with UHSS corner tubes. It
means that this model can be used in further investigation of the connection.
The connection is still under further experimental investigation in order to improve its
characteristics. These improvement tasks include testing the connection with other hybrid
fabricated columns, such as columns consisting of corrugated plates with/without corner
tubes and optimisation of the connection geometry. The connection is designed in a way to
maintain its integrity and capabilities under load reversal, too; however, the connection
behaviour under cyclic loading needs to be thoroughly investigated.
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Abstract
Hybrid fabricated columns (HFCs) consisting of mild-steel thin plates connected to
ultra-high strength thin-walled tubes at corners have exhibited superior performance
compared to the equivalent conventional tubular columns. The higher load-bearing
capacity, energy absorption, and post-buckling strength of these columns provide designers
with new possibilities in the construction of high-rise buildings. Although several studies
have been conducted on these columns, the connection between I-beams and this type of
column is challenging. In this research work, using 3-D finite element modelling a
numerical study is conducted to compare the behaviour of recently patented bolted modular
M-HFC connection between I-beams and HFCs with the welded non-modular type of this
connection (called as W-HFC). The performance of the W-HFC connection is also
compared with four different types of common conventional connections currently in use
in the industry. Moreover, a topology optimisation has been performed on the M-HFC
connection in order to reduce the overall weight of the connection components while
keeping the moment- rotation characteristics of the connection as close as possible to the
originally proposed connection.

Keywords: Hybrid fabricated column, connection, ultra-high strength, moment
rotation, numerical study, topology optimisation
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3.1

Introduction

The concept of fabricated sections composed of thin plates and tubes welded together
to form a closed section was first studied by Aoki [1]. In this research, stub-columns
with triangular cross-sections were fabricated by welding three plates to three tubes at each
apex and tested under uniform and eccentric compressive loading. It was found that the
capacity of the stub-columns was far greater than the sum of each individual member’s
capacities. Based on investigations by different researchers on the behaviour of these
fabricated columns with various configurations (Fig. 3-1), including square hybrid
fabricated columns (HFCs) consisting of mild-steel plates and very high strength
tubes [2]-[7], and square hybrid columns consisting of corrugated plates with or without
corner tubes [8]-[10], their load-bearing capacity, post-buckling strength, ductility, and
energy absorption compared to those of equivalent conventional sections are significantly
improved. This makes HFCs suitable for the construction of moment frame structures.

(a)

(b)

(c)

(d)

Fig. 3-1. Various types of HFCs (a) Flat face with corner tubes (b) Corrugated face without corner tubes (c)
Concrete-filled double skin sections with corner tubes (d) Corrugated face with corner tubes

One major challenge limiting the widespread commercial use of HFCs in construction
is the lack of suitable robust connections between beams and these columns. In order to
tackle this issue, the authors recently proposed an innovative modular type of connection,
named the M-HFC connection (Fig. 3-2), that can be used with this type of column, and its
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mechanical performance under static loading was experimentally and numerically
analysed [11],[12].

Fig. 3-2. M-HFC connection

The results of the experimental tests conducted on the M-HFC connection have
demonstrated that this patented connection can deliver a high moment capacity and also
more ductility compared to the requirements of the different codes of practice [13],[14].
The modular nature of the connection also allows for faster and more reliable construction,
while eliminating the need to perform extensive on-site welding. Furthermore, it has been
designed to be re-usable after the occurrence of extreme events that could lead to the
demolition of the structure.
Although the superior behaviour of the proposed M-HFC connection was demonstrated
in the recent study conducted by the authors [11],[12], a study on possible variations of the
proposed connection is still required. Hence, in order to explore the mechanical
performance of the non-modular type of the proposed connection, welds replace some of
the bolts in the M-HFC connection. The performance of the proposed connection should
also be compared with conventional connections currently in use in industry. Moreover,
the connection topology should be optimised in a way that whilst showing a high
performance, it is more economical to manufacture and use in the construction.
In this research work, the moment-rotation curve is used to compare the performance of
various connections. The moment-rotation curve of a connection is a direct indicator of its
actual behaviour and is used to classify the connections. For instance, according to
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Eurocode 3: Part 1-8 (2005)[13] connections are classified based on their initial rotational
stiffness as rigid, semi-rigid, and nominally pinned. Also, based on the strength criterion
and comparing the design moment resistance of the connection with connected members,
they are classified as full strength, partial strength and nominally pinned.
In practice, connections behave as semi-rigid and the relative deformation of their
components should be taken into account. To this end, many experimental efforts have been
dedicated to explore the moment-rotation relationship of several types of connections [15].
Several non-experimental methods have also been developed to predict the momentrotation curves of end-plate connections, including the T-stub model, yield line model, and
finite element (FE) analysis. The T-stub model was the outcome of early efforts to find
semi-analytical methods for analysing end-plate connections [16],[17]. Methods based on
refined yield-line analysis have also been suggested and are widely accepted and employed
by design procedures for end-plate connections [13]. Shi et al. performed several
experiments and developed a new analytical model based on component-based method to
evaluate the moment–rotation relationship for stiffened and extended steel beam–column
end-plate connections [18]. The FE models and softwares have also gained more popularity
over time and played a major role in determining the behaviour of different connections
and producing their moment-rotation curves [19]-[29].
Many researchers have investigated the connections between I-beams and rectangular
hollow sections. These studies are ranging from methods of stiffening the face of the
column (such as welded plates around or through the column or flow drill) to the use of
end-plate connections with different types of bolts, and new connections such as through
plates or through bolts connections [30]-[46]. Reverse channel connection is also another
type of connection between I- beams and hollow or concrete-filled columns in which the
flanges of the channel section are shop-welded to the column while an end-plate is welded
to the beam, and the beam-end-plate assembly is bolted to the reverse channel. A limited
number of research studies, such as those conducted by Wang and Xue [47], Heistermann et
al.[48], and Al-Hendi and Celikag[49],[50] , have studied the fundamental behaviour of
reverse channel connection using experimental tests, FE analysis, and analytical
investigations.
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ConXL is another connection which was proposed in 2005 [51]. The purpose of this
connection has been to omit on-site welding, which increases weld quality and introduces
more

industrialisation

to

construction

projects.

This

connection

is

a

pre-

qualified connection in AISC 358 [14] for a specific size of I-beams and rectangular hollow
section columns. Rezaeian et al. [52] numerically investigated eleven types of ConXL
connections, including reduced beam section (RBS) and normal beams with hollow
columns. Recently, Yang et al.[53] developed a non-linear FE model in ABAQUS[29] to
investigate the seismic behaviour of this connection.
This research work reports a comparative study on the innovative modular connection
(M-HFC) between a typical I-beam and the HFC recently developed by the
authors [11]. Three-dimensional FE models are developed to compare the behaviour of MHFC connections with non-modular welded (called as W-HFC) type of this connection
using ABAQUS[29]. Moreover, the mechanical performance of both M-HFC and W-HFC
connections are compared with four conventional connections currently available in the
construction industry, including flush and extended end-plate connections, reverse channel
connections, and ConXL connections. The choice of these conventional connections was
made based on their prevalence and the mechanism of transferring load from the beam to
the HFC. In order to make the connection more economically feasible, the connection is
subjected to an optimisation task to reduce its weight. This topology optimisation is
performed in ANSYS [28] and subsequently the optimised connection performance is
investigated in ABAQUS [29]. It is shown that the optimisation task resulted in 26%
reduction in the connection weight. Despite of this noticeable reduction in the weight it is
shown that the connection retains at least 82% of its moment capacity and full ductility.
In the following sections, first, the W-HFC connection is introduced in detail and its
performance is investigated. Afterwards, the performance of aforementioned conventional
connections is studied and compared to those of M-HFC and W-HFC connections. Finally,
after proving the superior performance of the innovative connections, the topology
optimisation is performed on M-HFC connection.
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3.2

Numerical Modelling

The geometry of a typical hollow HFC that is of interest in this research work is
presented in Fig. 3-3(a). The corner tubes can be of different grades of steel, but in this
study, mild steel (MS) (Grade 250) and ultra-high strength (UHS) steel (Grade 1200) were
chosen. The flat plates connecting the tubes were made of Grade 250 mild steel. The length
of the column and beam was assumed to be 1m. Considering the column length and crosssection dimensions, the location of the connection is far enough from both ends to avoid
any end effects on the behaviour of the connection. The beam is a 360UB56.7 standard
universal I-beam [54]. The dimensions of the column and its cross-section can be found in
Fig. 3-3 and Table 3-1.
The numerical study on the connections under static loading was conducted in
ABAQUS[29]. According to the literature [54], models with three-dimensional (3D)
geometry give reasonable accuracy of the connection and the behaviour of its different
parts. Therefore, all connections investigated in this research work were modelled using
3D model. Both material and geometric non-linearities were taken into account in order to
capture the actual performance of the connections.

Ultra-high strength steel
Mild steel

Mild steel

(a)
Fig. 3-3. (a) Hybrid fabricated column and (b) Column cross-section

(b)
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Table 3-1. Dimensions of the hybrid fabricated column cross-section

Symbol
W1
W2
H1

3.2.1

Value
mm
286
286
1000

Symbol
T1
T2
R1

Value
mm
3
3.2
34.85

Material properties

The material behaviour of the MS plates, MS and UHS steel tubes, connection parts
(except for fasteners), and the I-beam were modelled considering both elastic and inelastic
deformations of these components. In order to take into account the material non-linearity,
the ductile damage behaviour of the materials was taken into consideration. The properties
of the MS and UHS steel materials are based on the previous experimental data published
by Javidan et al.[4].The material behaviour of fasteners (bolts and nuts) was modelled using
the multi-linear material behaviour reported for Grade 8.8 bolts [50].
3.2.2

Element and meshing

The C3D8R element, which is an eight-node brick element with reduced integration and
hourglass effect control, was used to mesh the different parts of the model. This element,
in combination with appropriate meshing, can provide good results within a reasonable
computational time, especially for the simulation of large deformation problems, contact,
plasticity, and failure [29]. Meshing was done based on the criticality of each zone. For
example, contact zones such as the area around bolts and nuts were meshed with a fine
mesh to ensure the elements’ density and size were suitable to capture the interaction
between two adjacent surfaces. This was one of the strategies used to control the mesh size
and avoid having fine meshes in unnecessary areas. The other strategy was to use tie
constraint between neighbouring parts with different mesh densities. A sample of the
different sections created in the different parts of the connection to control the mesh size in
critical areas can be found in Fig. 3-4. Based on previous research [50], the thin components
such as end-plates, column tubes and column faces have at least three elements through the
thickness. Fig. 3-5 shows samples of meshing on connection components. It is worth noting
that although Fig. 3-4 and Fig. 3-5 depict the components of a typical extended end-plate
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connection, the aforementioned element type and size were used for all connections in this
research work.

(a)

(b)

(c)

Fig. 3-4. Samples of the sections created (a) HFC (b) Extended end-plate (c) Fastener

(a)

(b)

(c)

Fig. 3-5. Samples of the meshing on (a) HFC (b) Extended end-plate (c) Fastener
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1.1. Constraints and interactions
Modelling the contact between different components is of crucial importance. In this
study, different parts of the connection were assembled in their correct position in
ABAQUS [29] and the essential contacts between the adjacent areas were then made. It is
necessary to pay particular attention when choosing the master and slave surfaces, since
these can affect the numerical stability. It is also recommended that areas in contact should
have similar meshing geometry, while the slave surface must have a higher mesh density
than that of the master surface. The beam is attached to the connection using tie constraint,
which best defines the welded condition that the beam and the connection have in reality
and allows a sudden change in the mesh size in their interface. The same approach was
used in attaching corner tubes to the column plates of HFC that are also welded together in
reality.
The interactions between the fasteners, the connection parts, and the column were
defined as contact interaction. This interaction is of the surface-to-surface type with the
finite sliding formulation. This means that the parts in contact can have relative arbitrary
displacement. The tangential behaviour was modelled using Coulomb friction where the
behaviour in the normal direction is hard contact, which allows for separation of the parts
after contact. Interactions were defined in a separate step from the loading to ensure the
contacts were in action well in advance. Bolts and nuts were modelled as a single united
part. This reduces the number of interaction definitions in the simulation, which leads to
less computational time, while the accuracy of the simulation is not affected significantly.
3.2.3

Boundary conditions and loading

The bottom end of the column was fully constrained, while the top end could slide only
in the axial direction. A constant axial compressive force of 50kN was applied on the
column’s top surface. This load simulates a level of gravity load well below the
compressive capacity of the column. Note that the capacity of a 1m HFC consisting of MS
plates and UHS steel tubes is about 1523kN[6]. Since the axial load on column can affect
the behaviour of the connection by changing its rotation capacity [56], ductility [57] or
initial stiffness [54],[58] and makes it impossible to study the true contribution of
connection components , the applied level of axial load is kept well below the predicted
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maximum level of gravity load in high-rise buildings (%15 of the column capacity [56]).
Bolts were preloaded using the bolt load definition in ABAQUS[29] by applying a
displacement proportional to the bolt pitch dimension. Loading was in the form of a
downward displacement applied at the free end of the beam. The model configuration for
a typical flush end-plate connection is presented in Fig. 3-6.

Fig. 3-6. Loading and boundary conditions of a typical flush end-plate connection

The rotation of a connection in reality is composed of elastic and plastic parts, which
happen in different components of a connection at different stages of the loading. However,
for the purpose of this study since the rotation angle is relatively small, the angle shown in
Fig. 3-7 (as an example for W-HFC connection) is opted which represents the overall
rotation of the connection and has been used in reference codes and standards [59].

Fig. 3-7. Rotation of the W-HFC connection
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This rotation angle can effectively be used for comparison between different
connections. In order to measure the rotation of connection the definition presented in Eq.
3.1 is used.
∆

𝜃𝜃 = tan−1 �𝑑𝑑�

Eq. 3.1

where ∆ is the vertical displacement at measurement point and 𝑑𝑑 is the distance from the
measurement point to the connection face. In this research work, the point where the load
is applied (200 mm from the I-beam tip) is chosen as the measurement point.

3.3

W-HFC connection

Fig. 3-8 shows a representation of the proposed W-HFC connection. As the figure
shows, compared to the M-HFC connection (see Fig. 3-2), parts 6-1 and 6-2 and the middle
bolts on parts 1 and 2 of the M-HFC connection have been removed and replaced by welds.
It means that the resulting connection is no longer a kind of modular connection. Thus, the
comparison between the proposed connection and conventional connections will mainly be
based on the performance characteristics. Fig. 3-9 depicts each part of the welded
connection.

Fig. 3-8. Proposed W-HFC connection for I-beam to HFC connection
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Bolt Holes

(a) Part No.1- Top collar

(b) Part No.2- Bottom collar

Bolt Holes

(c) Part No.3- Bottom corner

(d) Part No.4- Top corner

Fig. 3-9. Different parts of the W-HFC connection

3.3.1

Connection parts

As shown in Fig. 3-8, the W-HFC connection has eleven components. The assembly of
parts 1,3-1,3-2,4-1,4-2 at the top and parts 2,3-3,3-4,4-3,4-4 at the bottom forms two solid
segments separated from each other by a distance based on the size of the beam that is
attached to the column. The points of interaction of this connection with the column are
four parts (3-1 to 3-4), which are welded to the column tubes. These parts provide a solid
foundation for the top corner parts (4-1 to 4-4). The top corner parts (Fig. 6d) are designed
to provide bilateral connection capability. This means that up to four beams can be
connected to a single hybrid fabricated column at the same connection, simply by adding a
few more components. The top corner and bottom corner parts, for instance parts 3-1 and
4-1, are fixed together using bolts that prevent unwanted movement of the top corner part
in case of unexpected or extreme conditions that might push the connection upward.
In both segments, the collar parts (1 and 2) connect two adjacent top corner parts of the
connection in each segment and are the components to which the beam is connected. For
instance, part 1 fits in the space between parts 4-1 and 4-2 in the top segment. The top and
bottom collars are identical, except at the face to which the beam is connected. The beam
is welded to these parts. The hatched area in Fig. 3-9(a) and (b) on the front face of the
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collars is where the beam flange and a portion of the web are welded. The web extension
(Part No.5) is welded at each end between parts 1 and 2. This part interconnects the top and
the bottom segments and transfers the shear force between them. The remaining portion of
the beam web that is not welded to the top and bottom collars is welded to the web
extension. Each collar and its adjoining top corner parts have steps that match each other
and form a stable assembly after installation. The collars are secured to the top corner parts
using bolts. This guarantees the engagement of the connection parts during its service life.
3.3.2

Numerical modelling of the proposed W-HFC connection

As Fig. 3-10 shows, the finite element model has a pair of L-shaped plates connected to
web extensions on one side (the long leg) and to the column faceplate on the other side.
The reason is that although the thin faceplates of the column make much less contribution
to the load-bearing capacity of the column, especially in the case of the column with UHS
corner tubes, they can contribute significantly to the ductility of the connection. These two
additional parts help the column faceplates to engage and contribute to the ductile
behaviour of the connection.
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Fig. 3-10. Proposed connection model configuration

The moment-rotation curves for the W-HFC connection between the I-beam and HFCs
with UHS and MS corner tubes are depicted in Fig. 3-11.
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Fig. 3-11. Moment-rotation behaviour of W-HFC connection

The point where the moment-rotation curve of the W-HFC- MS Tube connection is
terminated relates to a state of the simulation where the bottom edge of the bottom segment
has collided with the column tubes, which could be considered as the endpoint of the
connection displacement range. The decreasing part of the moment-rotation curve of the
W-HFC-UHS Tube connection displays the connection behaviour after the point at which
the bottom flange of the beam buckles and fails at the end of the beam close to the
connection. A comparison of the curves in Fig. 3-11 suggests that while the initial stiffness
of both W-HFC connections is the same, both ductility and strength improve significantly
in the case with corner tubes of UHS material. The von Mises stress distributions on
different parts of the column and connection at the final step of each simulation can be
found in Fig. 3-12 and Fig. 3-13.
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(a)

(b)

Fig. 3-12. von Mises stress (MPa) distribution in the (a) column (b) W-HFC connection parts for HFC with mild
steel corner tubes

(a)

(b)

Fig. 3-13. von Mises stress (MPa) distribution in the (a) column (b) W-HFC connection parts for HFC with ultrahigh strength steel tubes

The stress distributions show that the proposed welded connection has the capability of
getting the most out of the material properties of the corner tubes, as the levels of stress in
both the column and connection are close to the yield stress levels of the constituent
material. The two front corner tubes in the case of the HFC with MS corner tubes have
crushed, while the UHS steel tube has deformed less and can still bear more load. The stress
distribution shows that the steel corner tubes are highly engaged in the load transfer from
the beam to the column, since the stress levels in a portion of the tubes are relatively high
and around the material’s ultimate stress level. The angles that connect the web extension
to the column face have also engaged the MS plates and contributed to the ductility of the
connection. In the case of the column with MS corner tubes, the mild steel tubes fail much
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earlier than the UHS tubes. The significant deformation of the corner tubes leads to the
column’s partial collapse and results in the termination of the solution. This is due to the
collision of the bottom segment and the corner tubes, which renders the continuation of the
solution unnecessary. Although the tubes in the column with UHS corner tubes deform
under load, they do not crush and provide a strong base for the connection to bear more
load. This also allows the connection to engage the L-shaped parts and the column’s flat
face in order to utilize their ductility. Therefore, in addition to showing a higher loadbearing capacity compared to the column with MS corner tubes, more ductility is observed
in the case of the column with UHS corner tubes. It is worth noting that according to the
moment-rotation curves depicted in Fig.8, the W-HFC connection falls into the semi-rigid
category of connections classified by Eurocode 3 [13].
The FEA model developed by authors and verified by the experimental test results for
investigating the behaviour of M-HFC [11] can be used to compare the behaviour of WHFC with M-HFC. For this comparison, the beam used in the previous simulation of the
W-HFC is replaced with 200UB22.3 type beam as used for M-HFC in Ref. [11]. The result
of this comparison is presented in Fig. 3-14. The terms R1 and R2 relate to the different
variations of the M-HFC experimentally tested by the authors. In R1 case, the beam flanges
are bolted to the connection angles (parts 6-1 and 6-2 in Fig. 3-2) but in R2 case, the beam
flanges are welded to the aforementioned parts. From Fig. 13 it can be seen that W-HFC
has a lower initial stiffness compared to M-HFC connection in all cases. W-HFC
connection, similar to M-HFC connection, can be categorised as semi-rigid according to
Eurocode 3 [13]. The moment capacity of W-HFC is lower than the M-HFC but it is higher
than the capacity of the beam attached (66.5 kN.m). Ductility is also comparable with MHFC variations and more than the 0.04 rad threshold, generally required by the standards
for connections used in moment resisting frames [59].
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Fig. 3-14. Comparison of moment-rotation behaviour of W-HFC and M-HFC connections

3.4

Conventional connections

In this section, the results of the simulations of four types of conventional connections
between an I-beam and the HFC are presented and compared with those obtained for the
proposed M-HFC and W-HFC connections. As explained in the previous sections,
moment-frame connections should have specific characteristics in terms of capacity and
rotation in order to be qualified as suitable connection for moment-resisting structures [14].
Therefore, an understanding of the mechanical performance of the popular conventional
connections is essential to investigate the suitability of these connections for use with
HFCs. In all cases, the beam and column considered henceforth are the same as those used
in the previous sections.
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3.4.1

Flush endplate connection

Fig. 3-15 shows a typical view of the flush end-plate. In this connection, an end-plate is
welded to one end of the beam and the assembly of the beam-end-plate is bolted to the face
of the column. It is assumed that the end-plate has four holes and the bolts are of M20 size.
Bolts and nuts are modelled as a single unit. The dimensions of the end-plate are presented
in Table 3-2.
Table 3-2. Dimensions of the flush end-plate connection

Symbol
W3
W5

(a)

Value
mm
160
365

Symbol
T3
R2

Value
mm
6
11

(b)

Fig. 3-15. Flush end-plate (a) parametric dimensions of the end-plate and (b) isometric view

It is assumed that the beam, end-plate and column flat face are made of Grade 250 mild
steel while the fasteners are Grade 8.8 bolts. Similar to the W-HFC connection proposed in
the previous section, the corner tubes of the HFC are made of either MS (Grade 250) or
UHS steel (Grade 1200) to investigate how the material properties of the corner tubes
contribute to the connection performance. Fig. 3-16 depicts the moment-rotation curves of
the simulations.
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Fig. 3-16. Moment-rotation curves for I-beam to HFC flush end-plate connection

As can be seen in Fig. 3-16, the effect of different materials for corner tubes on the
mechanical performance of the flush end-plate connection is not significant, demonstrating
the fact that this type of connection cannot effectively benefit from the superior strength of
UHS corner tubes. Although the connection shows a reasonable amount of ductility, the
load-bearing capacity is not considerable. The end of the simulation is where the damage
index and the large deformation of the column face around the bolt holes indicate the
bearing failure of the column face. The magnitude of the damage index reported by
ABAQUS [29] for the flush end-plate connection in the column with MS corner tubes is
78% around holes. This index for the column with UHS steel corner tubes is 85%. The von
Mises stress distributions in the column and the end-plate are presented in Fig. 3-17 and
Fig. 3-18, respectively, which show the maximum stress in the corner tubes of the HFC
does not exceed the yield stress of their constituent material. It is noted that according to
Eurocode3 [13], this connection is classified as a pinned connection.
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(a)

(b)

Fig. 3-17. von Mises stress (MPa) distribution in the (a) HFC with mild-steel corner tubes, and (b) flush end-plate

(a)

(b)

Fig. 3-18. von Mises stress (MPa) distribution in the (a) HFC with ultra-high strength corner tubes, and (b) flush
end-plate

3.4.2

Extended end-plate connection

The isometric view and the dimensions of the extended end-plate connection used in this
study are presented in Fig. 3-19 and Table 3-3. This connection is similar to the flush endplate connection, with the difference being that the end-plate is extended at the top end,
making enough room for extra bolts to be placed in this area.
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(a)

(b)

Fig. 3-19. Extended end-plate (a) parametric dimensions and (b) isometric view

Table 3-3. Dimensions of the extended end-plate connection

Symbol
W3
W4

Value
mm
160
435

Symbol
T3
R2

Value
mm
6
11

The material properties of the connection parts, the beam, and the HFC are similar to those
used for the flush end-plate connection explained in the previous section. The results of the
numerical simulations for two cases with different corner tube materials can be found in
Fig. 3-20.
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Fig. 3-20. Moment-rotation curves for the I-beam to HFC extended end-plate connection

Fig. 3-20 indicates that the stiffness and moment capacity of the extended end-plate
connection are higher than those for the flush end-plate. The effect of corner tube material
is more significant, indicating that the corner tubes are slightly more engaged. For instance,
at 0.12 rad rotation of the beam, the difference between the moment capacities of the
connection with two different column materials is about 10% in favour of the connection
with the UHS steel corner tubes. Nevertheless, similar to the flush end-plate connection,
the maximum stress developed in the corner tubes does not exceed their yield stress as
depicted in Fig. 3-21 and Fig. 3-22. The damage is similar to that of the flush end-plate
connection, and is located mostly around the bolt holes and around the weld lines of the
column thin faceplate in the area close to the bottom of the end-plate. The values of the
damage index for the connection containing HFC with the MS and UHS steel corner tubes
are 42% and 59%, respectively. Like the flush end-plate connection, this connection based
on Eurocode 3 [13] is classified as a pinned connection.
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(a)

(b)

Fig. 3-21. von Mises stress (MPa) distribution in the (a) HFC with mild-steel corner tubes, and (b) extended endplate

(a)

(b)

Fig. 3-22. von Mises stress (MPa) distribution in the (a) HFC with ultra-high strength corner tubes, and (b) extended
end-plate

3.4.3

Reverse channel

Since the column faceplate in the hybrid fabricated columns is made of a thin steel plate,
according to the numerical results presented in the previous sections, it appears not to be a
suitable choice to engage it as the main load-bearing component in the connection between
this type of column and an I-beam. An alternate path for transferring the load and
minimising the role of the column faceplate in controlling the connection capacity is
through the corner tubes. The reverse channel connection is a conventional connection,
which is used for connecting I-beams to hollow sections. The shape of the connection and
the way it is attached to the column is more promising than the previously-discussed end-
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plate connections, for which the load can be transferred from the beam to the column
directly through the corner tubes. Fig. 3-23 and Table 3-4 show a schematic view of the
reverse channel connection and the dimensions used in the simulations, respectively. As
briefly explained in previous sections, in this type of connection, a standard C-section is
attached to the column such that the free ends of the section flanges are welded to the
column corner tubes. The beam is welded to a flush end-plate and the assembly of the beam
and end-plate is then bolted to the C-section. The dimensions of this end-plate are identical
to the connection investigated in Section 4.1.
Table 3-4. Dimensions of the reverse channel connection

Symbol

Value
mm

Symbol

Value
mm

W6
W7
W8

296
90
400

T4
R3

10
15

(a)

(b)

Fig. 3-23. Reverse channel connection: (a) parametric dimensions and (b) isometric view

The material properties are similar to the connections investigated in the previous sections.
The C-section is assumed to be of MS material. Fig. 3-24 shows the moment-rotation
curves for the reverse channel connection under static loading.
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Fig. 3-24. Moment-rotation curves for the I-beam to HFC reverse channel connection

The figure shows that the reverse channel connection has a higher initial stiffness than the
flush and extended end-plate connections. This connection shows considerably more
ductility, while not having a significant change in the moment-bearing capacity compared
to end-plate connections. Fig. 3-25 and Fig. 3-26 show the von Mises stress distribution on
different components of this connection.
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(a)

(b)

(c)

Fig. 3-25. von Mises stress (MPa) distribution in (a) HFC with mild-steel corner tubes, (b) end-plate, and (c) Csection

(a)

(b)

(c)

Fig. 3-26. von Mises stress (MPa) distribution in (a) HFC with ultra-high strength corner tubes, (b) end-plate, and
(c) C-section

As depicted in Fig. 3-25 (a), in the HFC with MS corner tubes, the tube has buckled locally
under the compressive load applied by the connection, while no such deformation can be
observed in the column with UHS steel corner tubes. In terms of maximum utilisation of
the superior material properties of the UHS steel corner tubes, this connection performs
better than the other two end-plate connections presented in the previous section. A larger
portion of the corner tubes undergoes higher levels of stress and this zone of high-stress
level is shifted from the interface of the tube and faceplate towards the zone where the Csection is attached to the column. The reverse channel connection investigated here is also
classified as a pinned connection [13].
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3.4.4

Modified ConXL connection

As explained in Section 1, the ConXL connection was designed to be used for rectangular
hollow sections. Since the load transfer mechanism from the I-beam to HFC through a
ConXL connection appears to be a favourable method, this connection was chosen for
analysis. The dimensions of this connection given in AISC358 [14] are for larger members;
accordingly, modification of the connection sizes was necessary. In addition, to attach the
connection to the HFC, the geometry of some of the components needed to be changed.
Fig. 3-27 depicts the typical views of the standard ConXL connection and also the modified
version used for simulations in this study. Note that the views in Fig. 3-27 are not to the
same scale.

Top horizontal segment

Web extension
Corner Part
Bottom horizontal segment

(a)

(b)

Fig. 3-27. (a) Standard ConXL connection [14] (b) isometric view of the modified ConXL connection used in the
present study

In this type of connection, the beam is welded to the horizontal parts at top and bottom, and
a web extension is welded between the top and bottom horizontal segments and to the beam
web. The resulting assembly is lowered between the corner parts and then secured in place
using bolts. In the simulations, the beam and web extension are attached to the top and
bottom horizontal members and to each other using tie constraint. The mechanism of load
transfer in this connection, similar to the reverse channel connection, is through the corner
tubes; hence, it is expected to engage the corner tubes of HFC more significantly compared
to the flush and extended end-plate connections. The results of the connection performance
under static loading are presented in Fig. 3-28.
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Fig. 3-28. Moment-rotation curves for the I-beam to HFC modified ConXL connection

According to the figure, in addition to showing ductile behaviour, the connection’s
moment capacity is significantly higher than that of the reverse channel and end-plate
connections discussed in previous sections. In addition, the material properties of the corner
tubes have a massive increasing effect on the moment capacity of the connection. This
supports the idea of utilising the corner tube as the main load path to transfer the load from
the beam to the HFC. The end-point of the curves is the point at which the bottom collar of
the connection with MS corner tubes hits the corner tubes. The peak in the curve
corresponding to the connection of the column with UHS corner tubes is due to the
initiation of ductile damage at the top collar of the connection. The von Mises stress
distributions on the different parts of the connection are presented in Fig. 3-29 and Fig. 330. The damage zone can be seen in Fig. 3-30 (b) as the blue areas on both sides of the
thick section in the middle of the top collar.
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(a)

(b)

Fig. 3-29. von Mises stress (MPa) distribution in the (a) HFC with mild-steel corner tubes, and (b) modified ConXL
connection

(a)

(b)

Fig. 3-30. von Mises stress (MPa) distribution in the (a) HFC with ultra-high strength corner tubes, and (b) modified
ConXL connection

The front tubes of the column with MS corner tubes have crushed under load, while the
UHS tube is still capable of bearing more load. The stress distribution in columns with UHS
corner tubes shows that a larger portion of the tube is under higher stress, which implies
that the superior material property of the tubes is more in use. It is noted that this connection
based on Eurocode 3 [13] is classified as a semi-rigid connection.
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3.5

Comparison of the M-HFC and W-HFC connections with conventional
connections

The results of the conventional connection simulations support the idea that a robust
connection between HFCs and I-beams is essential in order to transfer the load effectively
through to the column tubes while engaging the column faceplate to contribute to
connection ductility. The end-plate connections presented in the previous sections are not
capable of reaching high moment capacities proportional to the higher capacity of the
column. Moreover, they directly engage the thin faceplate of the column, which is another
weak point for these connections. From the construction perspective, access to the inside
space of the hollow columns is limited. Therefore, end-plate connections are not favourable
in construction when HFCs are involved as they cost more to install because of the special
tools and parts needed (e.g. blind bolting systems), and require workforce training.
The reverse channel connection shows good characteristics in applications such as
design for fire and provides easy access for installation. In the case of connection to the
HFC, while showing good ductility, it does not reach high moment capacity. The
distribution of the stress on corner tubes does not show promising signs of the capability of
the connection to utilise the material properties of the UHS corner tubes.
The modified version of the ConXL appears to have better performance, but the number of
changes made to the original design to make it a suitable connection for the HFC is
considerable. Furthermore, in the case of the column with UHS corner tubes, the top collar
part of the connection deformed significantly and signs of permanent ductile damage
appeared in the simulation (Fig. 3-30 (b)). Although the ConXL connection is a prequalified connection, it is only applicable for a limited type of beams and only for
rectangular columns with conditions described in the AISC 358 standard [14]. The ConXL
connection parts are complex in shape and difficult to manufacture. All of these reasons
justify moving towards designing a new connection for HFCs.
Table 3-5 shows the initial stiffness, moment capacity, and rotation capacity of W-HFC
connection compared to the four different conventional connections analysed in this study.
As the table shows, the initial stiffness, and moment and rotation capacities of W-HFC
connection are higher than those of other connections are, demonstrating the utilisation of
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material properties in the enhancement of the performance of the connection in terms of
both load-bearing capacity and ductility.
Table 3-5. Comparison of properties of connections

Connection Type
Flush end-plate
Extended end-plate
Reverse channel
Modified ConXL
W-HFC

3.6

Initial Stiffness
(kN/mm)
0.24
0.53
0.78
5.52
6.44

Moment Capacity (kN.m)
MS
UHS
25.33
25.19
33.65
43.11
27.2
30.63
83.3
116.61
93.74
191.46

Rotation Capacity (rad)
MS
UHS
0.151
0.145
0.123
0.153
0.244
0.244
0.127
0.127
0.084
0.199

Topology optimisation

The collar parts in the top and bottom segments of the M-HFC connection constitute a
large portion of the weight of the connection. Thus, any reduction in the weight or volume
of these parts may result in a noticeable drop in the overall weight of the connection.
Therefore, this section is dedicated to optimising the M-HFC connection mainly in order
to decrease its weight. It is noted that among size, shape and topology optimisation the
latter is the highest level in the optimisation efforts hierarchy [60]. The topology
optimisation presented in this section was performed using ANSYS [28] which is done
through discretising the optimisation domain and maximising the stiffness of the part being
optimised or minimising its compliance with a quality distribution function of the structure
as the optimisation parameter. Afterwards, ABAQUS [29] was used to investigate the
performance of the optimised connection. In the case of this study, the collar top and bottom
parts (parts 1 and 2 in Fig. 3-2) are chosen as optimisation domain.
In order to find out the extreme level of the material that could be removed from the
parts, apart from the practicality of the solution, optimisation goal in ANSYS [28] was set
to be 40% reduction in the weight of the collars. In order to decrease the time needed for
the optimisation process, the former loading condition used in the previous sections has
been replaced with a tensile load applied on the free edge of the top angle (part 6-1 in Fig.
3-2) and only the top half of the column and connection has been modelled.
The results of optimisation conducted by ANSYS [28] can be found in Fig. 3-31.

C H A P T E R 3 | 104

(a) elements that can be removed

(b)elements that must remain

Fig. 3-31. ANSYS optimisation results- Non-reduced thickness

As it can be seen in Fig. 3-31 (a), the centre of the part and a portion of the thick flaps
located in front of the collars can be removed. The connection was modified based on these
results and turned into the part presented in Fig. 3-32 (b). The core of the collar part is
modified such that it can be practical for manufacturing, without changing any other
dimensions in the connection parts. The weight at this stage is reduced around 6.2%.

(a) Original part

(b) Optimised original part and cutaway view

Fig. 3-32. Optimisation geometries of non-reduced thickness case

Moreover, in addition to the aforementioned optimisation, another variation of M-HFC
connection with a smaller thickness of the collar parts was also investigated and the results
were compared with those obtained from ANSYS optimisation. Therefore, the thickness of
the collar (dimension L in Fig. 3-32 (a)) is 12 mm reduced. The reduced-size collar is
optimised again to investigate how the resulting collar will turn out.
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(a) elements that can be removed

(b)elements that must remain

Fig. 3-33. ANSYS optimisation results- Reduced thickness

The results of optimisation on the reduced part can be found in Fig. 3-33. The collar
with reduced thickness is presented in Fig. 3-34 a. As it can be observed in Fig. 3-33, this
time the thickness of the flaps is almost fully contributing in load bearing and its size cannot
be reduced. Nevertheless, the centre of the part is still a domain that allows for further
material removal. The geometry of the collar part with the hollowed core can be found in
Fig. 3-34 (b).

(a) Reduced size part

(b) Reduced and optimised part and cutaway view

Fig. 3-34. Optimisation geometries of reduced thickness case

Altering the thickness of the collar requires the dimensions of the other parts to be
updated accordingly, which results in further reduction in the weight. The connection with
the reduced-size collars (Fig. 3-34 (a)) is 21.7% lighter than the original design and
becomes around 26.8% lighter than the original design when it is optimised (Fig. 3-34 (b)).
Once the optimum topology was found in ANSYS [28], the new geometry of M-HFC
connection was modelled in ABAQUS [29] with loading and boundary conditions similar
to the conditions described in Section 2. The beam attached to these connections is of
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200UB22.3 [54] type and is 1.2 m long with the load applied at 0.2 m far from the free end
applied in displacement control form. The results of the simulations are presented in Fig.
3-35 and Fig. 3-36 for the connection connected to the HFC with MS and UHS corner
tubes, respectively.
100
90
80

Moment (kN.m)

70
60
50
40
30
20
10
0
0

0.02

0.04

0.06

0.08

0.1
0.12
Rotation (rad)

0.14

0.16

FEA_M-HFC_R2_MS Tube_Original

FEA_M-HFC_R2_MS Tube_Optimised

FEA_M-HFC_R2_MS Tube_Reduced Size

FEA_M-HFC_R2_MS Tube_Reduced&Optimized

0.18

0.2

Fig. 3-35. Comparison of performance of different variations of the connection attached to column with MS corner
tubes
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Fig. 3-36. Comparison of performance of different variations of the connection attached to column with UHS corner
tubes

It can be observed that in the case of MS corner tubes the moment capacity and initial
stiffness of the connection is not significantly affected by changing the thickness or
geometry of the collar parts. In the case of UHS corner tubes, the difference in moment
capacity is noticeably higher. The optimised connection with reduced thickness attached to
the column with UHS corner tubes shows the highest level of difference in the capacity
compared to the other variations of the connection. In this case, the moment capacity at
0.12 rad (which is the point of failure in the experiment on M-HFC_R2_UHS Tube
connection) rotation has 18% decreased compared to the original connection. However, it
is yet greater than the beam plastic moment capacity.
As expected, the stiffness of the optimised connections with the reduced thickness collar
segments is less than the original connection. In the connection with reduced thickness
collar, the difference between the performance of the connection before and after
optimisation is negligible. It demonstrates the fact that the optimisation process has
progressed in the right direction and although the final design (Fig. 3-34 (b)) is the lightest
of all variations it still can reach a moment capacity, which matches that of the reduced size
connection before optimisation.
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The failure mode observed in the experiments was fracture in the top angle along with
excessive deformation of the bolts attaching this part to the top collar part [11]. In order to
investigate whether this failure happens in the optimised connection the von Mises stress
distribution on the aforementioned parts is compared with those of the original connection
at the first point of failure in the test. Since the model has been verified with the
experimental results for the case of original connection [11], the stress levels in that analysis
can be regarded as the benchmark for assessing the situation in other cases. Fig. 3-37 and
Fig. 3-38 present the stress distribution contours on the bolts. As can be seen in these
figures, the maximum stress level in all cases is less than that of the connection with the
original size. A similar trend can be observed with the comparison of the stress levels in
the top angle (Fig. 3-39 and Fig. Fig. 3-40). Therefore, since the stress levels in the
optimised cases are less than the original connection case, it can be concluded that the
optimised variations may fail at slightly higher than that of the original connection .

(a) Original connection

(b) Optimised connection with non-reduced
thickness

(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-37. von Mises stress distribution on bolts connecting the top angle to the collar part (column with UHS tube)
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(a) Original connection

(b) Optimised connection with non-reduced
thickness

(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-38. von Mises stress distribution on bolts connecting the top angle to the collar part (column with MS tube)

(a) Original connection

(b) Optimised connection with non-reduced
thickness
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(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-39. von Mises stress distribution on top angle bolted to the collar part (column with UHS tube)

(a) Original connection

(b) Optimised connection with non-reduced
thickness

(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-40. von Mises stress distribution on top angle bolted to the collar part (column with MS tube)

C H A P T E R 3 | 111

One of the characteristics of the original connection was reusability of its components.
As reusability depends on the stress level and degree of plastic deformations in the parts,
comparing the distribution of equivalent plastic strain (PEEQ) variable on different
components, among the aforementioned connections can be used to investigate whether or
not the optimised variations of the M-HFC connection are reusable. Note that the original
connection components were reusable after experiments [11]. Whereas the collar
undergoes larger loads and larger deformations, the reusability of this part is more of
interest. Fig. 3-41 and Fig. 3-42 present the distribution of PEEQ variable on the collar
parts at the rotation in which the first fracture initiated in the experiments [11] in the
connection attached to the column with UHS corner tubes.

(a) Original connection

(b) Optimised connection with non-reduced
thickness

(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-41. PEEQ distribution on top and bottom collar parts (column with UHS tube)
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(a) Original connection

(b) Optimised connection with non-reduced
thickness

(c) Reduced thickness connection

(d) Optimised connection with reduced thickness

Fig. 3-42. PEEQ distribution on top and bottom collar parts (column with MS tube)

The grey areas in the collars show that the variable magnitude is more than the top limit
of the spectrum, which is set to be the maximum PEEQ value in the original connection’s
collar part. These areas are mostly located around the boltholes, where the bolt after
deformation touches the collar. Also in the cases that the collar is optimised and the midsection of the collar is hollowed, as a result of smaller weld area, the surface that is tied to
the extension part undergoes higher levels of strain and consequently shows higher levels
of PEEQ variable. These local phenomena can be avoided by using washers (that are not
modelled but were used in the experiments conducted on the original M-HFC connection)
and slight modifications of the extension part such that it can have more common surface
with the collars for better interaction. In spite of these local high strains, the collar parts are
within the limits set from the results of the simulation of the original connection and can
be regarded as reusable.
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3.7

Conclusion

In this research work, a comprehensive numerical study was conducted to compare the
performance of recently developed M-HFC connection with the welded type of this
connection (W-HFC) and also four types of conventional connections. A detailed threedimensional FE model was developed in ABAQUS [29] to simulate the connection
behaviour under static loading. It was demonstrated that the conventional types of
connections could not effectively benefit from the material properties of the corner tubes
utilised in the HFC. The flush and extended end-plate connections exhibited low initial
stiffness and very limited load-bearing capacity. The reverse channel connection indicated
a higher initial stiffness but still failed to provide enough capacity to satisfy the weak
member-strong connection design condition. A modified version of the ConXL connection
was also simulated as one of the conventional types of connections. This connection
exhibited a higher initial stiffness and a relatively higher load-bearing capacity; however,
the major modifications required to adapt it for the HFC is a major drawback to the potential
usage of this connection. However, the welded W-HFC connection consisting of eleven
components has demonstrated a high initial stiffness and has the highest moment capacity
of all the studied connections.
An optimisation task was also done on the M-HFC. This task included a parametric
study to see how different dimensions and geometries of the connection can influence its
behaviour. Nevertheless, a more thorough parametric study including other components of
the connection could be a topic for further investigations. The results show up to 26%
reduction in the connection weight with 18% reduction in the capacity (in the case of
connection to UHS corner tubes) but the capacity still satisfies the strong connection-weak
beam design philosophy. The optimised connection reusability was also investigated
through comparison of plastic deformation levels in the connection variations with the
levels in the original connection.
The advantages of a highly ductile behaviour along with the notably high moment
capacity make the HFC connection an excellent choice for high-rise buildings. This
connection also utilises the superior material properties of HFCs with UHS corner tubes.
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Abstract
This research work presents the results of a component-based model developed for an
innovative type of connection, recently proposed by the authors, for beam-to-hybrid
fabricated column (HFC) connections. The active constitutive components of the
connection are identified and their relevant resistance and flexural stiffness are presented.
The moment-rotation curve of the joint is reproduced using the assembly of these
components. The failure point of the connection is also predicted using the failure modes
observed in the experimental tests. The results obtained from the developed componentbased model are then compared to those provided by a three-dimensional (3-D) finite
element (FE) model. It is shown that the component-based model shows good accuracy in
the prediction of the initial stiffness, rotation capacity and failure of the connection.
Keywords: hybrid fabricated column, modular bolted connection, component-based model,
ductility, ultra-high strength, moment-rotation curve, hybrid tubular column
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Tube external diameter
Diameter of bolt hole
Diameter of M16 bolt
Bolt diameter
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Distance of bolt line to free edge in the direction of applied load
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Distance from bolt line to the free edge of angle
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Component plastic resistance
Plastic resistance at bolt row r
Total external force
Resistance of angle leg in tension
Resistance of bolt row in shear
Resistance of a single bolt
Resistance of corner tube in compression
Resistance of corner tube in tension
Resistance of column web
Resistance of plate in bending
Resistance of angle in bending
Resistance of web angle in tension
Resistance of web extension in bending

C H A P T E R 4 | 124

𝑓𝑓
𝑓𝑓𝑢𝑢𝑢𝑢
𝑓𝑓𝑢𝑢𝑢𝑢
𝑓𝑓𝑢𝑢𝑢𝑢
𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢
𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢
𝑓𝑓𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦
𝑔𝑔
𝑔𝑔1
𝑔𝑔𝑎𝑎
𝐻𝐻1
𝐻𝐻𝑒𝑒𝑒𝑒
ℎ𝑟𝑟
ℎ𝑤𝑤𝑤𝑤
ℎ𝑡𝑡
𝐼𝐼
𝐼𝐼𝑤𝑤𝑤𝑤
K1, K2,…, K37
𝐾𝐾 𝑐𝑐
𝐾𝐾 𝑡𝑡
𝑘𝑘 𝑖𝑖 , 𝑘𝑘𝑗𝑗𝑖𝑖
𝑘𝑘𝑎𝑎𝑎𝑎
𝑘𝑘𝑏𝑏𝑏𝑏
𝑘𝑘𝑏𝑏𝑏𝑏
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
𝑘𝑘𝑐𝑐𝑐𝑐
𝑘𝑘𝑝𝑝𝑝𝑝
𝑘𝑘𝑟𝑟𝑇𝑇
𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡
𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤
𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤
𝐿𝐿
𝐿𝐿𝑎𝑎
𝐿𝐿𝑏𝑏
𝐿𝐿𝑡𝑡𝑡𝑡
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,𝑝𝑝
𝐿𝐿𝑐𝑐𝑐𝑐
𝐿𝐿𝑤𝑤𝑤𝑤
𝐿𝐿𝑤𝑤𝑤𝑤
𝑀𝑀𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅
𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡,𝑅𝑅𝑅𝑅
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑀𝑀𝑢𝑢
𝑚𝑚𝑝𝑝
𝑚𝑚𝑡𝑡𝑡𝑡
𝑛𝑛
𝑛𝑛𝑏𝑏

Summation of thickness and fillet size of web angle
Ultimate strength of bolt
Ultimate strength of plate
Ultimate strength of weld
Ultimate strength of web angle
Ultimate strength of web extension
Yield strength of angle
Design shear stress of the bolt
Yield strength of the column web
Yield strength of the tube material
Gap between the beam end and face of column/connection
Distance from the bolt hole centre to the face of beam on the outstanding leg of angle
Gauge length of the angle
Column height
Height of bottom corner part
Component lever arm
Height of web extension
Tension lever arm
Second moment of inertia of the angle leg
Second moment of inertia of the cross section of web extension
Component reference number in the model (Fig. 4-5)
Overall equivalent stiffness of the compression zone
Overall equivalent stiffness of the tension zone
Component extensional deformability
Stiffness of angle leg in tension
Stiffness of bolt row in shear
Stiffness of bolt in tension
Stiffness of corner tube in compression
Stiffness of corner tube in tension
Stiffness of column web
Stiffness of plate in bending
Total extensional deformability of row number r
Stiffness of angle in bending
Stiffness of web angle in tension
Stiffness of web extension in bending
Effective length measured along the mid-line of angle leg along the leg
Full length of the outstanding legof an gle
Grip length of bolt
Length of top/seat angle
Effective length of angle leg
Effective length of plate
Column faceplate width
Length of the web angle along the length of column
Length of the web extension
Flexural resistance of plate
Flexural resistance of the joint
Plastic moment of the angle leg
Total external moment
Ultimate moment of connection
Distance from bolt line to the corner of T-stub
Characteristic length of angle
Number of components in row r
Number of bolts
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𝑛𝑛𝑐𝑐
𝑛𝑛𝑠𝑠
𝑛𝑛𝑡𝑡
𝑃𝑃
𝑝𝑝𝑏𝑏
𝑟𝑟𝑤𝑤
𝑇𝑇1
𝑇𝑇2
𝑡𝑡𝑎𝑎
𝑡𝑡𝑒𝑒𝑒𝑒
𝑡𝑡𝑝𝑝
𝑡𝑡𝑝𝑝𝑝𝑝
𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡𝑤𝑤𝑤𝑤
𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐
𝑊𝑊1
𝑊𝑊2
𝑤𝑤
𝑤𝑤𝑝𝑝
Δ𝑠𝑠ℎ
𝛼𝛼
𝛾𝛾𝑀𝑀0
𝛾𝛾𝑀𝑀5
𝛾𝛾𝑀𝑀𝑀𝑀
𝜀𝜀𝑢𝑢
𝜃𝜃𝐶𝐶𝐶𝐶

Number of bolt rows in compression zone
Number of shear planes passing through the bolt
Number of bolt rows in tension zone
Force
Spacing between bolts
Column faceplate weld radius
Column plate thickness
Tube thickness
Thickness of angle leg
Thickness of bottom corner part
Plate thickness
Thickness of the plates subjected to bolt shear force
Angle thickness
Thickness of web angle
Initial rotational stiffness of the joint
Design shear resistance of the panel zone
Width of column measured between tube axes
Depth of column measured between tube axes
Distance between internal bolt lines of angle
Vertical distance between bolt lines
Deformation capacity of angle
Angle of engagement of corner tube in compression
Partial safety factor for design shear resistance of panel zone
Partial safety factor for resistance of corner tube in tension
Partial safety factor for resistance of bolt in tension
Ultimate tensile strainof material
Rotation capacity of connection
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4.1. Introduction
Of the different types of closed section columns, hybrid fabricated columns (HFCs) are
a reliable alternative to conventional tubular box columns. HFCs (part 7 in Fig. 4-1) are
composed of structural mild steel plates, which may be flat or corrugated, welded to hollow
thin-walled tubes at two opposite edges. The concept of HFC was first introduced by
Aoki [1]; however, since then it has been studied by many researchers [2]-[13]. HFC
columns exhibit higher load-bearing capacity, and better post-buckling strength and energy
absorption compared to the equivalent tubular columns [2]-[4]. Javidan et al. [2] have
demonstrated that the capacity of hybrid fabricated columns is significantly higher than the
corresponding conventional welded box column. For instance, when ultra-high strength
tubes with external diameter of 76.1mm and wall thickness of 3.2mm are added to the
corners of a 2-meter 210mm×210mm×3mm welded box column, its axial capacity
increases at least 10 times. The ductility of this HFC section is also 200% more than the
welded box column. An HFC with high strength or ultra-high strength corner tubes can
carry two to three times more axial load compared to an HFC with mild steel tubes,
respectively [2]. Thus, considering the high capacity to weight ratio and economic
benefits [2], the application of these columns in high-rise buildings sounds reasonable and
feasible. The main obstacle to the broad usage of these columns in construction has been
the issue of a lack of a robust connection, for which the authors of the present research
work have recently proposed a solution (Fig. 4-1) that can be effectively used along with
HFCs [14],[15]. In spite of the complex look of the connection components, the
manufacturing of the components is rather easy and quick. In the experimental tests
conducted on the connection, the parts were machine cut from mild steel (Grade 250).
However, the recommended manufacturing process for large-scale production is “casting”.
Having this perspective in mind, different components of the connection have been
designed in a way that poses no difficulties in the casting process. Avoiding complex shapes
or cavities, not having sharp edges or very thin features are among these measures.
Therefore, achieving a consistent and production tolerance is possible. The design
philosophy behind this connection is ‘weak beam-strong column’ which aims at shifting
the failure from the column and connection towards the beam ends such that the connection
is the latest component which may fail. In these research studies, the behaviour of an
innovative modular connection under monotonic loading has been studied experimentally
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and numerically using finite element (FE) analysis. The FE model, which was verified
against the data extracted from the experimental tests, can accurately predict the overall
behaviour of the connection [14]. However, the FE model is a full three-dimensional (3-D)
representation of the joint, which is computationally expensive.

(a) Isometric views

(b) Exploded view
Fig. 4-1. Innovative connection and hybrid fabricated column

The behaviour of a connection is generally reflected in its moment-rotation (M-θ) curve
(Fig. 4-2) by providing essential parameters such as initial stiffness (S j,in i ), moment
resistance (M j,R d ), and rotation capacity (θ Cd ). Many researchers try to relate these
parameters to the mechanical and geometrical properties of the joint’s components. The
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moment-rotation curve or its characteristics can be used in structural analysis packages for
design purposes or global analysis of moment-resisting frames.

Fig. 4-2. Typical moment-rotation curve

There are different ways of extracting the moment-rotation curve of a connection,
including experimental testing, empirical models, analytical models, mechanical models,
numerical models, and informational models [17]. Experimental testing is the most accurate
method to find the actual behaviour of a joint, but it is costly and time-consuming to
conduct for different types of joints. Empirical models are a mathematical representation
of the moment-rotation curves in which the mathematical parameters are related in terms
of the mechanical and geometrical properties of the joints. The main disadvantage of these
models is that they are mainly applicable to the joints used for the calibration of their
formulations [18]. Analytical models use equilibrium, compatibility and material
constitutive relations as the basis to build a model for the prediction of the rotational
stiffness or moment resistance of joints. The reliability of the results provided by this
method is based on how consistent they are with the results of the available experimental
data [18].
Numerical models are a reliable alternative to experimental testing, but they may be
computationally expensive, particularly when a complex joint with multiple components
(such as bolts, end plates, column web, etc.) and their various interactions is modelled. If
the material and geometrical non-linearities are also included, the analysis is even more
time-consuming although more accurate results are anticipated. Nevertheless, FE analysis
has been widely used by researchers to investigate the behaviour of joints since the early
1970s [19],[20].
Mechanical models, also known as spring models or component-based models, are
efficient methods for analysing beam-to-column connections. These models can be
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considered as a trade-off between semi-empirical and complicated 3-D FE models [21]. In
this method, the connection is decomposed into multiple rigid or flexible components. Each
component has stiffness, strength or deformability. The first step in developing a
component-based model is to identify the important components which contribute to the
deformation or failure of the connection. The second step is to find the flexural resistance
and rotational stiffness of the essential components. In the last step, these components are
assembled in order to provide the moment-rotation curve of the joint. The basics of the
component method are based on the analytical and experimental tests performed by
Zoetemeijer [22]. Wales and Rossow investigated the behaviour of double-web angle
connections using a rigid bar connected by two non-linear springs [23]. Tschemernegg
investigated unstiffened welded connections [24]. Tschemmernegg and Humer studied
end-plate bolted connections with this method [25]. Jaspart [26],[27] combined the
available component data and provided a practical tool for designing semi-rigid joints.
Based on these developments, this method was codified in Eurocode 3 (1997) for fully
welded connections, end-plate connections and top and seat angle connections. Given the
flexibility of component-based modelling, since then a great deal of research has been
dedicated

to

developing

component-based

models

for

different

types

of

connections [28]-[33]. Researchers have also investigated joint behaviour using this
method under various loading conditions, such as cyclic loading [21],[34] and fire [35],[36].
In addition to joints with open sections, joints in hollow sections have also been
investigated. Jaspart and Weynand [37] discussed the extension of the component method
to the design of steel joints in tubular construction. Following their study, more research
work was done in this regard, especially through Comité International pour le
Développement et l´Etude de la Construction Tubulaire (CIDECT) research projects [37 –
42].
The aim of this research work is to develop a component-based model for the innovative
beam-to-fabricated tubular connection shown in Fig.1. The model is capable of developing
the moment-rotation curve of the connection and predicting its failure point. The tri-linear
moment rotation curve proposed in this research work for the moment-rotation behaviour
of the innovative connection, can predict the behaviour of this connection accurately.
Whereas the majority of the connection parts are different to conventional connections, the
required force/moment- displacement/rotation relations are either derived (e.g. the
extension (part10 in Fig. 4-1 (a))) or extracted from the existing literature and
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accommodated to the new parts. The results are compared with the results of the FE model,
which was previously developed and verified by the experimental test data provided by the
authors [14].

4.2. Component-based modelling
4.2.1 Component method
The component method has been adopted in Eurocode3 [44] and Eurocode4 [45] and
can be used to reproduce the moment-rotation curve and predict the initial rotational
stiffness and moment resistance of a wide variety of joints. As mentioned in the previous
section, the first stage in the development of a component-based model is to break down
the joint to its individual basic components. Many of the components have already been
investigated and their characteristics are available in the literature [44],[45]. The new
components could also be investigated analytically, numerically, or experimentally to
identify their characteristics [18]. Each component has a force-displacement relationship
which may be bi-linear, tri-linear or non-linear [21]. In the present research, the
components are assumed to have elastic-perfectly plastic response curves. Therefore, each
𝑖𝑖
component has an extensional deformability 𝑘𝑘 𝑖𝑖 and a plastic resistance 𝐹𝐹𝑅𝑅𝑅𝑅
(Fig. 4-3).

Fig. 4-3. Bi-linear behaviour of joint components

Each component is represented by a translational spring, which can undergo either
tension or compression. It also has a lever arm (ℎ𝑟𝑟 ), which is measured from the
reference datum to the bolt row to which that specific component belongs. The datum
in this study is chosen to be at the middle of the thickness of the outstanding leg of the
𝑇𝑇𝑇𝑇
bottom angle (part 6-2 in Fig. 4-1). The plastic resistance at each row (𝐹𝐹𝑅𝑅𝑅𝑅
) is obtained

from:
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𝑖𝑖
𝑇𝑇𝑇𝑇
𝐹𝐹𝑅𝑅𝑅𝑅
= min 𝐹𝐹𝑅𝑅𝑅𝑅
𝑖𝑖=1,…,𝑛𝑛

(Eq. 4.1)

where, n is the number of components in row r. Moreover, the equation of equilibrium
leads to the following equations:
𝑇𝑇𝑇𝑇
𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = � 𝐹𝐹𝑅𝑅𝑅𝑅

𝑇𝑇𝑇𝑇
𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = � 𝐹𝐹𝑅𝑅𝑅𝑅
. ℎ𝑟𝑟

(Eq. 4.2)
(Eq. 4.3)

in which 𝐹𝐹𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 are total external force in both horizontal and vertical directions

and moment applied to the joint, respectively.

The final stage is to assemble the springs in each row and eventually in the tension and
compression zones. The resultant extensional deformability of each row is found based on
the extensional deformability of all components, dependent on that bolt row. The relation
is as follows:
𝑛𝑛
1
1
=
�
𝑇𝑇
𝑖𝑖
𝑘𝑘𝑟𝑟
𝑖𝑖=1 𝑘𝑘

(Eq. 4.4)

where, 𝑘𝑘𝑟𝑟𝑇𝑇 is the total extensional deformability of row number r, and n is the number of

components in that row. Therefore, assuming the rigid rotation of the web about the
compression centre leads to the overall equivalent stiffness of the tension zone (𝐾𝐾 𝑡𝑡 ) such
that:

𝐾𝐾 𝑡𝑡 =
and
ℎ𝑡𝑡 =

𝑡𝑡
∑𝑛𝑛𝑟𝑟=1
𝑘𝑘𝑟𝑟𝑇𝑇 . ℎ𝑟𝑟
ℎ𝑡𝑡
𝑡𝑡
∑𝑛𝑛𝑟𝑟=1
𝑘𝑘𝑟𝑟𝑇𝑇 . ℎ𝑟𝑟2
𝑏𝑏
∑𝑛𝑛𝑟𝑟=1
𝑘𝑘𝑟𝑟𝑇𝑇 . ℎ𝑟𝑟

(Eq. 4.5)

(Eq. 4.6)

in which ℎ𝑡𝑡 is the tension lever arm, and 𝑛𝑛𝑡𝑡 is the number of bolt rows in the tension zone.
In the compression zone, the equivalent extensional stiffness of the components (𝐾𝐾 𝑐𝑐 ) is

evaluated based on the laws of mechanics for springs in parallel and series configurations
as follows:
𝐾𝐾 𝑐𝑐 = �

𝑛𝑛𝑐𝑐

1

𝑗𝑗=1 ∑𝑛𝑛
𝑖𝑖=1

1
𝑘𝑘𝑗𝑗𝑖𝑖

(4.7)
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where 𝑘𝑘𝑗𝑗𝑖𝑖 is the stiffness of the component i in row j and 𝑛𝑛𝑐𝑐 is the number of bolt rows in
the compression zone.Finally, the initial rotational stiffness of the joint (𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖 ) can be found
using the following expression:

𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖 =

ℎ𝑡𝑡2

1
1
+ 𝐾𝐾 𝑐𝑐
𝑡𝑡
𝐾𝐾

(Eq. 4.8)

Similarly, the flexural resistance of the joint (𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅 ) is determined from:
𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅 = �

𝑛𝑛𝑡𝑡

𝑇𝑇𝑇𝑇
𝐹𝐹𝑅𝑅𝑅𝑅
. ℎ𝑟𝑟

𝑟𝑟=1

(Eq. 4.9)

In this study, the moment-rotation curve of the joint is assumed to be a multi-linear curve,
as depicted in Fig. 4-4.

Fig. 4-4. Tri-linear moment-rotation curve of joint

The first range, which corresponds to the elastic range, varies linearly with a slope equal to
the initial rotational stiffness of the joint [44]. This linear part is valid until the magnitude
of moment reaches the value of

2
3

𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅 [44]. The second range is also assumed to be linear,

but with a modified slope. This range is for the moment which is greater than the previous

threshold and less than the flexural resistance of the joint (𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅 ). In the case of connections

with top, seat and web angles, this slope can be taken as

𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖
7

[18]. The connection of the

subject of this study can also be treated similarly in this respect. The last stage pertains to
the plastic hardening stage of the connection. The slope in this zone is also taken to be
linear. Where the moment exceeds the flexural resistance of the joint up to failure point,
the slope can be taken as

𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖
20

[46]. There are major failure modes, such as top angle failure,

corner tube crushing (in compression) or side plate wrinkling, of which only the first mode
is included in this study. However, other modes also need to be considered in order to
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improve the accuracy and reliability of the model. The group effect for bolts is also not
included in the model, which presumably will enhance the model’s ability to capture the
joint behaviour accurately.
4.2.2 Characteristics of components in tension zone
The connection in the current study (Fig. 4-1) is decomposed to its components as shown
in Fig. 4-5. From this figure it can be seen that the complexity of the connection requires a
large number of components to be considered in the proposed component-based model. A
summary of the joint components can be found in Table 4-1. The characteristics of the
components are either taken from the literature (e.g. Eurocode 3 [44]) or are directly
developed here when a similar component is not available in the literature. For example,
the top/seat angles in Fig. 1 have four bolts which are different from the type of angle with
two bolts included in Eurocode 3 [44]; therefore, their stiffness and geometrical parameters
are taken into account using the adjustments suggested by Demonceau et al. [33]. Each
component is explained in the following section.
Table 4-1. Breakdown of essential joint components
Component

Part No.
(Fig. 4-1)

Notation

Equations to calculate Stiffness &
Resistance

Plates in bending

1,2

K2,K5,K28,K31

Eq. 4.9 to Eq. 4.11

Angle bending

6-1,6-2

K7,K26

Eq. 4.12 to Eq. 4.15

Long bolts in tension

12

K6,K29

Eq. 4.16 & Eq. 4.17

Short bolts in tension

11

K3,K32

Eq. 4.16 & Eq. 4.17

Web bolts in shear

13

K12,K25

Eq. 4.18 & Eq. 4.19

Angle bolts in shear

13

K14,K18

Eq. 4.18 & Eq. 4.19

Side plate bearing-Beam web

5-1,5-2

K9,K22

Eq. 4.20 to Eq. 4.24

Side plate bearing-Web angle

5-1,5-2

K15,K19

Eq. 4.20 to Eq. 4.24

Beam web bearing

8

K8,K21

Eq. 4.20 to Eq. 4.24

Angle bearing

9-1,9-2

K13,K17

Eq. 4.20 to Eq. 4.24

Web extension in bearing

10

K10,K23

Eq. 4.20 to Eq. 4.24

Angle in tension

9-1,9-2

K16,K20

Eq. 4.25 & Eq. 4.26

Column web deformation

7

K36,K37

Eq. 4.27 & Eq. 4.28

Corner tube in tension

7

K1,K4

Eq. 4.29 & Eq. 4.30

Web extension in bending

10

K11,K24

Eq. 4.33 & Eq. 4.34

Angle leg in tension

6-1,6-2,9-1,9-2

K33,K34,K35

Eq. 4.35 & Eq. 4.36

Corner tube in compression

7

K27,K30

Eq. 4.37 & Eq. 4.38
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Fig. 4-5. Component model for innovative beam-to-hybrid fabricated column connection

4.2.2.1 Plates in bending
The thin metal flaps located at the back of the collar section of the connection (part 1
and part 2 in Fig. 4-1) behave similar to a T-stub such that the equivalent T-stub stiffness
and flexural resistance are adopted here. The component resistance is chosen based on the
possible collapse mechanisms observed in the experimental tests [47]. The top collar in the
tension zone behaves differently to the bottom one in the compression zone. It is assumed
(as observed in the experimental tests [14]) that the failure mode of the top collar flaps
(shaded areas in Fig. 4-6) will be at the line where they are attached to the main body of
the collar. The bolts will also be under significant amount of tension and will undergo a
noticeable deformation. Each of the bottom collar flaps are expected to yield at two lines,
one at the centre of the bolt and one at the line of attachment to the main body. Hence, the
governing equations are obtained from:
𝑘𝑘𝑝𝑝𝑝𝑝

𝐸𝐸𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,𝑝𝑝 𝑡𝑡𝑝𝑝3
= 0.5
𝑚𝑚𝑝𝑝3

𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 𝐹𝐹𝑝𝑝𝑝𝑝,𝑅𝑅𝑅𝑅 =

2𝑀𝑀𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅 + 2𝐹𝐹𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅
𝑚𝑚𝑝𝑝 + 𝑒𝑒𝑝𝑝

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: 𝐹𝐹𝑝𝑝𝑝𝑝,𝑅𝑅𝑅𝑅

4𝑀𝑀𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅
=
𝑚𝑚𝑝𝑝

4𝑚𝑚𝑝𝑝 + 1.25𝑒𝑒𝑝𝑝 ; 𝑒𝑒𝑥𝑥 + 2𝑚𝑚𝑝𝑝 + 0.625𝑒𝑒𝑝𝑝 ;
𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒,𝑝𝑝 = min �
�
0.5𝑏𝑏𝑝𝑝 ; 0.5𝑤𝑤𝑝𝑝 + 2𝑚𝑚𝑝𝑝 + 0.625𝑒𝑒𝑝𝑝

(Eq. 4.10)

(Eq. 4.11)

(Eq. 4.12)
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in which 𝑚𝑚𝑝𝑝 , 𝑡𝑡𝑝𝑝 , and 𝑒𝑒𝑝𝑝 are parameters displayed in Fig. 4-6. 𝑒𝑒𝑥𝑥 is the vertical distance
from the centre of the bolt hole to the edge of the plate and 𝑤𝑤𝑝𝑝 is the distance between bolt

lines. 𝑀𝑀𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅 and 𝐹𝐹𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅 are the flexural resistance of the plate and the ultimate resistance

of a single bolt, respectively [18], and 𝐸𝐸 is the modulus of elasticity of the collar material.

Fig. 4-6. Plate in bending

4.2.2.2 Angles in bending
The connection has top/seat angles (parts 6-1 and 6-2 in Fig. 4-1), for which the
behaviour can be described based on the relations proposed by Faella et al. [48]. This model
considers the increase of deformability due to the angle leg connected to the beam with the
following relations:
𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡 = 0.5

3
𝐸𝐸𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡
4𝜆𝜆𝑡𝑡𝑡𝑡
�
�
3
4𝜆𝜆𝑡𝑡𝑡𝑡 + 3
𝑚𝑚𝑡𝑡𝑡𝑡

𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡,𝑅𝑅𝑅𝑅 =

𝑏𝑏𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑡𝑡

4𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡,𝑅𝑅𝑅𝑅
𝑚𝑚𝑡𝑡𝑡𝑡

(Eq. 4.13)

(Eq. 4.14)

2𝑚𝑚𝑥𝑥 + 0.625𝑒𝑒𝑥𝑥 + (𝑒𝑒1 + 𝑒𝑒2 ); 4𝑚𝑚𝑥𝑥 + 1.25𝑒𝑒𝑥𝑥 + 𝑒𝑒1 ;
= min �2𝑚𝑚𝑥𝑥 + 0.625𝑒𝑒𝑥𝑥 + (𝑒𝑒1 + 0.5𝑤𝑤); 0.5(2𝑒𝑒1 + 2𝑒𝑒2 + 𝑤𝑤) (Eq. 4.15)
8𝑚𝑚𝑥𝑥 + 2.5𝑒𝑒𝑥𝑥

𝐼𝐼 ⁄𝐿𝐿

𝑚𝑚𝑡𝑡𝑡𝑡 = 𝐿𝐿𝑡𝑡𝑡𝑡 − 𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑒𝑒𝑡𝑡𝑡𝑡 − 0.8𝑟𝑟𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔 ≤ 0.4𝑡𝑡𝑡𝑡𝑡𝑡
�
𝑚𝑚𝑡𝑡𝑡𝑡 = 𝐿𝐿𝑡𝑡𝑡𝑡 − 0.5𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑒𝑒𝑡𝑡𝑡𝑡
𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔 > 0.4𝑡𝑡𝑡𝑡𝑡𝑡

(Eq. 4.16)

where, 𝜆𝜆𝑡𝑡𝑡𝑡 = 𝐼𝐼2⁄𝐿𝐿2 in which 𝐼𝐼 and 𝐿𝐿 relate to the legs of the angles, 𝐼𝐼 is the second moment
1

1

of inertia of the angle leg and 𝐿𝐿 is its effective length measured along the mid-line of the
angle leg along the leg, 𝑔𝑔 is the gap between the end of the beam and face of the column,

𝑟𝑟𝑡𝑡𝑡𝑡 is the fillet radius of the angle, and 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡,𝑅𝑅𝑅𝑅 is the plastic moment of the angle leg [18].

Other parameters in Eqs. (Eq. 4.13)-(Eq. 4.16) can be found in Fig. 4-7.
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Fig. 4-7. Angle in bending

4.2.2.3 Bolts in tension
The stiffness of a single bolt row in tension and the resistance of each bolt can be
calculated from [44]:
𝑘𝑘𝑏𝑏𝑏𝑏 = 1.6
𝐹𝐹𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅 =

𝐸𝐸𝐴𝐴𝑠𝑠
𝐿𝐿𝑏𝑏

0.9𝐴𝐴𝑠𝑠 𝑓𝑓𝑢𝑢𝑢𝑢
𝛾𝛾𝑀𝑀𝑀𝑀

(Eq. 4.17)

(Eq. 4.18)

where, 𝐴𝐴𝑠𝑠 is the thread area of the bolt, 𝐿𝐿𝑏𝑏 is the grip length of the bolt including the

thickness of the plates held by the bolt plus washers and half of the thickness of the bolt
head and nut, 𝑓𝑓𝑢𝑢𝑢𝑢 is ultimate strength of the bolt, and 𝛾𝛾𝑀𝑀𝑀𝑀 is the partial safety factor

suggested by Eurocode [44].
4.2.2.4 Bolts in shear

In the case of bolted connections with angles, the flexibility and flexural resistance of
the connection should be calculated accounting for the shear resistance of the bolts. For
pre-loaded bolts, the stiffness is considered to be infinite (∞). However, the flexibility and
resistance of bolt rows in shear can be determined from [18].
𝑘𝑘𝑏𝑏𝑏𝑏 = 16

𝑛𝑛𝑏𝑏 𝑑𝑑𝑏𝑏2 𝑓𝑓𝑢𝑢𝑢𝑢
2
𝑑𝑑𝑀𝑀16

𝐹𝐹𝑏𝑏𝑏𝑏,𝑅𝑅𝑅𝑅 = 𝑛𝑛𝑏𝑏 𝑛𝑛𝑠𝑠 𝐴𝐴𝑠𝑠 𝑓𝑓𝑦𝑦𝑦𝑦

(Eq. 4.19)
(Eq. 4.20)
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where, 𝑛𝑛𝑏𝑏 is the number of bolts, 𝑛𝑛𝑠𝑠 is the number of shear planes passing through the bolt,
𝑓𝑓𝑦𝑦𝑦𝑦 is the design shear stress of the bolt which is taken as 0.6 𝑓𝑓𝑢𝑢𝑢𝑢 ⁄𝛾𝛾𝑀𝑀𝑀𝑀 based on the

recommendation of Eurocode 3 [44], 𝑑𝑑𝑀𝑀16 is diameter of the M16 bolt, and 𝑑𝑑𝑏𝑏 is the bolt

diameter.

4.2.2.5 Plate bearing
The members connected by bolts and under shear loads undergo large amounts of stress
at the area where the members are in contact with the bolt shank. This effect is accounted
for by using the following empirical formulations [18]:
𝑘𝑘𝑝𝑝𝑝𝑝 = 24𝐸𝐸𝑛𝑛𝑏𝑏 𝑘𝑘𝑏𝑏 𝑘𝑘𝑡𝑡 𝑓𝑓𝑢𝑢𝑢𝑢

𝑘𝑘𝑏𝑏 = min �0.25

𝑒𝑒𝑏𝑏
𝑝𝑝𝑏𝑏
+ 0.5; 0.25 + 0.375; 1.25�
𝑑𝑑𝑏𝑏
𝑑𝑑𝑏𝑏

𝑘𝑘𝑡𝑡 = min �1.5
𝐹𝐹𝑝𝑝𝑝𝑝,𝑅𝑅𝑅𝑅 = 2.5
𝜉𝜉 = min �

𝑡𝑡𝑝𝑝𝑝𝑝
; 2.5�
𝑑𝑑𝑀𝑀16

𝑛𝑛𝑏𝑏 𝜉𝜉𝑓𝑓𝑢𝑢𝑢𝑢 𝑑𝑑𝑏𝑏 𝑡𝑡𝑝𝑝𝑝𝑝
𝛾𝛾𝑀𝑀𝑀𝑀

𝑒𝑒𝑏𝑏 𝑝𝑝𝑏𝑏
1 𝑓𝑓𝑢𝑢𝑢𝑢
;
− ;
; 1�
3𝑑𝑑0 3𝑑𝑑0 4 𝑓𝑓𝑢𝑢𝑢𝑢

(Eq. 4.21)
(Eq. 4.22)

(Eq. 4.23)

(Eq. 4.24)

(Eq. 4.25)

where, 𝑡𝑡𝑝𝑝𝑝𝑝 is the thickness of the plates subjected to bolt pressure, 𝑓𝑓𝑢𝑢𝑢𝑢 is the plate’s ultimate
strength, 𝑑𝑑0 is the bolt hole diameter, 𝑝𝑝𝑏𝑏 is the spacing between bolts, and 𝑒𝑒𝑏𝑏 is the distance
of the bolt line to the free edge in the direction of the applied load (Fig. 4-8).

Fig. 4-8. Plate bearing
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4.2.2.6 Angle in tension
The angles (parts 9-1 and 9-2 in Fig. 4-1) engaging the connection with the flat face of
the column through the side plates (parts 5-1 and 5-2 in Fig. 4-1) are assumed to be under
tension. Accordingly, the stiffness and resistance of this component are taken as [49]:
𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤 =
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤,𝑅𝑅𝑅𝑅 =

6𝐸𝐸𝐸𝐸
(𝐿𝐿𝑎𝑎 − 𝑓𝑓)3

2
2
𝐿𝐿𝑤𝑤𝑤𝑤 𝑡𝑡𝑤𝑤𝑤𝑤
𝑓𝑓𝑢𝑢𝑢𝑢 + 2𝐿𝐿𝑤𝑤𝑤𝑤 𝑡𝑡𝑤𝑤𝑤𝑤
𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢
8(𝐿𝐿𝑎𝑎 − 𝑓𝑓)

(Eq. 4.26)

(Eq. 4.27)

where, 𝐿𝐿𝑎𝑎 is the full length of the outstanding leg, 𝐿𝐿𝑤𝑤𝑤𝑤 is the length of the web angle along
the length of the column, 𝑡𝑡𝑤𝑤𝑤𝑤 is the thickness of the web angle, and 𝑓𝑓 is the summation of

the thickness and fillet size of the angle (Fig. 4-9). Moreover, 𝑓𝑓𝑢𝑢𝑢𝑢 and 𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢 are the ultimate
strength of the weld and web angle, respectively.

Fig. 4-9. Angle in tension

4.2.2.7 Column web deformation
For this component the relations suggested by Neves and Comes [50] is used. The
conditions of the HFC’s faceplate is shown in Fig. 4-10 which justifies using the
formulation suggested by [50].
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(a) Load case

(b) Global mechanism of failure [50]
Fig. 4-10. Faceplate deformation

In order to derive the relations, it is assumed that the long edges of the faceplate are
fixed and the other ends are free, which is the conditions that happens to the faceplate of
the HFC. The load is applied thought the weld lines attaching the angles to the plate. The
stiffness and resistance of the component can be found in [50], and Table 7.13 in [44],
respectively:
𝑘𝑘𝑐𝑐𝑐𝑐

16𝐸𝐸𝑇𝑇13
𝛽𝛽 + (1 + 𝛿𝛿)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
=
�
�
(𝐿𝐿𝑐𝑐𝑐𝑐 − 1.5𝑟𝑟𝑤𝑤 )2
10.4(𝑘𝑘1 − 𝑘𝑘2 𝛿𝛿)
(1 − 𝛿𝛿)3 +
𝜇𝜇 2

𝛽𝛽 =
𝐹𝐹𝑐𝑐𝑐𝑐,𝑅𝑅𝑅𝑅

(Eq. 4.28)

2𝐿𝐿𝑎𝑎
𝑡𝑡𝑤𝑤𝑤𝑤
, 𝛿𝛿 =
, 𝜃𝜃 = 35 − 10𝛽𝛽
𝐿𝐿𝑐𝑐𝑐𝑐 − 1.5𝑟𝑟𝑤𝑤
𝐿𝐿𝑐𝑐𝑐𝑐 − 1.5𝑟𝑟𝑤𝑤

𝐿𝐿𝑎𝑎
⎛𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 𝑇𝑇12 2 + 5.6 𝐿𝐿𝑐𝑐𝑐𝑐
⎞
= 𝑚𝑚𝑚𝑚𝑚𝑚 ⎜
.
, 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 𝑇𝑇1 (2𝑡𝑡𝑤𝑤𝑤𝑤 + 10𝑇𝑇1 )⎟
𝛾𝛾𝑀𝑀5
𝐿𝐿
�1 − 1.8 𝑎𝑎
𝐿𝐿𝑐𝑐𝑐𝑐
⎝
⎠

(Eq. 4.29)

where 𝐿𝐿𝑐𝑐𝑐𝑐 is the column faceplate width, 𝑟𝑟𝑤𝑤 is the plate weld thickness, 𝑘𝑘1 =1.5, 𝑘𝑘2 =1.63,
and 𝛾𝛾𝑀𝑀5 is a safety factor suggested by Eurocode3 [44].
4.2.2.8 Corner tubes in tension

The main load path for transferring the load from the connection to the column is through
the corner tubes. It is assumed that while the connection is under bending moment, the
corner tubes are locally under tension or compression. Since there is no case in the literature
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which is exactly the same as the corner tubes used in this study, a similar case in which
tubes are loaded through the bolts (rather than welds) [51],[52] are considered in the present
study (Fig. 4-11). The effect of plates is replaced with a force for each plate. The interaction
of the connection with the tube, which is through the weld lines is also replaced with a force
per each weld line.

(a) Top View

(b) Equivalent applied force diagram
Fig. 4-11. Tube under tension

Therefore, the initial stiffness [51] and resistance [44] (Table 7.4) respectively can be
determined from the following relations:
𝑘𝑘𝑐𝑐𝑡𝑡𝑡𝑡 =
𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐,𝑅𝑅𝑅𝑅 =

𝐷𝐷
𝛾𝛾𝑠𝑠 (𝐷𝐷𝑡𝑡𝑡𝑡 − 2𝑇𝑇2 )2

𝑘𝑘𝑝𝑝 𝑇𝑇22 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦
𝐷𝐷 =

(4 + 20𝛽𝛽 2 )(1 + 0.25𝜂𝜂)
𝛾𝛾𝑀𝑀5

𝐸𝐸𝑇𝑇23
12(1 − 𝜐𝜐 2 )

𝛽𝛽 =
𝜂𝜂 =

𝑏𝑏1
𝐷𝐷𝑡𝑡𝑡𝑡

𝐻𝐻𝑒𝑒𝑒𝑒
𝐷𝐷𝑡𝑡𝑡𝑡

(Eq. 4.30)

(Eq. 4.31)

(Eq. 4.32)

(Eq. 4.33)

where, 𝐷𝐷 is the flexural rigidity, 𝑇𝑇2 and 𝐷𝐷𝑡𝑡𝑡𝑡 are the tube thickness and external diameter,

respectively (Fig. 4-11); 𝛾𝛾𝑠𝑠 is the deflection coefficient, which in this study equals 0.0005

and 𝑘𝑘𝑝𝑝 for tension equals 1, 𝛾𝛾𝑀𝑀5 is a partial safety factor according to Eurocode 3 [44],
𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 is the yield strength of the tube material, and 𝑏𝑏1 and 𝐻𝐻𝑒𝑒𝑒𝑒 are shown in Fig. 4-12.
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Fig. 4-12. Bottom corner part

4.2.2.9 Web extension in bending
The web extension (part 10 in Fig. 4-1) is a plate extended between the top and bottom
collars (parts 1 and 2 in Fig. 4-1) which is welded to these parts. Hence, it can be assumed
to be a beam fixed at both ends and under a loading condition as shown in Fig. 4-13, in
which P is the load due to the relative displacement of the beam and the connection face,
transferred from the beam web through the side plates (parts 5-1, 5-2 in Fig. 4-1) to the web
extension.

Fig. 4-13. Web extension component

The load-deflection relation for the loading condition shown in Fig. 4-13can be found
using engineering mechanics in which the resistance is calculated based on the elastic
moment capacity of the beam such that:
𝑘𝑘𝑤𝑤𝑤𝑤𝑤𝑤 =
𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤,𝑅𝑅𝑅𝑅

162𝐸𝐸𝐼𝐼𝑤𝑤𝑤𝑤
𝐿𝐿3𝑤𝑤𝑤𝑤

2
81𝑏𝑏𝑤𝑤𝑤𝑤 ℎ𝑤𝑤𝑤𝑤
𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢
=
48𝐿𝐿𝑤𝑤𝑤𝑤

(Eq. 4.34)

(Eq. 4.35)

where, 𝐼𝐼𝑤𝑤𝑤𝑤 is the second moment of inertia of the cross-section of the web extension, 𝐿𝐿𝑤𝑤𝑤𝑤

is the length of the web extension, and 𝑏𝑏𝑤𝑤𝑤𝑤 and ℎ𝑤𝑤𝑤𝑤 are cross-section dimensions shown in

Fig. 4-13. The above relations are found taking 𝑎𝑎 = 𝐿𝐿𝑤𝑤𝑤𝑤 ⁄3 , which is the case for the
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connection of this study. It is noted that 𝑓𝑓𝑢𝑢𝑢𝑢𝑢𝑢 is the ultimate strength of the web extension

material.

4.2.2.10 Angle leg in tension
The top angle leg (part 6-1) and the web angle legs (parts 9-1,9-2) contribute to the
ductility of the connection and their capacity should be taken into account in order to be
able to have a more realistic model. The stiffness and resistance of these components are
as follows [36]:
𝑘𝑘𝑎𝑎𝑎𝑎 =

𝐸𝐸𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎 𝑡𝑡𝑎𝑎
𝑔𝑔𝑎𝑎

𝐹𝐹𝑎𝑎𝑎𝑎,𝑅𝑅𝑅𝑅 = 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎 𝑡𝑡𝑎𝑎 𝑓𝑓𝑦𝑦𝑦𝑦

(Eq. 4.36)
(Eq. 4.37)

in which 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒,𝑎𝑎 is the effective length based on the definitions of Eurocode 3 [44], 𝑔𝑔𝑎𝑎 is

the gauge length of the angle which is the length of the outstanding angle leg under tension
measured in the load direction (Fig. 4-9), 𝑓𝑓𝑦𝑦𝑦𝑦 is the yield strength of the angle material, and
𝑡𝑡𝑎𝑎 is the thickness of the angle.

4.2.3 Compression zone and shear behaviour
According to Fig.1, the seat angle in bending (part 6-2 in Fig. 4-1), and the corner tubes
of the column in compression and the plate in bending (part 2 in Fig. 4-1) are chosen as the
components representing the compressive behaviour of the joint. The seat angle in bending
and the plate in bending are similar to the top angle in bending and the plate in bending, as
explained in Section 2.2. However, the flexibility and resistance of the corner tubes of the
column in compression can be obtained from [53] and Table 7.4 in [44], respectively:
𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐 =

𝜋𝜋𝜋𝜋𝜋𝜋𝐻𝐻𝑒𝑒𝑒𝑒 (𝐷𝐷𝑡𝑡𝑡𝑡 − 2𝑇𝑇2 )
360�𝑡𝑡𝑒𝑒𝑒𝑒 + 𝑡𝑡𝑡𝑡𝑡𝑡 �

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐,𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑝𝑝 𝑇𝑇22 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦

(4 + 20𝛽𝛽 2 )(1 + 0.25𝜂𝜂)
𝛾𝛾𝑀𝑀5

(Eq. 4.38)

(Eq. 4.39)

where, 𝛼𝛼, 𝑡𝑡𝑒𝑒𝑒𝑒 are shown in Fig. 4-14. It is assumed that the connection’s corner part is

bearing on the tube wall through applying a distributed pressure force.
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Fig. 4-14. Corner bottom part and tube assembly

It is assumed that the compressive force is distributed on the tube wall through the corner
bottom part (parts 3-1 to 3-4 in Fig. 4-1) so that the tube wall acts as a bearing plate. The
column side walls (i.e. the flat plates between corner tubes), deform noticeably less than
other components of a joint, and therefore their contribution can be neglected in both
tension and compressive behaviour of the joint [39]. In addition, web panel shear which
happens in open sections is transferred to the side plates and the relevant formulation in the
case of open section joints could be used for the hollow sections [39]. Neglecting the
column axial load effects, the design shear resistance of the panel zone can be computed
using the following equation [18]:
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 =

𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 𝐴𝐴𝑣𝑣𝑐𝑐
√3𝛾𝛾𝑀𝑀0

𝐴𝐴𝑣𝑣𝑣𝑣 = 2(𝑊𝑊1 + 𝑊𝑊2 − 2𝐷𝐷𝑡𝑡𝑡𝑡 )𝑇𝑇1 + 4𝜋𝜋𝑇𝑇2

(Eq. 4.40)
(Eq. 4.41)

in which 𝑓𝑓𝑦𝑦𝑦𝑦𝑦𝑦 is the yield strength of the column web, 𝐴𝐴𝑣𝑣𝑣𝑣 is the shear area of the column
and 𝛾𝛾𝑀𝑀0 is the partial safety factor. 𝑊𝑊1 , 𝑊𝑊2 , 𝑇𝑇1 are shown in Fig. 4-15.

4.2.4 Rotation capacity

The more complex a connection, the more complicated its behaviour. Bolts, angles,
plates and each component of the connection may be a source for the failure of a joint. As
the results of the experimental tests performed on the connection under investigation in this
study suggest, the main source of failure is chosen to be the top angle seat. Therefore, the
failure of this component has been investigated in the modelling of the joint. Different
criteria have been proposed for the prediction of the axial deformation capacity of angle
connections [54]. The criterion introduced by Shen and Astaneh-Asl [55] is adopted in the
modelling in the present research. According to this method, the failure will happen in an
angle under tension (which is the case in the joint in this study.) The rotation of the
connection components compared to the top angle is negligible. Thus, the top angle is the
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main source of deformation (∆𝑡𝑡 ) in tension area. The compression area also undergoes

deformation (∆𝑐𝑐 ), which is more prominent in the case of corner tubes of mild steel material.
These deformations occur in horizontal direction and therefore the rotation capacity of the
connection before failure (𝜃𝜃𝐶𝐶𝐶𝐶 ) can be calculated using the following equation:
𝜃𝜃𝐶𝐶𝐶𝐶 = tan−1 �

where 𝐿𝐿 is the beam length and

(∆𝑡𝑡 + ∆𝑐𝑐 )
�
𝐿𝐿

Δ𝑡𝑡 = 2(𝑔𝑔1 − 𝑡𝑡𝑎𝑎 )𝜀𝜀𝑢𝑢 �𝑡𝑡𝑎𝑎 ⁄�(𝑔𝑔1 − 𝑡𝑡𝑎𝑎 )𝜀𝜀𝑢𝑢 �
𝑇𝑇𝑇𝑇
∑𝑛𝑛1 𝑐𝑐 𝐹𝐹𝑅𝑅𝑅𝑅
∆𝑐𝑐 =
𝐾𝐾𝑐𝑐

(4.42)

(4.43)

(4.44)

in which 𝜀𝜀𝑢𝑢 is the ultimate tensile strain of the angle material taken as 0.35, 𝑔𝑔1 is the

distance from the centre of the bolt hole to the face of the beam on the outstanding leg of

the angle, and 𝑡𝑡𝑎𝑎 is the angle thickness. The above value is then used to predict the rotation
capacity of the connection before failure (𝜃𝜃𝐶𝐶𝐶𝐶 ).

4.3. Illustration
In order to verify the results of the component-based model proposed in Section 2, finite
element (FE) analysis was used using ABAQUS. FE analysis provides the opportunity to
implement the idealisations used in the mechanical model, such as material properties and
boundary conditions, or trace the onset of different events, like the yielding of different
components. It is worth noting that the FE model used in this section has already been
validated against the experimental results conducted on the connection under investigation
in this study [14]. The FE model is a three-dimensional (3-D) representation of the joint
with material and geometrical non-linearities included. Contacts between different parts of
the connection are also modelled. The top and bottom surfaces of the column are fixed
while the load is applied in displacement control mode at the free end of the attached beam.
In order to be consistent with the assumption of the minimal contribution of side plates in
the stiffness of the joint, the side plates of the column are assumed to be rigid. The element
used for the simulation is C3D8R type, which is recommended for analyses with non-linear
nature such as large deformations, contact, etc. [56]. C3D8R is a brick element with
reduced integration and hourglass control. A schematic of the column cross-section,
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loading and boundary conditions of the FE model is presented in Fig. 4-15. The column
height is chosen to be 1m and the beam cross-section is taken as 200UB22.3 [57].

Fig. 4-15. FEA boundary conditions and column cross-section

Dimensions of the column are given in Table 4-2.
Table 4-2- HFC dimensions

Symbol

Value
mm

Symbol

W1
W2

286
286

T1
T2
R1

Value
mm
3
3.2
34.8

Numerical simulation was performed for the joint once with mild steel (MS) corner
tubes and once with ultra-high strength steel (UHSS) corner tubes. The material properties
can be found in Table 4-3 [14]. The same data were also used in the component-based
modelling.
Table 4-3. Material Properties

Material
Mild Steel (Grade 250)
Ultra-high Strength Steel

Modulus of
Elasticity
GPa
195
210

Poisson’s
Ratio
0.29
0.3

Yield Stress
MPa
266
1260

The results of the component-based modelling and FE analysis for joints with MS corner
tubes and UHSS corner tubes are presented in Fig. 4-16 (a) and (b), respectively. A
summary of the results is also presented in Table 4-4.
Table 4-4. Summary of results

Corner Tube Material

Mild Steel (Grade 250)
Ultra-high Strength Steel

Initial Stiffness
𝑆𝑆𝑗𝑗,𝑖𝑖𝑖𝑖𝑖𝑖

kNm/rad
Component
FEA
3990.2
3465.2
4008.3
3542.5

Moment
Resistance
𝑀𝑀𝑗𝑗,𝑅𝑅𝑅𝑅
kNm

Rotation
Capacity
𝜃𝜃𝐶𝐶𝐶𝐶
rad

Ultimate
Moment
𝑀𝑀𝑢𝑢
kNm

62.8
69.4

0.088
0.102

71.0
79.42
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As the results suggest, the component-based model proposed here predicts the
connection to respond more stiffly to the loading compared to the FE model. This overestimation could be due to bolt slippage, bolt pre-tension, residual stresses or
imperfections [36], which are modelled in the FE analysis but not in the component-based
model. However, the discrepancies are not significant. Obviously, as a result of the trilinear behaviour assumption in the model, it is not possible to capture the exact non-linear
behaviour of the joint. Nevertheless, the post-yield section of the curve is close to the
behaviour of the joint predicted by the FE model. Regarding the failure prediction, in the
case of the column with UHSS corner tubes, the failure determined by the experimental
test happens at 0.112 rad rotation [14], while the prediction given by the component-based
model in this study is 0.102 rad, indicating a good estimate of the failure point. Moreover,
the prediction based on Eurocode 3 [44] after the first linear zone is less accurate than the
results of this study, and after the moment reaches the moment resistance of the connection,
its results deviate even more from the FE model predictions and is not able to capture the
non-linear behaviour of the connection.

(a) Joint with column with MS corner tubes

(b) Joint with column with UHSS corner tubes

Fig. 4-16. Comparison of results

4.4. Conclusion
Component-based modelling is proven to be a reliable and flexible method for the
prediction of the behaviour of different connections. In this method, the joint is decomposed
into its basic components with previously known behaviour. In the present research a
component-based model was developed for an innovative connection, which has been
recently proposed by the authors, for beam-to-hybrid fabricated column connections. The
results of this model are compared with those of an FE model. The developed component-

C H A P T E R 4 | 147

based model is shown to be able to closely predict the initial stiffness, moment resistance
and deformation capacity of the joint. The concept of the component model developed in
this research work can be used to conduct a comprehensive parametric study where other
failure modes and the geometry boundary for each failure mode can be thoroughly
investigated. Although the modelling method is consistent with the approach included in
Eurocode 3 [44], since the resultant model of this study accounts for the remaining strength
of the parts in the plastic hardening region by adopting a tri-linear moment-rotation curve
with non-zero slopes, it is able to predict the joint behaviour more accurately compared to
the results provided by Eurocode 3 [44], which suggests using a constant value for moment
in this region. The developed model is also capable of prediction of the failure of the
connection accurately, verified by comparison to the previously published experimental
results. The resultant model can be efficiently used for further studies of the joint, such as
parametric studies, or the provision of design recommendations without need for extensive
experimental work or time-consuming FE simulations. However, the model requires further
improvements, such as including other possible failure modes, more experimental testing
and the development of exclusive relations for other new components and other loadings
such as cyclic, impact, fire, etc. The proposed model is based on the fact that failure occurs
at top angle. The effect of various failure modes, geometry boundary of each failure, and
dimensions of the connection components is being investigated at Monash University
through a parametric study.
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Abstract
The hybrid-fabricated-columns (HFC) are known to show more load bearing capacity
and better post buckling behaviour than conventional hollow sections. Among this new
generation of columns, HFCs consisting of corrugated plates and corner tubes are known
to have superior performance compared to the ones with flat plates. Several studies have
been performed on the performance of this type of column with different configurations,
corner tube materials and loading conditions. However, finding a proper connection for
attaching I-beams to this type of column is challenging. The authors have recently proposed
an innovative type of connection that can be used along with HFCs. The current research
work presents the results of numerical simulations conducted on the behaviour of the
aforementioned innovative connection under monotonic loading used along with HFCs
with corrugated plates using a full 3-dimensional finite element model. Firstly, the
behaviour of the original modular connection attached to the corrugated HFC is compared
to that of the connection with flat plates HFC. Thus, a thinned version of the connection,
which unlike the original connection is not reusable, is also investigated and compared with
the original connection. Finally, considering the more flexible behaviour of the corrugated
HFC, the behaviour of a bi-directional connection, which is one of the features of the
innovative connection, is studied. It is demonstrated that this configuration of the
connection has higher stiffness and reduces the lateral flexibility of the corrugated plates.
Keywords: hybrid fabricated column; corrugated plate; modular bolted connection; finite
element method; ultra-high strength; moment-rotation curve; monotonic loading; bidirectional connection.
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5.1

Introduction

Corrugated plates are known to have higher load bearing capacity compared to flat plates.
Their specific shape gives them a continuous stiffening effect, which allows for using
thinner plates than flat plates under similar conditions. Common patterns of corrugated
used in different applications are shown in Fig. 5-1.

Fig. 5-1. Common corrugation patterns [1]

The higher stiffness and strength to weight ratios can be effectively used in many
engineering applications, namely for structural applications. Many researchers have
investigated the behaviour of individual corrugated plates while others have looked into the
structural application of these plates as components in structural elements such as girders
or columns [1]-[4].
In the past few years, hollow fabricated columns, among other structural elements, have
gained more popularity due to higher load bearing capacity, energy absorption and better
post-buckling behaviour. In general, fabricated columns, as the name suggests, are
produced by putting different plates together through welding for forming the shape
required by the designer. These plates can be corrugated or flat plates. The concept of using
corrugated plates in fabricated columns was introduced and investigated by Nassirnia et
al. [1]. A schematic view of the corrugated column used in this study is presented in Fig.
5-2.
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Fig. 5-2. Column consisting of corrugated plates [1]

The study conducted by Nassirnia et al. [1] has demonstrated the superior performance
of this type of fabricated column, compared to the conventional rectangular flat hollow
section in terms of load bearing capacity, energy absorption and even from economical
point of view.
Another structural element that enjoys the benefits of using corrugated plates is hybrid
fabricated column. This type of column is made of four plates attached to four corner tubes,
forming a hollow closed section (Fig. 5-3).The performance of this column has been studied
extensively at Civil Engineering Department of Monash University through an extensive
experimental testing campaign and numerical simulations [5]-[12]. These investigations
show that post buckling behaviour and load bearing capacity of hybrid fabricated columns
could be improved by replacing the flat plates with corrugated ones.

(a)
(b)
Fig. 5-3. Hybrid fabricated columns consisting of corner tubes and (a) flat plates (b) corrugated plates

Considering the superior performance of hybrid fabricated columns with corrugated
plates, they could be a suitable choice in moment-resisting frames and in applications where
there are needs for reliable members with superior performance. In order for so that these
columns be used in construction, there should be a robust structural beam-to-column
connection. The authors have recently proposed an innovative type of connection that can
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be used along with hybrid fabricated columns [13],[14]. This modular connection shows
high ductility while being able to deliver a high moment capacity, enabling the frame to
satisfy the weak beam-strong column design philosophy.
In this work, the performance of hybrid fabricated column with corrugated plates in
conjunction with the aforementioned innovative connection is investigated using finite
element method. The moment-rotation curves of the connection attached to the corrugated
hybrid column is compared with those of the connection attached to a hybrid column with
flat plates in different cases including original connection, reduced size connection, and
bidirectional connections.

5.2

Numerical modelling

The numerical model used in this study is a full three-dimensional (3D) finite element
model, created in Abaqus [15] under static monotonic loading with displacement control.
Both material and geometry non-linearities were included in the model in order to better
capture the behaviour of the joint. The beam used in the simulations is of 200UB22.3 [16]
type and 1.2m long. The column geometry and dimensions are presented in Fig. 5-4 (a).
The corrugation type used in this study is shown in Fig. 5-4 (b) with the dimensions given
in Fig. 5-4 (c). Plates of the column are modelled as mild steel (Grade 250), referred to as
MS, and the corner tubes are made of either MS material or ultra-high strength steel (Grade
1200), referred to as UHSS.

(a)

(b)
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(c)
Fig. 5-4. Dimensions used in the FE model

Table 5-1 presents the values of the parameters introduced in Fig. 5-4 (a) and (b).
Table 5-1. Dimensions of the hybrid fabricated column cross-section
Value
Value
Symbol
Symbol
mm
mm
286
3
W1
T1
286
3.2
W2
T2
1000
34.85
H1
D tb

The external dimensions of this column are kept the same with the dimensions of the flat
HFC used in the previous studies on the behaviour of the connection along with flat HFC
to make the comparison of the results reasonable.
5.2.1

Material properties

The material properties of mild steel and ultra-high strength steel used in the simulations
are taken form the experimental worked performed by Javidan et al [9] and given in Table
5-2.
Table 5-2. Material properties
Modulus of
Poisson’s
Elasticity
Ratio
Material
GPa
Mild Steel (Grade 250)
195
0.29
Ultra-high Strength Steel
210
0.3

Yield Stress
MPa
266
1260

In addition to the plates of the column, the connection components and the beam are
also modelled using the Grade 250 mild steel properties. Ductile damage behaviour of these
two grades of steel materials have been implemented in the modelling to ensure more
realistic results. Bolts used in the simulations are assumed to be of Grade 8.8 with their
multi-linear behaviour taken into account [17].
5.2.2

Meshing

The 3D model of the connection was meshed using C3D8R elements. This 8-node brick
element with hour-glass effect control and reduced integration is the recommended element
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for simulations with non-linear characteristics such as large deformation, contact or
plasticity. Element sizing was controlled using the suitable sections created on different
parts to ensure that the mesh size and density are sufficient to capture the interactions,
especially in contact areas where the proper mesh sizing on slave/master surfaces is crucial
for modelling the behaviour. Meshing of the corrugated HFC as a sample of meshing on
the connection parts can be found in Fig. 5-5.

Fig. 5-5. Meshing samples

5.2.3

Interactions and constraints

In the connection of the subject of this study, bolts and also components of the
connection are in direct contact with one another and therefore, the accurate modelling of
the interaction between different parts of the connection is vital. Similarity of the meshing
geometry and assigning a finer mesh to the slave surface in contact pairs is crucial. The
contact definition in this model is done using surface-to-surface definition with finite
sliding formulation. This definition allows for modelling the arbitrary relative motion of
interacting parts. The normal behaviour is of hard contact type with separation after contact,
allowed. The tangential behaviour is modelled using Coulomb friction. Since modelling
the interaction of the bolts and nuts would have no significant effect on predicting the
overall behaviour of the connection, but increasing the simulation time noticeably, they are
modelled as unified items called fasteners. In order to ensure that the contacts are formed
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and work as intended prior to the beginning of the loading, a separate load step, before the
main loading step was dedicated to formation of the contacts. When connection parts are
welded together, “Tie” constraint has been used to define the relevant interaction.
5.2.4

Boundary conditions and loading

Overview of the model used for FE analysis of the connection attached to the column
with corrugated columns is shown in Fig. 5-6. The reason for choosing such setup is the
possibility of comparing the results of current study with the pervious results obtained by
the authors [13],[14] on the connection attached the flat HFC. In this setup, the bottom plate
as well as the base of the support structure are fully fixed. Top plate is under 50kN
compressive axial force, which simulates the gravity load. This load level is chosen in a
way to have the least effect on the behaviour of the connection while it is kept within the
range of the gravity load on columns in high-rise buildings [18]. The loading ram is able to
only move vertically and the loading is applied in displacement format in downward
direction. Fasteners are loaded by an amount of displacement, which is proportional to their
corresponding bolt pitch size.

Fig. 5-6. Simulation setup

5.3

Results and discussion

In this study two different versions of the aforementioned innovative connection have
been studied. The first version is called “original connection”, which has been simulated
numerically and tested experimentally by authors recently [13],[14]. The performance of
this connection attached to the corrugated HFC is simulated and compared to the results of
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the flat HFC in this section. The second version is a connection comprising of similar
components but with thinner dimensions; so it is called “reduced-size connection”. One of
the characteristics of the original connection is its reusability. The simulation of this second
version is aimed at investigating the behaviour of a non-reusable version of the connection
used along with HFCs. Since this version of the connection has not been analysed before,
a simulation and comparison of the results with flat HFC is also included in this study.
The moment-rotation curve of the connections is used for the purpose of comparing the
behaviour of different connections. The rotation of the joint at any stage of the loading of
the connection could consist of elastic and plastic deformations, resulting from global or
local deformations taking place in the joint. However, the rotation used in this study as
shown in Fig. 5-7, is measured using the vertical displacement of a point and its distance
from the face of the connection by utilising the relation presented in Eq. 5.1.

Fig. 5-7. Connection rotation

θ = tan−1

∆
𝐿𝐿

Eq. 5.1

In Eq. 5.1 L is the distance of the measurement point from the connection face and ∆ is the
vertical displacement measured at that point. This definition, which allows for the
comparison of different connection using a uniform approach, is in accordance with
globally accepted standards [19]. However, it is assumed that the rotation is small and the
beam does not bend considerably.
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5.3.1

Original connection

In this section the results of the simulation of the behaviour of the original version of the
innovative connection used along with the corrugated HFC is presented. Considering the
higher load bearing capacity and energy absorption and better post-buckling behaviour of
the corrugated HFCs [7], the performance of the innovative connection used along with
this type of HFCs is important. Details of the different parts of the connection are presented
in Fig. 5-8.

(a) Part No.1- Top collar

(b) Part No.2- Bottom collar

(c) Part No.3- Bottom corner

(d) Part No.4- Top corner

(e) Part No. 5- Side plate

(f) Part No.6- Top/Seat angle

Fig. 5-8. Different parts of the innovative connection

The assembled connection has already been presented in Fig. 5-7. Four instances of Part
No. 4 (Fig. 5-8 (d)) are welded to the corner tubes and other parts are assembled together
and mechanically connected while being secured in their placed using bolts and nuts.
Moment-rotation curve of the simulation in presented in Fig. 5-9. As the figure shows, the
connection capacity is dropped compared to the connection attached to flat HFC, but in
both cases (UHSS and MS corner tubes) the capacity is still more than the beam capacity
(66 kN.m). The rotation capacity of the connection is beyond the 0.04 rad threshold [20]
necessary for moment connections used in seismic applications.
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(a) Connection attached to HFC with UHSS corner tubes
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(b) Connection attached to HFC with MS corner tubes
Fig. 5-9. Comparison of behaviour of connection attached to corrugated HFC to flat HFC

The rotation capacity of the original connection attached to the corrugated HFC with MS
tubes is less than the original connection used along with the flat HFC. The original
connection possesses a similar initial stiffness to the one attached to the flat HFC. However,
the general behaviour of the connection with corrugated HFC is less stiff. The reason could
be attributed to the higher flexibility of the corrugated plate. It allows for a higher level of
deformation in the column which eventually results in generally lower stiffness of the joint.
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For instance, taking the corrugated plate attached to the side plates of the connection (part
No. 5 in Fig. 5-8), and comparing its horizontal out of plane deformation (z direction) with
that of the flat HFC, shows that a larger portion of the corrugated plate undergoes a higher
amount of displacement (Fig. 5-10). It can also be observed how the area of greater
displacements is localised in flat HFC compared to the corrugated one.

(a) Corrugated HFC
(b) Flat HFC
Fig. 5-10. Z-direction displacement (mm)

The same phenomenon happens to the plates on the sides of the column. On the other hand,
for the flat plate HFC, the plates on the sides of the column, due to the absence of
corrugation are far stiffer. However, the maximum displacement on the flat column is
slightly greater than the corrugated column, which is shown as the grey area in Fig. 5-10
(b).
Whereas the corner tubes are strong components of the HFCs, especially in the case of
UHSS corner tubes, level of engagement of the corner tubes is important to be investigated
to determine to what extent the capacity of these components has been used under loading.
Fig. 5-11 shows the von Mises stress distribution on the columns in both MS and UHSS
cases.
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(a) UHSS corner tubes
(b) MS corner tubes
Fig. 5-11. von Mises stress (MPa) distribution

It can be observed in these figures that the stress levels on the corner tubes are close to the
ultimate strength of the corner tube materials in both cases, which shows that the connection
has been able to utilise the material properties of the corner tubes effectively.
The aforementioned points in this section show that the performance of the original
connection along with the corrugated column is as satisfactory and comparable to its
performance along with the flat HFC.
5.3.2

Non-reusable connection

A topology optimisation and parametric study has been performed on the original
connection used along with the flat HFC [13]. The goal of that study was reducing the
weight of the connection while maintaining its main characteristics such as high capacity
and reusability. In the current study, behaviour of a new version of the connection is
investigated in which the components are thinned in a manner that they cannot be reused.
For instance, the collar part of the connection in original and reduced-size versions is
presented in Fig. 5-12. It can be seen that the connection thickness is reduced
significantly but the minimum thickness is kept to the extent that the plate-like sections
of the connection components can still be considered as thick to avoid local effects by
bolts and nuts.
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(a) Original connection

(b) Thinned connection
Fig. 5-12. Top-collar parts

The weight of the non-reusable connection is 33.6% lower compared to the original
connection. The modelling procedure and conditions are similar to what was explained in
the previous sections. The result of the simulations is presented in Fig. 5-13. In order to be
able to investigate the effect of corrugation on the performance of the non-reusable
connection, its moment-rotation behaviour used along with HFC column consisting of flat
plates was also investigated.
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(a) Connection attached to HFC with UHSS corner tubes
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(b) Connection attached to HFC with MS corner tubes
Fig. 5-13. Behaviour of thinned connection attached to corrugated HFC and flat HFC

The results suggest that the capacity of the non-reusable connection is lower than the plastic
moment capacity of the beam and thus, it is no longer a full resistance connection. The
reduction in capacity is more noticeable in the HFCs with UHSS corner tube. The rotation
of the non-reusable connection is also significantly less than the original connection; but in
all cases it is still more than the 0.04 rad threshold recommended by AISC [20].
Comparison of the non-reusable connection attached to flat and corrugated HFCs shows
that capacity and stiffness of the connection used along with the corrugated column is
slightly lower, which in the case of HFC with UHSS corner tubes is more distinct. For
instance at 0.04 rad rotation, the difference between capacity of flat HFC and corrugated
HFC used along with the non-reusable connection in MS case is negligible while for UHSS
case is about 9%. The lost capacity for corrugated HFC with UHSS corner tubes from
original to non-reusable connection is 39%, while for MS case it is 25%. The effect of
difference in material properties of the corner tubes is also negligible for the column with
corrugated column, while for the flat HFC this difference is more evident. Moment capacity
at 0.04 rad rotation is 16% increased for changing the corner tube material from MS to
UHSS. A similar increase in capacity is observed for corrugated HFC used along with
original connection.
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The distribution of the equivalent plastic strain (PEEQ) on the collars of the connection can
be used as an indicator of the reusability of the connection parts. The PEEQ distribution is
presented in Fig. 5-14 for both flat and corrugated HFCs with MS and UHSS tubes.

(a) Corrugated HFC with UHSS corner tubes

(b) Flat HFC with UHSS corner tubes

(c) Corrugated HFC with MS corner tubes
(d) Flat HFC with MS corner tubes
Fig. 5-14. PEEQ distribution on collars

The areas marked with circles are the zones in which the maximum level of PEEQ occurs
and these levels are higher than the levels pertaining to the failure of the connection
established in the previous studies by the authors [13]. This shows that the connection is
not reusable at this stage. The connection components with the dimensions of the current
version could be used in cases where reusability is not necessary but modularity and high
rotation are required.
Similar to the past section, the level of engagement of the corner tube materials is
important. Fig. 5-15 shows von Mises stress distribution on flat and corrugated HFC with
MS and UHSS corner tubes.
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(a) Corrugated HFC with UHSS corner tubes

(b) Flat HFC with UHSS corner tubes

(c) Corrugated HFC with MS corner tubes
(d) Flat HFC with MS corner tubes
Fig. 5-15. von Mises stress (MPa) distribution on column

It can be observed that the level of von Mises stress on the corner tubes in all simulations
performed on this non-reusable connection is lower than the ultimate strength of their
material. It indicates that this version of the connection has not been able to utilise the
material properties of the corner tubes, especially in the HFC consisting of UHSS corner
tubes.
5.3.3

Bi-directional connection

One of the features of the innovative connection presented in this study is the capability
of bi-directional connection i.e. attaching beam in perpendicular directions to the same
connection. In this section the performance of a bi-directional connection is investigated.
The ability of lateral in-plane deformation in the corrugated plates, as observed in the
previous simulations, makes the study of the bi-directional connection attached to a
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corrugated HFC very interesting. The limitation imposed by the connection on the
deformation of the corrugated plates is expected to noticeably affect the connection
performance. The model used in this simulation is presented in Fig. 5-16.

Fig. 5-16. Bi-directional connection simulation setup

Similar to the previous simulations, the load is applied on the ram rod and boundary
conditions, material properties, and meshing properties are the same. The extra beam added
to the connection is free of loading or constrains. This allows for investigating only the
effect of additional components on the overall behaviour of the connection. The momentrotation curves of the connection in both MS and UHSS cases are presented in Fig. 5-17.
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(b) Connection attached to HFC with MS corner tubes
Fig. 5-17. Behaviour of bi-directional connection attached to corrugated HFC

As it can be seen in Fig. 5-17, by adding the second set of connection components, the joint
demonstrates a higher level of stiffness in general. The effect could be associated to the
extra constraint that the added connection exerts on the deformation of the corrugated plate
on the side to which the secondary connection is attached. This constrain is provided
through the interaction of the collar part (Fig. 5-8 (a)) and top corner part (Fig. 5-8 (c)) and
also shear resistance of the M16 bolts that connect the two aforementioned parts. This effect
can also be observed in the way that the beam is deformed. For instance, in the corrugated
column with UHSS corner tubes shown in Fig. 5-18, the beam bottom flange on the side to
which the secondary connection is attached, shows more deformation than the other side
which has no secondary parts attached.
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(a) No-connection side
(b) Secondary connection side
Fig. 5-18. Comparison of beam deformation in bi-directional connection with UHSS corner tubes

The moment capacity of the connection also increases, which is more significant for the
corrugated column with MS corner tubes. In other words, the effect of material properties
of the corner tubes in the bi-directional connection is more significant. Taking the 0.1 rad
rotation point, the capacity of the connection attached to the corrugated column with UHSS
corner tubes has increased 2.6% but for the MS case this improvement is around 9.4%. The
connection rotation is more than the 0.04 rad threshold and it is comparable to the unidirectional connections. The higher level of improvement in the MS case could be results
of the support that the additional connection provides, which prevents the crushing of the
corner tubes as happens for the uni-directional connection [14].
The von Mises stress distribution is presented in Fig. 5-19. The stress levels on the corner
tubes which are supposed to be the main load path transfer shows that the stress levels on
the corner tubes are very close to the ultimate strength levels of the corner tube materials
in both MS and UHSS cases. This is the evidence that the connection has been able to take
advantage of the material properties of the corner tube material, especially in the case of
the UHSS corner tubes.
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(a) UHSS corner tubes
(b) MS corner tubes
Fig. 5-19. von Mises stress (MPa) distribution in bi-directional connection

The level of equivalent plastic strain on top angle and seat angle (Fig. 5-20), compared to
the level of this parameter in the previous studies by the authors [13],[14] show that
although the levels of this variable are less than the failure limits extracted from previous
studies, the top angles are very likely to be the first components of the connection that
would fail under loading. This means the failure mode for bi-directional connection is
expected to be similar to that of uni-directional connection.

(a) UHSS corner tubes
(b) MS corner tubes
Fig. 5-20. Equivalent plastic strain distribution in bi-directional connection on top and seat angles

5.4

Conclusion

In this research work, the performance of an innovative connection used along with
corrugated hybrid fabricated columns was investigated. The simulation results showed that
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the connection demonstrated less stiffness and moment capacity compared to the case
where the flat column was investigated. The moment capacity was, however, more than the
beam plastic capacity and the rotation was also more than the 0.04 rad threshold necessary
for frames used in seismic applications.
A non-reusable version of the connection was also simulated. The moment capacity and
stiffness of the connection dropped significantly and the connection lost its full-strength
status. Nevertheless, the connection was still capable of rotations more than the 0.04 rad.
In addition, the behaviour of this version of the connection was studied when used along
with the HFC with flat plates. Setting the flat and corrugated HFCs side by side, it was
shown that the effect of material properties on the performance of the connection in the
HFCs with MS corner tubes was less significant compared to the case of the HFCs with
UHSS corner tubes.
Considering the flexibility of the corrugated plates, it was expected that the effect of
having a bi-directional connection on the connection performance would be noticeable.
Thus, the behaviour of a bi-directional connection used along with the corrugated HFC was
simulated. The results showed that the connection demonstrated more stiffness and
possessed more capacity compared to the uni-directional connection used along with the
corrugated HFC. The connection in this case was also able to utilise the material properties
of the corner tubes. In addition, the effect of material properties for corrugated HFC with
MS corner tubes was more significant on the behaviour of the connection compared to the
HFC with UHSS corner tubes.
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6.1

Summary of Outcomes

The main aim of this research has been developing a robust connection for hybrid fabricated
columns. Several experimental tests have been conducted to validate the numerical models
in order to investigate the behaviour of this innovative connection under quasi-static
monotonic loading. The resutls of this study could be used for further study of the
connection behaviour and provide a deeper insight into its performance. These resources
could also be used to provide design formulae and recommendations for this type of
connection. The summary of major outcomes and the suggestions for the future work are
presented in this chapter.
6.1.1

Innovative modular connection

The conventional connections may not be a suitable choice to effectively transfer loads
from an I-beam to the hybrid-fabricated column. Therefore, it seems necessary to design a
new connection from scratch based on the characteristics of the hybrid-fabricated column.
This new connection should be capable of getting the most out of the significantly higher
capacities of the corner tubes in hybrid-fabricated columns. Obviously, the connection
should demonstrate enough ductility and load-bearing capacity in such a way that a weak
member-strong connection relation exists. The connection proposed in this thesis has been
tried to be modular to make the construction quicker, easier, and safer. The modular
connection annihilates the necessity of on-site welding, increasing the safety, and provides
the building with better construction tolerances that make the jobs of different trades easier
and improves the overall quality of the structure. It will also offer the possibility of
retrofitting the building by just replacing the damaged parts or erecting temporary moment
frames. The connection parts are also reusable in new constructions in the case of a structure
built with these connections was deemed to be demolished. This connection is also flexible
enough to cover a wide range of column and beam sizes with minimum modifications in
the components or just changing the distance between the top and the bottom segments.
6.1.2

Numerical simulation of conventional and innovative connections

A 3D model that had been verified using the experimental data available from the tests and
literature was used to investigate the behaviour of the innovative connection and four
conventional types of connection (extended end plate, flush end plate, reverse channel, and
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modified ConXL). This model can incorporate damage and non-linear deformations and
material properties. The simulations showed that the conventional connection could not
effectively utilise the superior behaviour of the HFCs and eventually a new connection was
proposed that based on simulations was capable of reaching higher levels of moment
capacity while showing a ductile behaviour. The flush and extended endplate connections
exhibited low initial stiffness and insufficient load-bearing capacity. The reverse channel
connection indicates a higher initial stiffness but still fails to provide a reasonably high
capacity to satisfy the weak member-strong connection design condition. A modified
version of the ConXL connection was also simulated as one of the conventional types of
the connections. This connection exhibited a higher initial stiffness and a relatively higher
load-bearing capacity; however, the major modifications required to adapt it for the HFC
is a significant drawback in the potential use of this connection.
The innovative connection consisting of eleven components has demonstrated a high
initial stiffness and has the highest moment capacity compared to all the studied
connections. Having the advantage of showing a highly ductile behaviour along with the
notably high moment capacity makes this connection an excellent choice for high-rise
buildings. This connection also utilises the superior material properties of the hybridfabricated columns with ultra-high strength steel corner tubes.
6.1.3

Experimental investigation of innovative connection under monotonic loading

In this part of the research work, three experimental tests were performed under monotonic
loading. The one-meter high columns were made of mild steel flat plates and mild steel or
ultra-high strength steel corner tubes. The main aim of the tests was to extract the momentrotation curve of the connection under static loading. The first test was performed on a
column with ultra-high strength steel corner tubes attached to the first version of the
connection. In this version, the beam is attached to the top and seat angles of the connection
using bolts. In the second and third tests, the beam is welded to the top and seat angles of
the connection. The corner tubes in the second and third tests are made of ultra-high
strength steel and mild steel, respectively.
Results of the first test showed that the moment capacity of the connection could reach
up to 90% of the capacity of the attached beam (200UB22.3 [52]). The connection failure
was the sudden failure of the top/seat angle bolts. This failure caused a vast spontaneous
drop in the moment capacity of the connection, which is not favourable in practice. The
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connection components were in their elastic range and sprung back to their place upon
removal of the beam. Moreover, the rotation capacity of the connection was more than
0.04rad, which is the recommended minimum rotation threshold for connections used in
moment frames.
The second test was performed using a modified version of the connection in which the
beam is welded to the top and seat angles of the connection. The column in this test, similar
to the first test, had ultra-high strength corner tubes. Results of this test showed that the
measure taken regarding replacing the bolts with welds for attaching the beam to the
connection had fixed the issue with sudden connection failure and huge drop in its capacity.
The moment capacity of the connection in this configuration went beyond the capacity of
the beam (~1.5 times the beam capacity) while showing more ductility. Even after the
failure initiation, which was in the top angle, the connection capacity did not drop
significantly, and it was still higher than the beam capacity. The connection parts in this
test were again reusable for the next experimental test.
The third test was performed using the same connection and a similar setup used in the
second test. The difference was that the column corner tubes were made of mild steel
material. The moment capacity of the connection, in this case, was also higher than the
beam moment capacity (~1.2 times). The ductility of the connection was the highest among
all three tests. In this test, the connection did not fail, and the test was stopped due to the
hydraulic jack of the loading machine reaching its stroke limit. Unlike other tests that the
columns were not noticeably damaged or distorted, the column in this test was heavily
distorted. The faceplates on the sides were warped and the corner tubes were squashed close
to the lower segment of the connection (compression zone). A part of the higher ductility
of the connection in this test could be attributed to this phenomenon.
6.1.4

Topology optimisation of the innovative connection

In the experimental tests and numerical simulations, the performance of the innovative
connection was investigated, and its advantages over the conventional connections were
observed. One of the characteristics of the connection that has room for improvement is its
weight. Among different parts of the connection, the collars are suitable candidates for
topology optimisation and weight reduction. This is because of their relatively simpler
shape compared to the other components and their contribution to a large portion of the
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connection weight. Therefore, any change in their weight can have a major impact on the
overall weight reduction of the connection.
Topology optimisation is defined as finding the optimal distribution of the material in
the optimisation domain while satisfying certain conditions. This can be achieved by
maximising the stiffness or minimising the compliance of the optimisation domain. The
optimisation in this part was performed using ANSYS. In order to find the extreme levels
that material could be removed from the collars, the optimisation goal was set at 40%. The
optimisation was performed on the original connection and on a connection, which was
12mm thinner than the original. The optimisation results suggest that material at which
areas can be removed and at which areas should be reserved. Obviously, the figures
presented by the software are not of any practical use straightaway and need more
processing to turn into practical solutions. However, it can be observed that the zone in the
middle of the parts is the location where removing the material is mainly suggested.
Thus, the optimised components based on these suggestions were created, and a similar
modification was done on the bottom collar as well. The resultant connection behaviour
under monotonic loading was investigated. The loading conditions, boundary conditions,
column geometry, and material definition were consistent with the previous simulations for
comparison between the results being possible and meaningful.
In connection with original dimensions, the weight reduction was around 6% while in
the case of the reduced size connection this reduction was almost 26%. In spite of these
reductions in weight, the performance of the connection is still satisfactory. As the results
showed, the connection has retained its high ductility and still can pass the 0.04rad
threshold. The moment capacity is also comparably high, and the connection capacity in
all cases is higher than the beam capacity. Although the initial stiffness in all cases is almost
the same, the stiffness of the connection in reduced and reduced-optimised cases are
noticeably lower in larger rotations, which is justifiable considering the lower thickness of
the connection around the axis that it bends under loading. Therefore, the optimised
connection can be a plausible option in practice by which the weight is reduced
significantly while the capacity and ductility still meet the demands.
6.1.5

Developing a component-based model for the innovative connection

Although the developed numerical finite element model was capable of accurately
predicting the behaviour of the connection, the complexity of the connection, non-linear
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material properties, and contact definitions had made it computationally expensive.
Therefore, a component-based model was developed in order to have an accurate
representation of the moment-rotation curve of the connection at a lower computational
cost. This model can be used in further parametric studies or design recommendations.
Due to the complexity of the connection, numerous components were identified and
included in the model. It was assumed that the connection rotates about the reference datum,
which is located at the mid-line of the seat angle’s outstanding leg. The components above
that line are in tension and the ones located lower are under compression.
A group of the connection components were already included in Eurocode3, and others
were taken from the available literature or developed in this study. The geometrical and
material properties of the components in the model were identical to the original connection.
The results of the component-based model were compared to the finite element results
for columns with both mild steel and ultra-high strength steel corner tubes. The finite
element model, similar to the previous simulations was a 3D model of the connection with
the non-linearities (material, geometry, and contacts) included. The component-based
model can capture the behaviour of the innovative connection. The initial stiffness was
estimated accurately, and failure point prediction was close to the observations in the
experimental tests.
The tri-linear model definition, chosen for the moment-rotation curve is more compatible
with the joint behaviour in the plastic-hardening region of the curve, compared to that
suggested by Eurocode3. The model can be used for further parametric studies, software
implementation, or design recommendations.
6.1.6 Numerical analysis of the connection along with corrugated HFC
In this part of the research, the behaviour of the connection attached to the corrugated
HFC was investigated. The finite element model developed for this analysis was similar to
the model previously developed for the case of the column with flat plates (element type,
loading conditions, etc.). The setup was identical to the previous simulations in which HFC
with corrugated plates is replaced for HFC with flat faces.
In the first step, the original connection behaviour was studied. As the moment-rotation
curve of the connection shows, the corrugation of the plates of the column reduces the
moment capacity of the joint when compared to the original connection attached to HFC
with flat plates. However, in both cases of MS or UHSS corner tubes, the connection retains
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its full strength status. Although the ductility of the joint in both cases is still high and the
rotation is far above the 0.04rad threshold, the rotation capacity in the MS tube case
noticeably decreased.
The relatively lower stiffness of the joint with corrugated column could be attributed to
the higher deformability of the corrugated plates on the sides of the column. Unlike the flat
plates, the corrugated plates can expand when loaded transversely. In the column with flat
plate, the front plate in the region close to the web-angles was locally more deformed to
compensate for the required deformation, in spite of the higher stiffness of the column in
that direction.
The connection was able to effectively utilise the UHSS corner tube’s high capacity.
Thus, HFC with corrugated plates could be used with this connection, and the resulting
joint has high capacity (more than beam capacity) and rotation (higher than the 0.04rad
threshold) similar to the connection with flat HFC.
In addition to the connection with the original size, a version of the connection with
reduced thickness attached to the corrugated and flat connection was simulated as well. The
dimensions of this new version of the connection were chosen so that its components,
namely collars were not reusable. It was shown that the joint stiffness dropped significantly,
and the connection’s capacity was less than the beam capacity (partial strength). The effect
of corrugation was less, compared to the case of original connection, but its effect was still
more obvious in HFC with UHSS corner tubes compared to HFC with MS corner tubes.
Finite element results showed that the UHSS corner tube capacity is utilised in neither the
corrugated column nor the flat column. In MS corner tube case, the stress level in tubes
was above the yield strength but did not reach the ultimate stress, so the capacity, in this
case, was also not fully utilised.
Additionally, considering the bi-directional capability of the connection and the
geometry of the corrugated plate of the HFC, which allows for more lateral plate
deformation, the effect of attaching more than a beam to the same column on stiffness,
capacity, and rotation of the joint was investigated. The results showed that the bidirectional connection capacity decreases compared to the uni-directional connection but
the capacity is still above the beam capacity. The rotation of the connection is also more
than the 0.04 rad threshold. Thus, this bi-directional connection could be used in seismic
applications. However, the joint demonstrates a less stiff behaviour.
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6.2

Future Works

The robustness and adequacy of the connection proposed in this PhD thesis have been
demonstrated using experimental testing and numerical models. However, there are more
steps needed to be taken before this connection can be used readily by the designers in
practical applications.
6.2.1 Investigating the effect of fabrication method on the connection performance
Considering the shape and also volume of the connection components needed in
construction, there might be more efficient and economically feasible methods (such as
casting) to be used for fabrication of the connection. Finding the most efficient method and
investigating the behaviour of the connection fabricated by such method could be beneficial
for introducing the connection to the construction industry as a practicable option.
6.2.2 Cyclic behaviour
Since the connection proposed in this research might be used in seismic regions, it is
necessary to investigate its behaviour under cyclic loadings. Full-scale cyclic loading for
uni-directional and bi-directional connections could provide a deeper insight into how the
connection behaves against load reversals and cumulative damage. This could be done
individually or as a part of a hybrid simulation to investigate the response of a frame
incorporating this type of connection.
6.2.3 Design recommendations
Although the moment-rotation curves of the connection behaviour for several cases have
been extracted in this research, more simulations/experimental tests are required to provide
enough data in order to be able to cover a wide range of column, beam and connection sizes.
The component-method program that was developed during this research could be utilised
to this end. Moment-rotation curves could be fed into major design software platforms
(such as OpenSees) to be used in construction projects.

