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Abstract

Square concrete-filled steel tubular (CFST) columns have been widely used in
construction because they have high strength in two horizontal loading directions and they use
thin economical steel tubes which provide concrete formwork. However, the performance of
the beam-to-column connections in two-way moment frames with square CFST columns is not
well understood. Methods commonly used for design are modifications of methods for hollow
steel columns and simple, effective and economical design methods for connections in two-way
moment frames, which are based on rigorous research and are applicable to a wide range of
column sizes, are not available.
In this study, several connection types, which have been previously used and tested, are
shortlisted and qualitatively assessed based on their force transfer mechanism, two-way frame
suitability, and construction simplicity. Among the candidates, three connection types are
selected for further evaluation: (1) external diaphragm connections (EDCs); (2) bolted endplate connections (BECs); and (3) direct-welded connections (DWCs).
A new design method for estimating the tension capacity of the diaphragm plates in
external diaphragm connections (EDCs) is developed using simplified finite element models of
one diaphragm and one square CFST column. The method considers the effect of bidirectional
loading on the tension capacity of the diaphragms. Experimental testing conducted of a threedimensional subassembly with EDC showed no strength degradation. The beam plastic hinges
rotations contributed to the structure inelastic deformation; although the diaphragm tension
capacity was designed to be slightly lower than the tension force at the beam yield moment.
This indicated that the proposed design method is conservative. The effect of bidirectional
loading was not significant. The effect of beam shear is then incorporated into the design
method. Finite element analyses are conducted on three-dimensional beam-column-joint
subassembly models with parametric variations which verify the proposed design methods.
Unstiffened direct-welded connections (DWCs) to square CFST column were tested to
small lateral drift ratios to obtain the elastic stiffness of the beam-to-column connections. The
connections were later improved with (i) threaded rods passing through the column, and (ii)
with washer plates inserted between the tube and the nuts. The improved connections achieved
significant stiffness increases. Inelastic mechanisms for the DWCs with washer plates and nuts
mainly occurred due to steel tube out-of-plane deformation and fracture near the beam flange
tips. Finite element models provided the stress distribution factor in the tube along the beam
i
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flanges and methods to compute elastic rotational stiffness of unstiffened and improved directwelded connections were developed.
In this DWC testing, sliding hinge joints with symmetric friction connections were
utilized as the beam splices. The initial sliding equivalent coefficient of friction (equal to sliding
force divided by the proof load, number of bolts and number of shear interfaces) was found to
be 0.34 and that at ultimate strength was greater than 0.45.
The performance of beam bolted end-plate connections (BECs) in a three-dimensional
square CFST column subassemblies was investigated experimentally. Through-bolts were used
with different bolt-to-flange distances in orthogonal directions. The connections were designed
using the AISC and HERA design guidelines. It was shown that up to a drift of 4%, no
significant strength degradation occurred. The governing inelastic mechanism mainly involved
end-plate yielding near the beam flanges. This mechanism is only considered in the HERA
design formulations. The AISC strength formulation was non-conservative for the test
conducted. Bolt pretension force decreased up to 40% due to applied cyclic loading. Finite
element analysis was with the experimental yield pattern. Also, analyses with bolt tension
ranging from 0% to 90% of the nominal proof load indicated the same strength but increasing
initial stiffness.
Creep tests of CFST columns subject to axial compression from transversal bonded
through-bolts subject to 30% to 100% of the nominal proof load had a reduction of bolt tension
force of maximum 5% after eight months for the specimens considered.
The force transfer mechanisms in the beam-column joint were considered and analyzed
using strut-and-tie models. The strut-and-tie configurations were developed for joints: (1)
without through-bolts and without external diaphragm plates, (2) with through-bolts and
without external diaphragm plates, and (3) without through-bolts and with external diaphragm
plates. Formulations for critical strut compression forces in the concrete core and tie tension
forces in the tube were obtained from nodal equilibrium analyses. Nominal capacities of the
strut and the tie are determined based on standard approaches.
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Chapter 1. Introduction

1.1. Background
Concrete-filled steel tubular (CFST) members consist of steel tubes filled with concrete, with
or without additional steel reinforcement. CFST columns have been used around the world,
especially in Japan and China, for decades. Buildings with CFST columns have also been
constructed in New Zealand; one of them is The Terrace Project in Christchurch
(http://theterrace.co.nz/) which construction started in 2014 (Figure 1 - 1). CFST columns are
more commonly used in moment resisting frames rather than braced frames or structures with
shear walls (Morino, et al., 2003) because the members have high elastic flexural section
properties about two horizontal axes. This makes CFST columns beneficial for use in
bidirectional moment resisting systems. In terms of the behaviour under compression force, the
concrete core limits local buckling of the tube by restraining it in the inward directions.
Concrete confinement, especially at large concrete lateral deformation, can be provided by the
steel tube. Those concrete-steel interactions may significantly increase the strength and ductility
capacity. CFST columns also have advantages in construction efficiency. Additional or
temporary formwork and supports are not required for concrete casting. This may reduce the
duration and the labour requirement, and also minimize material waste which is usually an issue
in concrete building construction work. In addition, concrete shrinkage occurs relatively slowly
because the humidity inside the tube is maintained. However, holes may need to be provided to
allow gasses to escape in the case of fire.
CFST column section shapes can be circular, rectangular, square or other shapes. Square CFSTs
have flat edges, which make them easier for making connections and sometimes more desirable
for internal fit-out. In Japan in 1999, the majority of buildings with CFST columns used square
shape CFSTs (Morino, et al., 2001). However, effective confinement provided by the square
steel tubes are lower than the ones with a circular shape.
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External
diaphragm plate

Beam
Square CFST
column

Square CFST
column

(a) The building structure

Figure 1 - 1

(b) External diaphragm connection

CFST columns in The Terrace Project, Christchurch (Courtesy of
MacRae, 2014)

Although they have been widely used in construction, there are still issues with square CFST
columns. Many of these relate to the beam-to-column connections. Forces from beam end
moments should be transferred to the entire section of the tube to minimize local damage in the
tube which can occur if the beams are welded directly to the tube plates without any stiffening
element (Schneider, et al., 1998). Large out-of-plane deformation and early failure of the tubes
may occur resulting in low strength and low ductility connections.
A number of methods have been proposed to improve connection performance. These include
the application of T-stiffeners (Kang, et al., 2001) (Shin, et al., 2004) (Shin, et al., 2008) and
(internal or external) diaphragm plates (Morino, et al., 2003). Some methods are only suitable
for one-way frames, including using beams passing through the columns (Elremaily, et al.,
2001) and (Sheet, et al., 2013). Some methods need to be modified for use in two-way frames,
such as if end-plates and T-stubs with bolts passing through the columns are used (Sheet, et al.,
2013) (Ricles, et al., 2004). These required offsets between perpendicular bolts. The other
methods are suitable for use in two-way frames. Discussions on the background to investigating
a specific connection type are presented in the following chapters. The advantages and
disadvantages of each CFST connection type are summarized in Table 1 - 1 (Chunhaviriyakul,
et al., 2015).
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Summary of relative advantages of CFST column moment connections
(Chunhaviriyakul, et al., 2015)

Type
Moment
endplate

Throughbeam

Diaphragm

T-stub






Advantages
Familiar design concept to designers
Wide choices of fasteners
Can be used for 2-way frames
No site welding required

Disadvantages
 Need of shimming for construction
tolerance
 Poor fastener choice can be
inefficient and expensive

 Strong and ductile
 Low damage type connection easily
incorporated away from the joint
 Construction tolerance allowed
 Efficient force transfer mechanism
 Suitable for 2-way frames
 Construction tolerance allowed
 No site weld required
 Easy to make low-damage detail

 Site weld usually required at tube
 Concrete compaction problem
around through beam
 Not suitable for 2-way frames
 Complex shop weld requirement
for internal stiffeners, but not for
external stiffeners
 Concrete compaction quality
control for internal stiffeners

 Rigidity can be tuned by proportioning
connector mechanism
 No weld required, bolt only
 2-way connection easily designed
 Construction tolerance allowed
 Easy to fabricate and erect
 Easy to make low-damage detail

 Complicated design

Significant forces may occur in CFST column joints under large beam end moments. Some
design methods have been proposed for steel beam to CFST column connections with internal
diaphragms or through-diaphragms

(Elremaily, et al., 2001) (Nishiyama, et al., 2004)

(Fukumoto, et al., 2005). However, force paths and load sharing between the steel tube and the
concrete core is not well understood.
In addition to the CFST column integrity itself, designers must understand how seismic energy
will be dissipated. The application of low damage systems for structures in seismic areas is also
becoming more popular. Sliding hinge joint (SHJ) is one of several low damage systems for
steel moment frame structures. Commonly, SHJs are placed at column interfaces with
asymmetric friction connections on the bottom flange of the beams (MacRae, et al., 2010). The
performance of the friction connections can be improved with symmetric friction connections
because fewer bolts are required for the same strength level (Loo, et al., 2014) and (Chanchi
Golondrino, et al., 2015).
From the discussion above, it may be seen that CFST columns may be desirable, but simple,
effective and economical design methods for beam to column connections in two-way moment
frames are not available. Also, the force transfer mechanisms within the joint region have not
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been assessed. Furthermore, there is an opportunity to include efficient low damage energy
dissipation technology in these connections which has not been investigated.

1.2. Research Needs
It may be seen from the previous discussion that for low-damage and efficient square CFST
columns to be used to resist earthquake as part of two-way moment frames, the performance of
beam-column joint subassemblies should be understood. Design guidelines for suitable
candidate connection types should be developed. Furthermore, the use of low damage
technology on such square CFST columns should be verified.

1.3. Scope
This research is conducted to address those needs by seeking answers to the following
questions:
Q1. What CFST connection types are appropriate for design and which could be selected for
further study?
Q2. For each of these candidate connection types, how do they perform experimentally and
numerically under bidirectional loading?
Q3. For each of selected connection types, how should they be designed?
Q4. How can the force transfer mechanisms in CFST joints be analyzed?
Q5. How does one practical beam-end friction connection, e.a. sliding hinge joint, behave?
Q6. What considerations may affect the square CFST column connections design?

1.4. Organization of thesis
This thesis consists of chapters which are written and prepared to be published as journal papers.
There are some unavoidable repetitions, especially in the research backgrounds and some parts
of the research methodology for each connection type. In particular, Chapter 3 to Chapter 5
cover a series of experimental and numerical studies on external diaphragm connections, while
the other chapters discuss different connection types individually. The following chapters are:
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Chapter 2. CFST column connection types selection
This chapter summarized the key aspects of the considered connection types. Subjective
qualitative analysis (SQA) is conducted to select the most appropriate connection types to be
further investigated in this study. Three connection types are selected: (1) external diaphragm,
(2) direct-welded, and (3) bolted end-plate connections.

Chapter 3. Design capacity of external diaphragm connections (EDCs) for square CFST
columns
A new design method for estimating the axial capacity of EDCs in square CFST column
moment frames is developed. Simplified finite element models, considering bidirectional
diaphragm axial forces, are used to determine the relationship among the design parameters.

Chapter 4. Bidirectional performance of square CFST column moment frame
subassemblies with external diaphragm connections (EDCs)
Bidirectional testing of three-dimensional beam-to-column subassemblies with EDCs is
conducted. The structure global behaviour and failure mechanisms are observed. Threedimensional finite element models are developed and verified experimentally.

Chapter 5. Design formulations for external diaphragm connections (EDCs) in square
CFST column moment frames considering beam shear force and bending moment
An extended EDC capacity design method considering out-of-plane deformations is introduced
and developed. Three-dimensional finite element models with varied design parameters are
analyzed to verify the proposed design formulations.

Chapter 6. Improved direct-welded connections (DWCs) in square CFST column moment
frames
An improvement method for DWC is proposed. Bidirectional testing of three-dimensional
beam-to-column subassembly with an improved DWC is conducted. Finite element models are
analyzed to explain the possible failure mechanisms in the connections. Design formulations
considering the critical failure mechanisms are proposed. Sliding hinge joints with symmetric
friction connections are utilized as the beam splices.
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Chapter 7. Performance of beam end-plate connections (BECs) with through-bolts in
two-way moment frames with square CFST Columns
Current design methods for BECs are compared. Bidirectional testing of three-dimensional
beam-to-column subassembly with BECs is conducted. Finite element models are analyzed to
simulate end-plate yielding mechanisms. Design recommendations are proposed based on the
findings.
Chapter 8. Analytical methods for square CFST joints in moment frames
Force mechanisms in square CFST joints with different configurations are analyzed using strutand-tie models. Joint shear capacity formulations are determined based on standard approaches.

Chapter 9. Summary, conclusions, contributions and future work
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Chapter 2. CFST Connection Types Selection

2.1. Overview
A number of square concrete-filled steel tubular (CFST) column connections are considered
for use in construction in New Zealand. Qualitative assessments are conducted to determine
the most suitable connection types for further investigation. The assessments are based on the
following criteria: (1) joint integrity or force transfer mechanism; (2) suitability for two-way
connections; and (3) construction simplicity. A scoring system is used to provide inputs for
decision making.

2.2. Candidate connections
The candidates for square CFST column connections are:
1)

Simple or direct-welded connections

Simple connections or direct-welded connections to circular CFST columns were investigated
by Schneider and Alostaz (1998). In this type, the beams are welded directly to the column
tube plate (Figure 2 - 1). This connection type is the simplest method to connect I-shaped beams
to CFST columns and also suitable for two-way frame connections. However, large
deformation and fracture in the tube are more likely to occur because the forces from the beams
are transferred only to the tube plates which are directly welded to the beams.
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A simple or direct-welded connection (Schneider, et al., 1998)

Through-beam connections

In through-beam connections, beams are continuously passing through CFST columns (Figure
2 - 2). Welds are commonly used to connect the beams to the column tubes at both sides
(Elremaily, et al., 2001). Alternatively, brackets, made of stiffened angles, and bolts are used
to connect the beams to the columns as shown in Figure 2 - 3 (Sheet, et al., 2013). The
connections have high ductility as the yielding occurs in the beams. An advanced cutting
technique is required to provide I-shaped holes in the tube plates but no extra material is
required if the beam is welded to the tube. However, to be used in two-way frames, the throughbeam connections must be combined with another connection type because only one beam can
pass through the column in a joint.
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A through-beam connection to circular CFST column (Elremaily, et al.,
2001)

Figure 2 - 3

A through-beam connection with bolted angles (Sheet, et al., 2013)
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External-diaphragm connections

In diaphragm-typed connections, forces from beam end moments are transferred to the entire
column sections in the joints. The diaphragm plates can be placed outside the tube. This type
is known as external diaphragm connections (Figure 2 - 4(a)). The external diaphragms are
easier to construct and do not require advanced welding method. The issue in concrete
compaction in the joint can also be avoided. The external diaphragm connections and other
diaphragm types are also suitable for two-way frame connections. However, the connections
require extra steel materials around the joint.

4)

Internal diaphragm connections

The diaphragm plates can be placed inside the column tubes as shown in Figure 2 - 4(b). The
internal diaphragm plates provide restraints to develop internal strut in the square CFST joints.
A hole must be provided in the diaphragm plate to allow the concrete flowing during casting.
However, special welding and concrete compacting methods are required.

5)

Through-diaphragm connections

The other way to attach diaphragm plates to CFST joints is to make them continuous over the
column cross section (through-diaphragm) as shown in Figure 2 - 4(c). In this connection type,
the column tube is split and welded above and below the diaphragm plates. Similar to the
internal diaphragm type, a hole must be provided in the diaphragm plate.
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(a) External diaphragm

(b) Internal diaphragm

(c) Through-diaphragm

Figure 2 - 4

Variation of diaphragm connections (Morino, et al., 2003)
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Beam end-plate connections with through-bolts

Beam end-plate connections, which are commonly used in steel moment frames, are also
applicable for square CFST column structures. The end-plates, flush or extended, are welded
to the beams and attached to the columns using bolts. The bolts can be placed through the
columns and fastened at both sides of the columns (Figure 2 - 5). In the end-plate connections
with through-bolts, tension forces from beam end moments are transferred to the other side of
the columns. There is no direct tension force applied to the column tubes. In two-way moment
frames, through-bolts in the two orthogonal directions cannot be placed at the same elevations.
This may result in different behaviour of the connections in both directions.

Figure 2 - 5

7)

An end-plate connection with through-bolts (Sheet, et al., 2013)

End-plate connections with blind bolts

In the end-plate connections with blind bolts (Figure 2 - 6) the tension forces are transferred to
the steel tube at the facing side instead of to the other side of the columns. Two-way
connections are easier to construct because clash between perpendicular bolts can be avoided.
The embedded bolt extends may provide additional tensile resistance through bonding action.
Concrete cone pull-out failures may occur under large bolt tension forces.
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An end-plate connection with blind-bolts (Wang, et al., 2013)

T-stub connections with through-bolts

Similar to the end-plate connections, T-stubs can also be used to transfer forces from beam end
moment to the joint. The T-stub stems can be bolted or welded to the beam flanges. The T-stub
flanges are connected to the column using through-bolts (Figure 2 - 7). The force transfer
mechanisms in these connections are similar to bolted end-plate connections with extra steel
materials and bolts. Offsets between perpendicular bolts are required in two-way connections.

Figure 2 - 7

A T-Stub connection with through-bolts (Ricles, et al., 2004)
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T-stub connections with blind bolts

Similar to the bolted end-plate connections, through-bolts can be replaced by blind bolts and
makes the connections more applicable for two-way connections (Figure 2 - 8). However, this
connection type is vulnerable to having concrete pull-out failures.

Figure 2 - 8

10)

A T-Stub connection with blind bolts (Yao, et al., 2008)

Welded T-stiffener connections

Beams can be welded to the column tube with additional T-shaped stiffeners as illustrated in
Figure 2 - 9. The main principle of using T-stiffeners is to transfer the tension forces from the
beam end moment to the column webs instead of to the column flanges alone. The T-stiffener
connections are also suitable for two-way connections.

Figure 2 - 9

A T-Stiffener connection (Shin, et al., 2008)
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2.3. Scoring
(a)

Joint integrity or force transfer mechanism (weighed 30%)
 Score = 3, if the forces from the beams are transferred to the entire section of the
column;
 Score = 2, if the forces from the beams are transferred to some parts of the section of
the column; and
 Score = 1, if the forces from the beams are transferred locally to the connected part of
the section of the column.

(b)

Suitability for two-way connections (weighed 40%)
 Score = 3, if the connections are applicable for two-way moment connections without
modification;
 Score = 2, if the connections are applicable for two-way moment connections with
modification; and
 Score = 1, if the connections are not applicable for two-way moment connections.

(c)

Construction simplicity (weighed 30%)
 Score = 3, if extra material is not required (or insignificant) and the construction
method is relatively easy;
 Score = 2, if extra material is required and the construction method is relatively easy,
or if extra material is not required (or insignificant) and the construction method is
relatively difficult; and
 Score = 1, if extra material is required and the construction method is relatively
difficult.

Scoring of the connection types is summarized in Table 2 - 1. Three connection types are
selected based on the highest overall scores: (1) external diaphragm (overall score = 2.7); (2)
bolted end-plate (overall score = 2.6); and (3) direct-welded (overall score = 2.4). Note that
direct-welded connection type has the same score with two other types (end-plate with blind
bolts and welded T-stiffener). The direct-welded type is more preferable for further study as
simple improvement ideas can be applied in this research.
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Table 2 - 1
No.

Scoring of connection types

Square CFST connection type

Scoring indicators*
Joint
integrity
30%
1

Two-way
suitability
40%
3

Construction
simplicity
30%
3

Overall
weighed
score

Rank

100%
2.4

3

2

1.9

10

3

2

2.7

1

3

3

1

2.4

6

Diaphragm (through)

3

3

1

2.4

6

6

End-plate (through-bolt)

3

2

3

2.6

2

7

End-plate (blind bolt)

2

3

2

2.4

3

8

T-stub (through-bolt)

3

2

2

2.3

8

9

T-stub (blind bolt)

2

3

1

2.1

9

10

Welded T-stiffener

2

3

2

2.4

3

1

Direct-welded/simple connection

2

Through-beam

3

1

3

Diaphragm (external)

3

4

Diaphragm (internal)

5
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Design capacity of external diaphragm connections
(EDCs) for square CFST columns

3.1. Overview
Finite element analyses were used to evaluate the strength of square concrete-filled steel tubular
(CFST) column connections with external diaphragms. The effect of bidirectional forces was
considered. A simple approach based on residual deformation limitation was used to determine
the design capacity of external diaphragm connections. Three design methods were also
evaluated: (1) the CIDECT method; (2) the equivalent beam method; and (3) the tie method. It
is shown that applying the load in perpendicular horizontal directions does not affect the
diaphragm capacity demand. This finding is consistent with the CIDECT method and the tie
method. A formulation is proposed to calculate the design capacity of external diaphragm
connections based on the tie method.

3.2. Introduction
Concrete-filled steel tubular (CFST) columns are widely used because of their excellent
performance in earthquake resisting frame structures. The interaction between the concrete core
and the steel tube in CFST columns provides a stronger and more ductile behavior than for a
hollow steel tube. Circular and square CFST columns are suitable for two-way frame structures
because they have equal strength and stiffness in orthogonal directions. The flat surfaces of a
square-shaped CFST column make the column easy to be connected to other members.
CFST column connections should perform well even with simple and economical construction
methods. Many types of CFST column connections have been proposed and developed. In
Chapter 2, several connection types were compared and ranked based on their force transfer
mechanisms, two-way frame suitability, and construction simplicity. The most suitable
connection is the external diaphragm connection (Figure 3 - 1).

17

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

However, there is still no simple robust design method for such connections, especially one that
considers the effect of bidirectional loading. In order to address this need, answers are sought
to the following questions:
1) What design methods have been proposed for external diaphragm connections?
2) Which design method has the best agreement with the numerical analysis results?
3) What modification can be made to improve the accuracy of the design method?

Concave edges
(for service
purpose)

Bolt

Steel tube

Weld
Steel tube

Weld
Steel beam

Concrete
core
A

Steel
beam

Concrete
core

(b) Section A

(a) Top view

Figure 3 - 1

External
diaphragm

Web cleat

A
External
diaphragm

Bolts

A square CFST column connection with external diaphragm connection

3.3. Previous studies
The steel tube around the perimeter of CFST section contributes effectively to strength under
tension force and bending moment (Gourley, et al., 2008), and it provides formwork and some
confinement to the concrete core. The concrete core limits local buckling of the steel.
Composite action may also be achieved depending on the bond between the steel and concrete
(Qu, et al., 2015). These forms of interaction increase the compressive strength and ductility of
CFST columns.
The economic aspect of using CFST columns in construction was evaluated by Morino et al.
(2001). Through trial design cases of 10, 24, and 40-story building structures, steel consumption
of a structure with CFST columns was 10% less than the conventional steel frame structure.
Furthermore, Morino and Tsuda (2003) reported that demand for manpower and the material
waste from formworks could be minimized by using CFST columns.
An analytical study on the behavior of various circular CFST column connections was carried
out by Alostaz and Schneider (1996). The results were subsequently verified through some
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experiments by the same authors. The connections that were evaluated included simple welded
connections and connections with continuous web plates, diaphragm plates, embedded
weldable deformed bars, interior headed studs, headed studs on web plate, continuous beam
flanges, and continuous beam. It was concluded that continuous beam connections gave the
most rigid behavior. However, the continuous beam connections required on-site welding; they
were later modified by Sheet et al. (2013) by using bolted L-bracket which does not require onsite welding.
Other types of CFST column connections have also been proposed and studied. Wang et al.
(2009) and Yao et.al (2008) used blind bolts which were anchored to a CFST column, connected
to flush endplates and T-stubs respectively. The connection has a semi-rigid and partial strength
behavior. Li et al. (2009) and Sheet et al. (2013) evaluated endplate connections with through
bolts and it was found to have a good ductility and energy-dissipation capability. Kang et al.
(2001) and Shin et al. (2008) evaluated T-stiffener connections and reported that the
connections could effectively transfer the force to a column and increase the ultimate
deformation capacity. In addition to experimental tests, finite element analyses (FEA) had been
used in CFST column connections studies. FEA could reasonably predict the behaviour of
CFST column – steel beam frames as shown by Han et al. (2008) and evaluate the shear capacity
of steel beam to CFST column connections using internal diaphragms as studied by Kang et al.
(2015).
Chunhaviriyakul et al. (2015) described that the diaphragm-type connections have efficient
force transfer mechanism and are suitable for two-way frames. Nie et al. (2008) compared the
behavior of the internal diaphragm and external diaphragm on composite beam to CFST column
connections. It was shown that the external diaphragm connections have better ductility and
energy dissipation, which was beneficial if connection yielding expected during earthquake
excitation.

3.4. Considered design methods
In moment frame beam to column connections, external diaphragms are generally designed to
resist tension and compression forces from the beam end moments as shown in Figure 3 - 2. In
most cases, the tension forces are more critical for the connections as the steel tube plate may
fail due to large out-of-plane deformation. The compression forces are less critical because they
can directly be transferred to the concrete core. The following design methods neglect the effect
of the compression force and consider only the tension force in the formulations.
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Steel tube
Concrete
core

Deformed shape
External diaphragm

Tension

Steel beam

Beam end
moment

Compression

Figure 3 - 2

Beam moment force transfer mechanism of an external diaphragm
connection

3.4.1.

The CIDECT method

The CIDECT method (Kurobane, et al., 2004) was developed based on studies by Matsui
(1981), Kawaguchi et al. (1997), and Kawano et al. (1998). It has two direct design equations
for predicting the ultimate strength of square or rectangular CFST column connections with
external diaphragms. The formulation in Eq. (3 - 1) was derived from the ultimate strength
formula for plain steel column connections with a higher resistance factor to consider the
concrete core restraining effects. The formulation in Eq. (3 - 2) was derived from the yield
strength equation for circular hollow section (CHS) column connections. A factor of 1.0/0.7
was used to convert the yield strength limit state to the ultimate strength limit state.
The dimensional parameters and the range of validity of the method are described in Figure 3 3. If the diaphragm side angle, θ ≤ 30°, the connections are categorized as Type I, and if 30° ≤
θ ≤ 45°, the connections are categorized as Type II. There are limitations in using this method
based on the dimensions of the connection elements. For Type I, the diaphragm tension
capacity, Tdiaph, can be taken as the larger value from Eq. (3 - 1) and Eq. (3 - 2). For Type II,
Tdiaph, is calculated using Eq. (3 - 2) only. In those equations, tt and td are the thicknesses of the
column tube and the diaphragm plate respectively, bc is the column width, hd is the projected
width of the diaphragm at the critical section, fyt and fyd are the yield strengths of the column
tube and diaphragm plate respectively, and fud is the ultimate tensile strength of the diaphragm
plate.
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2

2

1

t 3 t 3 t +h 3
Tdiaph =3.74 (bt ) (bd ) ( t b d) bc 2 fud
c
c
c

(3 - 1)

Tdiaph =2.86(4tt +td )tt fyt +3.30hd td fyd

(3 - 2)

Tdiaph

Tdiaph

hd

hd
tt

tt
td
Tdiaph

Figure 3 - 3

3.4.2.

Tdiaph

bfb

bfb

bc

bc

Range of validity

Type I:
20 ≤ bc/tt ≤ 50
0.75 ≤ td/tt ≤ 2
td ≥ tfb
hd/bc ≥ 0.1 tfb /td
Type II:
hd/bc ≥ 0.1 tfb /td

Dimensional parameters for the CIDECT method

The equivalent beam method

The equivalent beam method is proposed by MacRae (2013). In this method, the external
diaphragm plates and the tubes are assumed to behave as beams under shear and bending
moment due to horizontal diaphragm tension forces, Tx and Ty, as shown in Figure 3 - 4(a). The
compression forces, Cx and Cy, are transferred directly to the concrete core, which modeled as
compression struts, and considered not critical to the tube and the diaphragm. The beams have
T-shaped sections with varied stem width and neutral axis positions (Figure 3 - 4(b)). The
restraints of the beams are located at the corner of the column on the edges where compression
forces applied. These result in different one-way and two-way beam configurations as shown
in Figure 3 - 5(a) and Figure 3 - 5(b) respectively. The capacity of the connection is defined as
the diaphragm tension force that cause yielding in the tube or the diaphragm plate due to
bending moment, shear forces, or axial forces.
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tt
Neutral axis of
the T section

Column tube

Tx

A
Cx

Varied
distance

be

Diaphragm
outstand

Tx
Varied width

Fixed
node
Compression
struts

Concrete

Cy

(a) External diaphragm plan

(b) Detail of the T-section (Section A)

Figure 3 - 4

Equivalent beam analogy
Ty

Neutral axis of
the T section

Fixed restraint

Neutral
axis

Simplified
neutral axis

Fixed restraint

Neutral axis of
the T section

Simplified
neutral axis

Tx

Tx

(a) One-way loading
configuration

Figure 3 - 5

3.4.3.

(b) Two-way loading
configuration

Analytical models for the equivalent beam method

The tie method

The method was developed with an assumption of a tensile stress band on the diaphragm plate
as shown in Figure 3 - 6(a). By ignoring the compression forces, the diaphragm plate is
considered to behave in a similar way if a tie (or a string) is looped around the column and
pulled out at one or two sides as shown in Figure 3 - 6(b). In this approach, there is no interaction
between two perpendicular diaphragm forces, Px and Py, so that each side of the diaphragm
could be designed separately. The diaphragm design capacity is defined as the diaphragm force
that causes the tie element to reach its tension capacity at the critical section.
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Py
Critical
section

Px

Tie in
tension

Py

Px
Px
45°
Py
(a) Assumed stress band

Figure 3 - 6

(b) Tie element approach

The tie method concept and simplification

3.5. Finite element analysis
Finite element analyses (FEA) on external diaphragm connections were conducted using
ABAQUS 6.11 (SIMULIA (2012)). Homogenous shell elements were used to model the
diaphragm plate and steel tube. A bilinear stress-strain relationship was used to model the steel
material as shown in Figure 3 - 7. For comparison, one model was also analyzed using a true
stress-strain relationship of steel material. For a Grade 300 steel plate, the steel constitutive
model was obtained from a tensile test conducted by Hyde (2006). For computational
simplification, the concrete core was modelled as rigid solid elements, assuming its deformation
was negligible to the entire structural behavior. The interaction between the concrete core and
the steel tube internal surfaces was defined as a normal “hard” contact behavior. This feature
allows separation between those surfaces under tension and results in contact pressure under
compression. Friction between the two surfaces was ignored. The welded connections between
the diaphragm and tube were assumed to develop full strength. The complete model description
is presented in the ABAQUS input file (*.inp) example (Appendix F1).
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Figure 3 - 7

Steel constitutive models

A profile of the modelled connection detail is given in Figure 3 - 8. Sensitivity analysis was
conducted to determine the most sensitive parameters on the diaphragm axial behaviour. For
parametric evaluations, the tube plate thickness, tt, the diaphragm critical width, hd, the
diaphragm thickness, td, and the diaphragm yield strength, fyd, were varied as described in Table
3 - 1. The other parameters were fixed: the column width, bc, the diaphragm plate length, Ld,
the diaphragm edge width, bd, the column modeled length, Lcm, and the tube yield strength, fyt.
The outer corner radius, rc, was taken as three times as the column tube thickness, tt, as specified
for standard cold-formed square hollow sections with the thickness equal to 3 mm or larger.
Fixed restraints were applied at the top and bottom ends of the column as shown in Figure 3 9. The diaphragm forces were applied as nodal shear forces at the bolt centres on each side of
the diaphragm and slowly increased. The diaphragm forces at the tension and compression sides
of the column were applied simultaneously both for the one-direction (x-axis direction only)
and the two-direction (x-axis and y-axis) loading cases.
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External
diaphragm
plate

Excluded
Modelled

Bolt
position
hd

Lcm

tt

rc
CFST
column
bc

td
Ld

Ld

bc

Excluded

bd

(a) Side view

(b) Plan view

Figure 3 - 8
Table 3 - 1

Modelled profile

Numerical model parameters

Fixed parameters
bc
Ld
(mm)
(mm)

bd
(mm)

Lcm
(mm)

fyt
(MPa)

600

230

1200

300

525

Varied parameters
tt
hd
(mm)
(mm)
12
20
16
80
20
140

td
(mm)
15
20
25

fyd
(MPa)
250
300
350

Restraint

Py

Px

Px

Py

Restraint

Figure 3 - 9

External diaphragm connection numerical model (isometric view)
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3.6. External diaphragm axial capacity definition
The external diaphragm axial capacity can be defined using two approaches: the maximum
stress and the maximum relative displacement of the tube. The results show that the maximum
stress occurred at the column corners, shown by the red colour in the von Mises stress
distribution contour (Figure 3 - 10(a)). The maximum deformation of the steel tube occurred at
the midpoint of the tension sides of the tube, shown by the orange colour in the displacement
contour (Figure 3 - 10(b)). In the first approach (e.a. maximum stress), the diaphragm axial
capacity is defined as the axial force, Px, when initial yielding occurred. In all evaluated cases,
the values obtained are relatively low compared to the maximum axial force which can be
applied to the system. In the second approach (e.a. maximum relative displacement), the axial
capacity can be defined as the axial force corresponding to a residual displacement value, δres,
at the midpoint of the column tube. The approach is similar to the 0.2% offset strain used to
obtain yield strength in high strength steel. In this study, the value is taken as 0.5 mm or about
0.08% of the column width (= 600 mm) as illustrated in Figure 3 - 11. The connections were
expected to behave approximately linearly before the design capacity was reached. For larger
forces, the connections still have significant reserve capacity due to their high ductility. In
addition to this condition, the material’s strain hardening can also increase the capacity up to
about 200% of the design capacity at large displacements as shown in Figure 3 - 11(b).

(a) Von Mises stress

(b) Displacement magnitude

Figure 3 - 10 Typical stress and displacement contours at Tdiaph (isometric view)

26

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

Diaphragm axial
capacity
Tdiaph
Initial
yielding
Initial yielding

0

δres

(a) Diaphragm axial capacity
definition

(b) Effect of different constitutive model

Figure 3 - 11 Force versus displacement at midpoint of column tube
(tt = 16 mm, hd = 80 mm, td = 20 mm)

3.7. Bidirectional interaction
Another important aspect to be evaluated is the effect of perpendicular forces on the external
diaphragm connection capacity. This effect was evaluated on the models at three
configurations: minimum (tt = 12 mm, hd = 20 mm, td = 15 mm), medium (tt = 16 mm, hd = 80
mm, td = 20 mm), and maximum (tt = 20 mm, hd = 140 mm, td = 25 mm). The yield strengths
of the column tube, fyd, and the diaphragm plate, fyd, were 300 MPa. The diaphragm capacity
values were evaluated on different perpendicular load ratios, Py/Px, of 0.0, 0.5, and 1.0. The
diaphragm capacity interaction curves are plotted in Figure 3 - 12. It is shown that the
diaphragm capacity was not significantly affected by the perpendicular forces especially for
configurations with smaller hd. For these realistic cases, the connection can simply be designed
based on the force at one of the diaphragm sides.
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Tdiaph-y (kN)

Maximum

Medium

Minimum

Tdiaph-x (kN)

Figure 3 - 12 Bidirectional interaction of external diaphragm axial capacity

3.8. Evaluation of the methods
3.8.1.

Design example

This design example illustrates the design capacity calculation of an external diaphragm
connection with the medium configuration, which has dimensions: tt = 16 mm, hd = 80 mm and
td = 20 mm. The other dimensions are: bc = 600 mm; Ld = 525 mm; bd = 230 mm, and
tfb = 17.3 mm (assuming a 610UB113 beam). Steel material properties are: fy = fyd = fyt = 300
MPa and fud = 430 MPa.

(1) The CIDECT method
The angle of external diaphragm side:
-1

θ = tan (

b
bc
+hd - d
2
2

Ld -hd

-1

) =tan (

600mm
230mm
+80mm2
2

525mm-80mm

) =30.774°>30°

The diaphragm connection is categorized as Type II. Hence, the diaphragm tension capacity,
Tdiaph, is calculated using Eq. (3 - 2).
Pb,f  2.86  4  16 mm  20 mm   16 mm  300 MPa  3.30  80 mm  20 mm  300 MPa
 2737152 N  2737.152 kN

Tdiaph = 2.86 ×(4 × 16 mm + 20 mm)× 16 mm × 300 MPa + 3.30 × 8 0mm × 20 mm × 300 MPa
Tdiaph = 2737152 N = 2737.15 kN
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The diaphragm tension capacity, Tdiaph, applies for both one-way and two-way loading.

(2) The equivalent beam method
The effective width of column tube, as the flange of the T-section, is determined using the yield
slenderness limit for one-sided supported flat plate element under uniform compression
(NZS3404: Part 1, Table 5.2):
250 MPa

beff = 16 tt √

fyt

250 MPa

= 16 × 16 mm√300 MPa = 233.695 mm

Total width of the flange is:
bf = 2beff + td = 2 × 233.695 mm + 20 mm = 487.39 mm
The effective width of the diaphragm plate, as the stem of the T-section, is determined using
the yield slenderness limit for one-sided supported flat plate element under non-uniform
compression (NZS3404: Part 1, Table 5.2):
250 MPa

heff = 25 td √

fyd

250 MPa

= 25 × 20 mm√300 MPa = 456.44 mm > hd = 80 mm

hstem = hd = 80 mm
The section properties (about neutral axis) of the T-section are:
Ag = 9398.24 mm2
I = 3.571 × 106 mm4
Smin = 4.473 × 104 mm3
Flexural, axial and shear capacities of the section are:
Mn = Smin fy = 4.473 × 104 mm3 × 300 MPa = 1.342 × 107 N.mm = 13.42 kN .m
Tn = Ag fy = 9398.24 mm2 × 300 MPa = 2.819 × 106 N = 2819 kN
Vn = hstem td (0.6 fy ) = 80 mm × 80 mm × (0.6 × 300 MPa) = 2.88 × 105 N = 288 kN

Maximum forces at critical locations due to concentrated forces, P, on frame with length, L,
are:
For one-way loading: (see Figure 3 - 5(a))
Mmax =

PL
2

P

; Nmax = 2 ; Qmax =

P
2
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For two-way loading: (see Figure 3 - 5(b))
Mmax =

PL
8

P

; Nmax = 2 ; Qmax =

P
2

Where L is simply taken as the column width, bc = 600 mm.
The loads that cause yielding on the T-section beam are:
For one-way loading:
12Mn

Tdiaph = min [(

L

) ,(2Tn ),(2Tn )]

12 × 13.42 kN.m

Tdiaph = min [(

0.6 m

) ,(2 × 2819 kN), (2 × 288 kN)]

Tdiaph = min[(268.4 kN),(5638.9 kN), (576 kN)]
Tdiaph = 268.4 kN

For two-way loading:
8Mn

Tdiaph = min [(

L

) ,(2Tn ),(2Tn )]

8 × 13.42 kN.m

Tdiaph = min [(

0.6 m

) ,(2 × 2819 kN), (2 × 288 kN)]

Tdiaph = min[(178.9 kN),(5638.9 kN), (576 kN)]
Tdiaph = 178.9 kN

(3) The tie method
In the tie method, Tdiaph values are obtained conservatively by calculating only the tension
strength of the diaphragm plate at the critical section.
The tie section area at critical section using full width of hd:
Acr = td hd √2 = 20 mm × 80 mm × √2 = 2262.7 mm2
External diaphragm tension capacity:
Tdiaph = Acr fyd √2 = 2262.7 mm2 × 300 MPa × √2 = 960 kN

The diaphragm tension capacity, Tdiaph, applies for both one-way and two-way loading.
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Comparison

The values of external diaphragm design capacity, Tdiaph, based on three numerical results for
the minimum, medium, and maximum configurations are compared with the FEA results as
shown in Table 3 - 2. The minimum configuration is out of the range of validity of the CIDECT
method. Therefore, the design capacity for that configuration cannot be determined using the
CIDECT method. For the other configurations, the CIDECT method results in non-conservative
design capacity values. Meanwhile, the equivalent beam method and the tie method always
result in much lower values than FEA.
Table 3 - 2
Configuration

Axial capacities of external diaphragm connections
Case

Tdiaph from
FEA
CIDECT

Minimum
Py = 0
831.7 kN
tt = 12 mm
hd = 20 mm
Py = Px
833.3 kN
td = 15 mm
Medium
Py = 0
2055.7 kN
tt = 16 mm
hd = 80 mm
Py = Px
2058 kN
td = 20 mm
Maximum
Py = 0
3426 kN
tt = 20 mm
hd = 140 mm
Py = Px
3186 kN
td = 25 mm
OR: out of the range of validity

OR
OR
2737.2 kN
(133.2%)
2737.2 kN
(133.1%)
5266.8 kN
(153.7%)
5266.8 kN
(165.3%)

Tdiaph
(ratio to FEA in %)
Equivalent
beam
29.1 kN
(3.5%)
19.4 kN
(2.3%)
268.4 kN
(13.1%)
178.9 kN
(8.7%)
945.3 kN
(27.6%)
630.2 kN
(19.8%)

Tie
180 kN
(21.6%)
180 kN
(21.7%)
960 kN
(46.7%)
960 kN
(46.7%)
2100 kN
(61.3%)
2100 kN
(65.9%)

The CIDECT method and the tie method assume that the diaphragm capacity is not affected by
the application of perpendicular forces. The diaphragm design capacities from the equivalent
beam method (Table 3 - 2) are different for one-way and two-way diaphragm loadings. For
example, for the medium configuration, the design capacities are 268.4 kN and 178.9 kN for
one-way and two-way loading cases, respectively. From FEA results, it is shown that the
diaphragm design capacity is not significantly affected by the perpendicular forces, which
agrees with the assumption of the CIDECT method and the tie method. The design capacity
interactions for the medium configuration are shown in Figure 3 - 13.
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CIDECT

Tdiaph-y (kN)

FEA

Tie
Equivalent
beam

Tdiaph-x (kN)

Figure 3 - 13 Bidirectional interaction of external diaphragm capacity using different
methods

3.9. Modification of the tie method
Based on the insignificant bidirectional forces interaction and the conservative design capacity
prediction, the tie method is promising to be used in design. However, for the minimum
configuration, the tie method results seem to be very conservative. Further modification in
calculating the effective tie area at the critical section is proposed (Figure 3 - 14(a)). The critical
section consists of a diaphragm plate and a column steel tube plate which form a T-section as
shown in Figure 3 - 14(b). The diaphragm design capacity, Tdiaph, can be calculated using Eq.
(3 - 3). The width factors, αt and αd, are introduced to calculate the effective part of the column
steel tube and the diaphragm plate which contribute to the tie strength.
Tdiaph = (αt bc tt fyt + αd hd √2 td fyd ) √2

(3 - 3)

where fyt = the column tube yield strength; fyd = the diaphragm plate yield strength; tt = the
column tube thickness; td = the diaphragm thickness; bc = the column width; hd = the diaphragm
critical width; αt = the column steel tube width factor; and αd = the diaphragm width factor.
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Diaphragm tension
force
Tie
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Critical
section

Steel tube

Column tube

45
°

tt
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Concrete
core
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Diaphragm
tension force
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Diaphragm
plate

𝛼𝑑 hd √2
hd √2
Diaphragm
plate

Concrete core

(a) Tie element model

(b) Effective area at the critical section

Figure 3 - 14 The tie element model and critical section area

A set of diaphragm design capacity values, Tdiaph, were obtained from FEA for all
configurations using the residual displacement approach (Section 3.6). Assuming αd as a
constant value, the corresponding αt values for corresponding Tdiaph values versus a nondimensional parameter, fydtd/fyttt are plotted in Figure 3 - 15. The first alternative assumeed the
entire part of the diaphragm width reaches its yield stress (αd = 1.0) and the αc values are plotted
as shown in Figure 3 - 15(a). In this case, the lower bound value for αd can be taken as 1.2. The
second alternative assumed only some part of the diaphragm width reaches its yield stress (αd
= 0.7) as shown in Figure 3 - 15(b). The value of αt tends to increase linearly as the fydtd/fyttt
increases. In this case, the lower bound value for αt can be determined as a linear equation:
fyd td

αt =0.08 + 0.12 ( f t ).
yt t
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αt =0.08+0.12 (

αt =0.12

(a) αd

(b) αd

= 1.0

fyd td
fyt tt

)

= 0.7

Figure 3 - 15 The column tube width factor, αt, versus
a non-dimensional parameter,

fyd td
fyt tt

The diaphragm design capacity ratio between the tie method and FEA results, Ptie/PFEA, is
plotted in Figure 3 - 16. The Ptie/PFEA ratios for the first alternative are ranged between
0.45~0.98 as shown in Figure 3 - 16(a). The Ptie/PFEA ratios for the second alternative are ranged
between 0.72~0.99 as shown in Figure 3 - 16(b).

(a) αd

= 1.0 and αt = 0.12

(b) αd

= 0.7 and αt = 0.08 + 0.12 (fydtd/fyttt)

Figure 3 - 16 Design capacity ratio, Ptie/PFEA, versus
a non-dimensional parameter,
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From the range of the Ptie/PFEA ratios, and also the proximity between the lines and the scattered
dots (Figure 3 - 15), it is obvious that the second alternative gives more accurate results than
the first alternative in predicting the diaphragm capacity. Thus, the design procedure using the
modified tie method can be summarized as follows:
i)

Identify the design parameters: bc, tt, hd, td, fyd, and fyt.

ii) Determine the width factors, αd and αt. For more accurate results, the second alternative
(Figure 3 - 15(b)) is preferred.
iii) Calculate the diaphragm design capacity, Pdesign, using Eq. (3 - 3).
For illustration, the design procedure can be applied to the same configuration as in Section
3.8.1 (bc = 600 mm, tt = 16 mm, hd = 80 mm, td = 20 mm, fyd = fyt = 300 MPa). By using the
second alternative, the width factors, αd and αt, are 0.7 and 0.23 respectively. Therefore, the
diaphragm axial capacity, Tdiaph, is 1608.8 kN, which is 22% lower than the value obtained from
the finite element analysis.

3.10. Conclusions
1)

Three design methods are considered to calculate the design capacity of external
diaphragm connections for square CFST columns: the CIDECT method; the equivalent
beam method; and the tie method. Among the methods, only the equivalent beam method
considers the effect of bidirectional loading.

2)

Finite element analysis results show that perpendicular diaphragm forces do not affect the
external diaphragm design capacity. This finding is consistent with the CIDECT method
and the tie method. However, the CIDECT method has a limited range of validity and
gives non-conservative design capacity predictions. The tie method is the most promising
design method due to its assumption on the perpendicular load interaction and the
conservativeness.

3)

A formulation which considers the contribution of the steel tube and the diaphragm plate
is proposed for modifying the tie method. In the evaluated range of configuration, the
modified tie method can have a good prediction for the capacity of an external diaphragm
connection.

35

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

Chapter 4. Bidirectional performance of square CFST column
moment frame subassemblies with external
diaphragm connections (EDCs)

4.1. Overview
Experimental tests were conducted to evaluate the performance of external diaphragm
connections (EDCs) to square concrete-filled steel tubular (CFST) column subassemblies under
bidirectional loading. Three configurations with different external diaphragm plate sizes were
tested. These had different capacities according to the tie method. In all configurations, the
beam yielded and dissipated the majority of the energy. The effect of perpendicular loading on
the connection strength and stiffness is found to be insignificant. The behaviour is consistent
with what estimated with the tie method, which is also shown to be conservative for predicting
the external diaphragm connections strength.

4.2. Introduction
In concrete-filled steel tubular (CFST) columns, which are used in moment-resisting frame
structures, the steel tubes act as formwork for the concrete core while the concrete cores
minimize local buckling of the steel tubes (Gourley, et al., 2008). The bond between the steel
tubes and the concrete cores are important to increase the strength and ductility (Qu, et al.,
2015). The cost-effectiveness of using CFST columns in construction was evaluated by Morino
et al. (2001). The steel material consumption of structures with CFST columns could be reduced
by 10% compared to that of the conventional steel frame structures. The cost reduction can also
be contributed by the efficiency of manpower and material waste (Morino, et al., 2003).
The flat surfaces make the columns easier to be connected to the other members. Research has
been conducted to propose and evaluate some CFST connections. Wang et al. (2009) and Yao
et al. (2008) used blind bolts anchored to a CFST column and connected to flush endplates and
T-stubs respectively. Li et al. (2009) and Sheet et al. (2013) evaluated end-plate connections
with through-bolts which are found to have good ductility and energy-dissipation capability.
Kang et al. (2001) evaluated T-stiffener connections which were used to improve the force
transfer mechanisms to the CFST columns.
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Among the CFST connection types, the diaphragm-type connections are considered to have
more efficient force transfer mechanisms and also suitable for two-way frames
(Chunhaviriyakul, et al., 2015). The behavior of the internal diaphragm connections and
external diaphragm connections on CFST column connections was evaluated by Nie et al.
(2008). It was shown that the external diaphragm connections have better ductility and energy
dissipation.
An external diaphragm connection consists of a pair of diaphragm plates welded to a steel tube
(Figure 4 - 1). As the diaphragm plates are placed outside the tube section, the concrete
compacting problem can be avoided. In some construction practices, the diaphragm plates can
be slid from the top end of the CFST column. Bolts are commonly used to connect the beam
flanges to the diaphragm plates. In addition, shear tabs are used to connect the beam web to the
steel tube. The diaphragm plates are mainly designed to resist tension and compression forces
from the beam end moment. However, there are still some issues need to be resolved. The low
out-of-plane stiffness of steel tube might affect the overall performance of the structures.
Possibilities of other failure modes, as well as the significance of perpendicular loading, also
need to be assessed. The failure modes can also occur in the beams as flexural yielding or
fracture.
Concrete core
Steel tube

Weld

Diaphragm plate

Beam
Diaphragm plate

Figure 4 - 1

Components of external diaphragm connection

Although external diaphragm connections (EDCs) are suitable for two-way frame structures
with square CFST columns, very limited studies had been conducted for such structures under
bidirectional loading. Experimental tests and numerical analyses are conducted to investigate
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the behavior of two-way frame subassemblies with EDCs. Results of experimental and
numerical studies are evaluated to answer the following questions:
1) How does a square CFST structure with external diaphragm connection behave under
bidirectional loading?
1) What mechanisms occur in the components of an external diaphragm connection?
2) How conservative is the strength prediction method to predict the connection capacity?

4.3. Simple design approach
Three design methods have been proposed for estimating the axial capacity of external
diaphragm connections.. The methods are: (1) the CIDECT method (Kurobane, et al., 2004);
(2) the equivalent beam method (MacRae, 2013); and (3) the tie method. The tie method was
proposed and developed from numerical analyses and also compared with the other methods.
In those methods, external diaphragms are designed to the resist tension force from the beam
end moments. The numerical results showed that the effects of perpendicular forces from
bidirectional loading were not significant. Among the methods, the tie method gave the most
accurate capacity prediction and need only to consider the maximum tension force in one
direction. Design procedure and formulations of the tie method are described in Chapter 3.

4.4. Experimental program
Tests were conducted on a steel beam – CFST column subassembly with external diaphragm
connection. The test specimen represented interior joints in a two-way moment frame structure
under lateral loading as illustrated in Figure 4 - 2. The subassembly consists of one CFST
column and four beams with external diaphragm plates connecting the top and bottom flanges
of the beams (Figure 4 - 3). Universal (bi-directional) hinge is used to connect the column base
to the reaction floor to allow rotations in both perpendicular horizontal axes. Lateral loading
was applied on top of the column as prescribed lateral displacements in both directions.
Additional gravity load was not applied to the column because it was assumed to have an
insignificant effect on the behavior of the joint. The CFST column was made of SHS 250x250x9
tube (Grade 350plus) filled with unreinforced concrete (fc’ = 43.8 MPa). The beams were made
of 200 UB 29.8 section (Grade 300). The selected member dimensions satisfied the strongcolumn-weak-beam design criteria. There was no reduction in the beam flanges in order to
maximize the load transferred from the beams to the joint. In this case, strength ratio between
two tension failure modes: fracture on the net area and yielding on the gross area, of the beam
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flange was 1.03, which means yielding was more likely to occur. The diaphragm plates were
made of 10-mm-thick plates (Grade 300) welded around the steel tube with E48xx electrodes.
All bolted connections used M16 bolts (Grade 8.8).

Lb/2

Lb/2
Lc/2

Lc

Lc/2
Lc

Interior beamcolumn joint

Interior beamcolumn joint

Lc
Lb

Lb

(a) Lateral loading and moment diagram

Figure 4 - 2

(b) Lateral deformation

Moment frame structure and subassembly

2m

2m

CFST
column
Diaphragm
plate

0.975 m

0.975 m

Beam

Vertical-only
restraint

Figure 4 - 3

Universal hinge

Three-dimensional subassembly with external diaphragm connection

A series of bidirectional loading tests were conducted as shown in Figure 4 - 4 and Figure 4 5. Hydraulic actuators were used to provide lateral forces against the strong walls. In the W-E
direction, one hydraulic actuator was attached between the top of the column and the strong
walls. Two displacement-controlled hydraulic actuators were used in the N-S direction. Those
actuators were placed eccentrically to the column axis to avoid column twisting. Other
instability modes that might occur, i.e. the lateral-torsional buckling of the beams and the global
rotation of the structure were prevented. The lateral-torsional buckling of the beams was
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prevented by installing diagonal braces between adjacent beams. The global rotation was
prevented by two actuators which connected to the W-E beams. The actuator displacements
were computed from the top actuators and the height ratio of these actuators between the
column top and the bottom hinges.
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(a) W-E elevation view
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(b) N-S elevation view
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(c) Plan view at column top level

1

2

11

(d) Plan view at beam level

Legend: 1 – CFST column; 2 – beam; 3 – diaphragm plate; 4 – loading bracket; 5 – universal pin; 6 – actuator; 7
– load cell; 8 – string/rotary potentiometer; 9 – displacement potentiometer; 10 – strong floor; 11 – strong wall;
12 – bracing beam; 13 – extension beam

Figure 4 - 4
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N-S direction
(column top)

W-E direction
(column top)

N-S direction
(beam)

Figure 4 - 5

Subassembly with testing instrumentation

All actuators worked simultaneously following an integrated loading protocol. There were three
loading phases in each drift increment as shown in Figure 4 - 6. The first phase consisted of
three cycles in W-E direction; the second phase consisted of three cycles in N-S direction, and
the third phase combined displacement in both directions to follow a cloverleaf path which was
adopted and modified from tests conducted by Solberg, et al. (2009). In the bidirectional loading
protocol, there were displacement combinations consisted of maximum displacements in both
directions ( Δxmax, Δymax). For every configuration, the test started from 0.1% maximum drift
(or Δmax = 1.95 mm at the column top).
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3

(a) W-E actuator (column top)
1

2

4th quadrant

3
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-Δmax

1st quadrant

1
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3rd quadrant

(b) N-S actuator (column top)
1

2

3

2

3
3

Δmax

-Δmax

2nd quadrant
2

3
-Δmax

0.59*Δmax

-0.59*Δmax

(d) column top movement

(c) N-S actuator (beam)
Figure 4 - 6

General loading protocols

Three configurations of external diaphragm connection were tested using one subassembly
specimen. The variation of tests was the diaphragm plate shape or critical section width. The
critical sections of the top and bottom diaphragm plates (Figure 4 - 7(a)) were reduced after
each test stage by trimming the edges using a cutting grinder to a certain width, c (Figure 4 7(b)). The shapes of the diaphragm plates for all test configurations (ED-01, ED-02, and ED03) are shown in Figure 4 - 8. The diaphragm plate sizes (c and hd from Figure 4 - 7(b)) and the
applied drift ratio for each configuration is described in Table 4 - 1. The maximum drift ratios
for each loading stage were increased as follows: 0.1%, 0.15%, 0.2%, 0.3%, 0.4%, 0.5%,
0.75%, 1%, 1.5%, 2%, 3%, 4%, and 5%. The first two configurations (ED-01 and ED-02) were
tested to avoid any damage or inelastic mechanism of the components; hence the range of
applied lateral loading is limited to 0.5% drift ratio. The third configuration (ED-03) was tested
up to 5% drift ratio to expect a non-linear behavior of the members and the connection. To
minimize deformations due to bolt slips, 1-mm oversized holes were provided in the beams and
the diaphragm plates instead of the 2-mm oversized standard holes. Note that the weakest part
of the beam was the section across the outer bolts. Although not recommended for seismic
action, the bolted connections was designed primarily to assess the EDC strength.
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CFST column

Fillet weld (both sides)
Beam

Diaphragm plate (top)

Diaphragm plate,
t = 10 mm

c
hd

Shear tab

CFST column

M16 bolts

Beam

Diaphragm plate,
t = 10 mm

Diaphragm plate (bottom)

Fillet weld (both sides)

Beam

(a) Elevation view

Figure 4 - 7

Straight
edge

Details of connection

Removed
part

(a) ED-01

Removed
part

(b) ED-02

Figure 4 - 8

Configuration

(b) Plan view

(c) ED-03

Test configurations

Table 4 - 1

Variation of the tests

Diaphragm plate shape

Lateral force at estimated

Drift ratio

design capacity*
ED-01

c = 0 mm; hd = 101 mm

127.4 kN

0.1% ~ 0.5%

ED-02

c = 50 mm; hd = 66 mm

96.6 kN

0.1% ~ 0.5%

ED-03

c = 100 mm; hd = 30 mm

65 kN

0.1% ~ 5%

* Based on the tie method (Equation 3 - 1)
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4.5. Behaviour
The elastic behavior is evaluated in all configurations by plotting the lateral force-displacement
curves up to 0.5% drift ratio as shown in Figure 4 - 9. The curves are narrow and relatively
straight, which indicate that the structure is still in the elastic range and the effect of
perpendicular loading is not significant. The changes of slopes from ED-01 to ED-03
configurations are also negligible. This means that the changes of diaphragm plate sizes did not
affect the global stiffness of the structure.

(a) W-E direction

Figure 4 - 9

(b) N-S direction

Lateral force versus displacement from 0.5% drift ratio loading stage

The inelastic behavior was only observed in ED-03 which was tested up to 5% drift ratio. In
Figure 4 - 10, the hysteresis loops of ED-03 are plotted in W-E and N-S directions, under oneway loading and two-way loading (cloverleaf) loading phases. The shapes of all hysteresis loops
are similar which means there is no significant effect of perpendicular loading to the global
behavior of the structure. The lateral force corresponding to the design capacity of the external
diaphragm connection, Plat*, is also shown in the graph. The position of Plat* in the graph
indicate that the structure has sufficient reserve capacity before nonlinearity starts to occur.
Although no strength degradation occurred, it was observed that the bolted connections slipped
which is indicated with pinched shapes of the hysteresis.
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Plat*

Plat*

Plat*

Plat*

(a) W-E direction (one-way)

(b) N-S direction (one-way)

Plat*

Plat*

Plat*

Plat*

(c) W-E direction (cloverleaf)

(d) N-S direction (cloverleaf)

Figure 4 - 10 Lateral force versus displacement of ED-03

The nonlinearity started to occur at about 1% drift ratio followed by a significant change of
stiffness but no strength degradation is observed up to 5% drift. There were two visible
indications of yielding: (1) at the diaphragm plates near the column corners as indicated by the
‘yield lines’ in Figure 4 - 11; (2) at the flanges and the web of the beams near the tip of the
diaphragm plates as indicated by surface spallings and plate bucklings in Figure 4 - 12. The
major contribution of the stiffness degradation came from the yielding of the beam parts
adjacent to the diaphragm plates.
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Yield lines:
Tension in x-direction
Tension in y-direction
Bi-directional tension

y
x

Diaphragm plate

Steel tube

Figure 4 - 11 Visible ‘yield lines’ on diaphragm plates near the column corner
Surface
spalling on
beam flange

Buckling of
beam flange

Surface
spalling on
beam web

Figure 4 - 12 Yielding indications in beams

One major issue with CFST columns is the deformation of the steel tube which can affect the
rotational stiffness of the connection, especially if the diaphragm plate is experiencing a large
tension force. The gap opening between steel tube and concrete core, δj1, can be estimated by
measuring the relative displacement between a ‘fixed’ point (A) and the deformed point (B) in
the steel tube (Figure 4 - 13). The joint rotation due to steel tube deformation, θt, is calculated
as δt/hj, where hj is the distance between the top and the bottom diaphragm plates. The hysteresis
loops of the joint rotation, θt, versus the beam end moment, Mb, are plotted (Figure 4 - 14).
According to (EN 1993-1-8, 2005), a connection is classified as ‘rigid’ if the rotational stiffness
≥ 25 EsIb/Lb (Zone 1) and ‘flexible’ if the rotational stiffness ≤ 0.5 EsIb/Lb (Zone 3), where Es is
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the modulus of elasticity, Ib is the second moment of area, and Lb is the span of the beam. From
the plots, the rotational stiffness of the joints located on the boundary between Zone 2 and Zone
3, which can be classified as ‘semi-rigid’ to ‘rigid’ connections.

A

θt
Displacement
potentiometer

Concrete
core
δjt

Diaphragm
plate

B

30mm

hj
Mb

Beam

Steel tube

Figure 4 - 13 Rotation due to steel tube deformation

Zone 1

Zone 1

Zone 2

Zone 3

Zone 2

Zone 3

Zone 3

Zone 3

Zone 2

Zone 2

Zone 1

(a) W-E direction

Zone 1

(b) N-S direction

Figure 4 - 14 Moment versus rotation of joint in ED-03 up to 5% drift ratio

The other deformation modes caused by beam moment are the slip of the diaphragm bolted
connections and the flexural deformation of the beams. Sectional rotation which corresponds
to those deformations can be calculated by measuring the relative displacements between the
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tip of the diaphragm plate and a certain point in the beam flange as described in Figure 4 - 15.
The hysteretic curves of the beam end moment, Mb, versus the beam relative rotation, θb, of
‘Zone B’ are plotted in Figure 4 - 16. For both W-E and N-S directions, nonlinearities start to
occur significantly at Mb of 110 kNm which are comparable to the beam plastic moment (113.8
kNm).
The contribution of the components rotations to the total rotation of the subassembly is
presented in Figure 4 - 17. For W-E direction (Figure 4 - 17(a)) and N-S direction (Figure 4 17(b)) the inelastic deformations through plastic hinging in the beam are the major contributor
to the total rotation, especially after 2% drift ratio. In both directions, the contributions of the
tube deformation and the beam deformation are about 9% and 75% respectively to the total
rotations at 5% drift ratio. The elastic deformation include the deformations of the beams, the
column and the panel zone.

hj

Mb

Zone B

Diaphragm
plate

Concrete
core

Steel tube
Displacement
potentiometer

δb,top

θb

Beam
δb,bot

Figure 4 - 15 Rotation due to bolt slipping and beam yielding
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(a) W-E direction

(b) N-S direction

Figure 4 - 16 Moment versus rotation of Zone B

Elastic
deformation

Elastic
deformation

(a) W-E direction

(b) N-S direction

Figure 4 - 17 Component rotations of ED-03

4.6. Numerical analysis
Finite element analyses (FEA) were conducted using ABAQUS 6.11 as the subassembly model
is shown in Figure 4 - 18. Homogenous shell elements (S4R) were used to model the diaphragm
plate and the steel tube. Solid or brick elements (C3D8R) were used for concrete core modeling.
Multilinear elasto-plastic stress-strain relationships were used to model the steel material as
shown in Figure 4 - 19. The yield strength and ultimate strength of the steel components were
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shown in Appendix C1. Concrete material was modeled to be linearly elastic with modulus of
elasticity, Ec, of 28700 MPa. The interaction between the concrete core and the steel tube
internal surfaces was defined as a normal “hard” contact behavior. This feature allows
separation between those surfaces under tension and results in contact pressure under
compression. The friction coefficient between concrete and steel surfaces was taken as 0.5.
Bolted connections were modelled using ‘cartesian’ type connector elements that rigidly
connect two nodes in connected plates. This feature requires a full section of the connected
elements which will ignore the section reduction due to bolt holes. The welded connections
between the diaphragm and tube were assumed to develop full strength. The complete model
description is presented in the ABAQUS input file (*.inp) example (Appendix F2).
A universal pin which allows rotations about both x- and y- axes was assigned at the base of
the column. Roller type supports were assigned under the beam to represent the vertical struts
in the experimental setup. Lateral displacements were applied unidirectionally (W-E direction
or N-S direction only) and bidirectionally (both W-E and N-S directions) at two separated nodes
in loading bracket attached on the top of the CFST column. The lateral displacements were
increased monotonically to 5% drift ratio. Three different configurations as varied in Figure 4
- 7 and Figure 4 - 8 were also modelled in ABAQUS. Some parts of the diaphragm plates were
removed as illustrated in Figure 4 - 20.

Cap plate of CFST
column

Steel tube

Loading node

Concrete
core

S

W

E

N

Loading
bracket
Loading node

Bracing beam
Connection plate

Bolt (modelled
as connector)

Diaphragm
plate

Beam

Vertical support (roller)
CFST column
CFST column
Beam
Shear tab

Universal (bi-directional) pin

Figure 4 - 18 Modeling of the subassembly
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Figure 4 - 19 Steel material constitutive models

ED-01

ED-02

ED-03

Figure 4 - 20 Reducing external diaphragm plates in FE modeling

In the experiment, ED-03 was the only configuration which was tested to exceed its elastic or
proportional limit. The full hysteretic curves of ED-03 were plotted in the same graphs with its
monotonic FE results as shown in Figure 4 - 21. The monotonic curves from finite element
analyses fit the backbone of the hysteretic curves from the experiments. Lateral force versus
displacement curves measured at loading nodes for ED-01, ED-02, and ED-03 are plotted in
Figure 4 - 22. In all three configurations for both one-way and two-way loadings, the difference
between the curves was not significant which indicates that the external diaphragm connections
were not the critical parts in the structural systems.
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(b) N-S direction

(a) W-E direction

Figure 4 - 21 Experimental and finite element results of ED-03

Figure 4 - 22 Lateral force versus displacement from finite element modeling

The shapes of the hysteretic curves are affected by nonlinear mechanisms in the members and
connections. The equivalent plastic strain (PEEQ) is used to indicate the yielding part of the
components. The PEEQ value or contour appears in an element when the strain has exceeded
the elastic strain limit of the material. The PEEQ contours in the components of beam-column
joints are plotted in Figure 4 - 23. In general, yielding occurs at three typical locations: the bolts
or the connector nodes in the diaphragm plates; the diaphragm plates and the steel tubes at the
corner of CFST columns; and the beam elements (flanges and webs) adjacent to the diaphragm
plates. The plate yielding near the bolts is caused by the concentrated forces transferred through
non-dimensional connector nodes. In real connections, the stresses are distributed through the
bearing action between the bolt shanks and the plate holes. The yielding of the diaphragm plates
and the steel tubes near the CFST columns confirms that the parts are critical under the
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diaphragm tension forces. The yielding of the critical sections start at about 0.7% drift under
one-way loading and 0.6% drift under two-way loading. The yielding of the beams starts at
0.9% drift and propagates to the entire cross-section of the beams to form plastic hinges.

Drift 0.9%

Drift 0.6%

Drift 0.9%

Drift 0.8%

Drift 0.7%

(a) One-way

(b) Two-way

Figure 4 - 23 Isometric view of PEEQ contour plot of ED-03 joint after 5% drift ratio

The FE results are also used to evaluate the previously proposed design method (the Tie
Method). The relationship between column lateral forces and out-of-plane deformation of steel
tubes (or contact opening) is shown in Figure 4 - 24. As described in Chapter 3, the design
capacity of an external diaphragm connection is the horizontal tension force in a diaphragm
plate to cause a residual deformation of 0.0833%*CFST column width. For CFST columns
made of HSS250x250x9, the allowable out-of-plane deformation is 2.08 mm. In Table 4 - 1,
the column lateral force at estimated design capacities of the tested configurations, ED-01, ED02, and ED-03 are 127.4 kN, 96.6 kN and 65 kN respectively. The corresponding lateral forces
for all configurations are located on the linear part of the curves or no significant residual outof-plane deformation of the steel tube if such lateral forces are applied. This means the Tie
Method is conservative to predict the capacity of external diaphragm connections.
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Tie method predictions

Tie method predictions

(a) W-E direction

(b) N-S direction

Figure 4 - 24 Contact opening (steel tube out-of-plane deformation) versus lateral force

4.7. Conclusions
1)

Experimental and numerical studies were carried out to investigate the behaviour of a
CFST column subassembly with external diaphragm connection under bidirectional
loading. The results show that there is no strength degradation occurs in the test for the
smallest configuration (ED-03) up to 5% drift ratios. The effect of perpendicular loading
was not significant to the overall and local behaviour.

2)

There are two major inelastic mechanisms which are observed in experiments and
numerical analyses: (1) yielding of diaphragm plates and steel tube near the corner of
CFST column under tension force; and (2) flexural yielding of the beams that form plastic
hinges. The beam yielding contributes significantly to the inelastic deformation of the
entire structure.

3)

Although the diaphragm tension capacity in ED-03 was designed to be slightly lower than
the tension force at the beam yield moment, there was no significant connection failure
observed while the plastic hinges formed in the beams. This indicated that the proposed
design method is conservative.
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Chapter 5. Design formulations for external diaphragm
connections (EDCs) in square CFST column moment
frames considering beam shear force and bending
moment

5.1. Overview
Design procedures of external diaphragm connections for square concrete-filled steel tubular
(CFST) columns have been developed considering axial force on the diaphragm alone. In this
paper, finite element analyses are performed on a full beam – CFST column joint with external
diaphragms. It is shown that the diaphragm out-of-plane deformation due to the beam shear and
the diaphragm in-plane deformation due to the beam bending can be evaluated separately
because the locations of peak demands occur at different locations. For many realistic cases,
the web shear connection provides no benefit. For cases with high shear forces, the web shear
connection is useful. Recommendation on when beam shear connections are required is
provided.

5.2. Introduction
External diaphragm connections have advantages when they are used in concrete filled-steel
tubular (CFST) column structures, especially in their force transfer mechanism and suitability
for two-way frames. Design methods for such connections have been developed. A summary
of these methods is provided in Chapter 3. The best of these is the tie method as it gives better
agreement than the other methods. The tie method was used to design the diaphragm plate sizes
in order to make the connection moment capacity slightly lower than the beam yield moment.
The results show that the beam plastic hinges formed without significant connection damage,
indicating that the connection design strength computed by the tie method is conservative.
In steel moment frame connections which consist of flange and web components, the flange
parts are commonly designed for axial forces due to bending moment, while the web parts are
designed for the vertical shear force. This concept is also often applied in CFST column
connections. In research conducted by Alostaz and Schneider (1996) and Schneider and Alostaz
(1998), all the connections they proposed for CFT column connections (e.g. simple connection,
diaphragm plates, and embedded deformed bar) have beam web parts. Cheng and Chung (2003)
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tested external diaphragm connections with web connections. Shin et al. (2008) evaluated CFST
column connections with T-stiffeners. The T-stiffeners were designed for tension force due to
beam bending moment. The beam web was fully welded to the steel tube to carry shear force.
Similarly, in internal diaphragm connections with stiffening plates around the column, the beam
web was also fully welded to the steel tube as studied by Park et al. (2005).
Different ways of connecting steel beams to CFST columns have also been proposed and
evaluated. Among several configurations tested by Ricles et al. (2004), there were welded split
tee connections without shear tab, which provided suitable performance for seismic resisting
frames. Examples of bolted T-stub connections without shear tab were also given by Yao et al.
(2008), and Chunhaviriyakul et al. (2013). Meanwhile, Goswami and Murty (2010)
recommended that beam webs are not necessarily connected to CFST column flanges as the
shear forces are transferred toward column webs through beam flange connections.
The idea of excluding the shear tab connection can be applied to external diaphragm
connections as long as the diaphragm plates have sufficient strength and stiffness to carry the
combination of bending moment and shear force from the beams. Force transfer mechanisms
in external diaphragm connections without shear tabs are illustrated in Figure 5 - 1. However,
current design methods only consider in-plane (tension or compression) force on the diaphragm
due to the beam bending moment. In the CIDECT method Kurobane, et al. (2004) and the tie
method, diaphragm plates are only designed to resist tension forces. For CFSTs, when shear is
applied to the shear tab at the bolt line, both bending and shear occur at the tube. Since the tube
may not be stiff enough to carry the tension resulting from the bending, there are concerns about
the adequacy of such shear tabs. For these reasons, it is important to understand the behaviour
of external diaphragm connections through more realistic and comprehensive analyses which
include all major force transfer mechanisms.
This paper addresses the need by seeking answers to the following questions:
1)

How should design procedure be modified if beam bending moment and shear force are
resisted by external diaphragm connections without shear tab?

2)

How do external diaphragm connections perform under combined in-plane and out-ofplane actions for a range of configurations?

3)

What practical recommendations can be made?
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(a) Under beam bending moment alone

Figure 5 - 1

(b) Under beam shear force alone

External diaphragm plate deformations

5.3. Design formulations
5.3.1.

The tie method (tension)

Some design methods have been proposed for estimating the capacity of external diaphragm
connections: (1) CIDECT method (Kurobane, et al. (2004)); (2) the equivalent beam method
(MacRae, 2013); and (3) the tie method. External diaphragm connections are designed to resist
tension forces from beam moments, while the compression forces are not critical. Among the
methods, the tie method gives the most suitable design method with the range of conservatism
between 1.00 ~ 1.40. The development of the tie method and the design equations are described
in Chapter 3 (Section 3.9).

5.3.2.

Newly developed diaphragm flexural and shear capacity

The diaphragm flexural and shear limit states due to beam shear force should be considered
along with the tension limit state. Beam shear force is transferred to CFST column through top
and bottom diaphragm plates as described in Figure 5 - 2. When a clockwise moment is applied,
the top diaphragm plate resists tension and the bottom one resists compression. Simultaneously,
a downward shear force is applied to the connection. In the tension side diaphragm, shear force
is transferred through the bolted connection and ‘fixity’ is assumed to be at the edge of the
nearest bolt heads or nuts. In the compression side diaphragm, shear force is transferred through
the bolts and bearing contact between beam flange and diaphragm plate. Therefore, the ‘fixity’
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of the bottom diaphragm plate is located at the edge of the beam. In Figure 5 - 3, the diaphragm
plate internal forces and deformation are analyzed as beams subject to shear forces and fixed
end moments. The ‘beam’ cross-section can be conservatively taken as a rectangular section
with diaphragm plate thickness, td, as the depth or column width, bc, as the width, as illustrated
in Figure 5 - 4. The diaphragm moment, Mdt or Mdc, is also transferred to the steel tube flange
on the top and bottom sides of the connected diaphragm plate. However, the steel tube flange
is stiffened by the webs at both sides. This makes the steel tube flange less critical than the
diaphragm plate in resisting the diaphragm moment.
The beam shear force demand, Vbeam, should satisfy two equations which are derived from
diaphragm plate shear yielding and flexural yielding limit states on the compression side
(Equation 5 - 1). In this approach, the moment and the shear force of the perpendicular beams
are assumed not to have an effect on diaphragm plate flexural and shear force capacities. The
detailed background of the equations is presented in Appendix D3.

l 3 +l 3

0.6fyd bc td ( dc 3dt )
ldt
Vbeam = min { f b t 2 3 3
l +l
yd c d
( dc 3 dt )
4

(5 - 1)

ldt ldc

Where

fyd is diaphragm plate yield strength;
td is diaphragm plate thickness;
bc is column width;
ldc is distance between fixities on the compression side; and
ldt is distance between fixities on the tension side.
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Figure 5 - 2

Beam shear force transfer mechanism
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Force and displacement analysis of diaphragm plates under beam shear
force
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Figure 5 - 4

Diaphragm plate effective section for flexural and shear

5.4. Numerical analysis
ABAQUS (SIMULIA, 2012) was used in finite element analyses. Homogenous shell elements
(S4R) were used to model the diaphragm plate and steel tube. Solid elements (C3D8R) were
used to model the concrete core. Materials were modeled to avoid the occurrence of nonlinearity
in all elements other than steel tube and diaphragm plates. Linearly elastic steel material (Es =
200 GPa) was used for the other steel members, e.g. beams and stiffeners. A bilinear stressstrain relationship (yield strength, Fy = 300 MPa and steel modulus of elasticity, Es = 200 GPa)
was used to model the steel material for the steel tube and diaphragm plate. The concrete
material was modeled to be linearly elastic (concrete modulus of elasticity, Ec = 20 GPa). In the
basic configurations, the shear tab connection was excluded in order to evaluate the shear force
effect on diaphragm plate exclusively. The normal contact interaction between the concrete
core and the steel tube internal surfaces was defined to allow separation under tension and
results in contact pressure under compression. The friction coefficient between paired surfaces
was taken as 0.5. The diaphragm plates and the steel tube were merged as one part as to simulate
the welded connections.
The modeled subassembly consisted of one CFST column and four beams with external
diaphragm plates (Figure 5 - 5). The beam length, measured from the column center line to the
beam vertical support, Lbeam, was 2 meter. The column length, measured from the beam
centreline to the column support, Lcolumn, was 0.975 meter. The column width was 250 mm and
the beam section was made of 200UB29.8. Variations were made for the external diaphragm
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critical width, hd, the diaphragm plate thickness, td, and the steel tube thickness, tt, as shown in
Table 5 - 1. The thicknesses of the diaphragm plates and steel tubes were taken to satisfy the
compact section classification (NZS 3404: Part 1, 1997). The diaphragm critical widths range
from 0 mm to 101 mm in order to capture diaphragm tension or flexural failure as the governing
mechanism.
The model nomenclature described all dimensional parameters and loading type. For example,
a configuration with hd = 101mm, td = 10 mm, and tt = 9 mm analyzed for one way loading was
denoted as ‘hd101-td10-tt09-1way’. Bolted connections were modelled using ‘cartesian’ type
connector elements that rigidly connect two nodes in the connected plates. All restraints were
concentric to the member centerlines. A universal pin which allowed rotations about x- and yaxes was assigned at the center node of the column base. Roller type (or vertical only) restraints
were assigned at the end of the beams to allow movement in x-y plane. Lateral displacement
were applied unidirectionally (x-direction or y-direction only) and bidirectionally (both x- and
y- directions) at center node of column top plate. The lateral displacements were increased
monotonically until 4% drift ratio.

CFST
column

Prescribed lateral
displacements

Concrete core
(C3D8R)

Vertical support
(roller)

Diaphragm edge:
hd = 0
hd = 30 mm
hd = 66 mm
hd = 101 mm

Diaphragm plate
(S4R)

Bidirectional hinge at the
centre of column base

Beam web
(S4R)
Beam flange
(S4R)

Bolted connection
(as connector)

(a) Structural system

(b) Connection

Figure 5 - 5 Modeling of subassembly
Table 5 - 1

Variation of parameter in modeled configurations

Diaphragm critical
width, hd
0 mm
30 mm
66 mm
101 mm

Steel tube
(S4R)

Diaphragm
thickness, td

Steel tube
thickness, tt

5 mm
10 mm

6 mm
9 mm
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In design practices, shear tabs are assumed to carry the beam shear force entirely. Here the
diaphragm plates were designed to resist tension forces due to the beam bending moments.
Performance improvement of the EDCs with shear tabs is also investigated. Two
configurations: (1) thin-diaphragm-thick-tube with minimum diaphragm width (hd0-td10-tt06);
and (2) thick-diaphragm-thin-tube with maximum diaphragm width (hd101-td05-tt09) were
modified by adding shear tabs connected to the beam webs (Figure 5 - 6). Shear tab dimensions
were taken as in the tested specimen (see Chapter 4). The bolted connections were modeled
using rigid connector elements. The significance of shear tab contribution may vary in different
proportions of beam shear force and bending moment. Therefore, the length of the beams was
also varied into 1 m and 3 m in order to obtain shear-dominated and moment-dominated
connection demands.

Steel tube
Diaphragm plate
Beam
Shear tab

Bolted connection
(as connector)

Bolted connection
(as connector)

Figure 5 - 6

Connection with shear tab model

5.5. Behaviour
Column lateral force versus drift ratio curves for all configurations along with their
corresponding connection capacity values are plotted in Figure 5 - 7. Circular and triangular
dots represent the connection capacity due to diaphragm tension and flexural limit states
respectively. The diaphragm tension limit state controls in most of the cases, except in hd66td05-tt09 and hd101-td05-tt09 configurations. The diaphragm flexural limit state is more
critical if the diaphragm critical width, hd, is large and the diaphragm thickness, td, is small.
In general, the lowest values from all limit states locate at a range when nonlinearity starts to
occur. It can imply that the predicted connection capacities based on the proposed design
formulations can prevent structures having excessive lateral deformation. In terms of reserve
structural capacity, there are reasonable levels of conservativeness by limiting lateral force
demand with the connection capacity. In all the evaluated cases, the column lateral force can
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still be increased to at least 20% of its connection capacity limit state. Bidirectional loading
interaction is also evaluated. The largest difference in lateral deformation between one-way and
two-way loading is 0.2% of drift ratio, which occurs in the strongest configuration (hd101-td10tt09) as indicated in Figure 5 - 7(d).

(a) hd = 0

(b) hd = 30 mm

0.2%

(c) hd = 66 mm

Figure 5 - 7

(d) hd = 101 mm

Lateral force vs drift ratio for modeled configurations

The deformed shapes of the steel tube and the diaphragm plate ares plotted in the section
through the joint along the column center line as shown in Figure 5 - 8. The deformation in the
thin-diaphragm-thick-tube with the minimum diaphragm width (hd0-td10-tt06) and the thickdiaphragm-thin-tube with the maximum diaphragm width (hd101-td05-tt09) are observed. In
Figure 5 - 8(a), steel tube out-of-plane deformation is the dominant mode. The diaphragm plate
is relatively straight indicating the beam moment is transferred through diaphragm axial force
mechanism. In Figure 5 - 8(b), the steel tube out-of-plane deformation is less dominant and the
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diaphragm plate flexural deformation is visible. The diaphragm plates curve in the same
direction as the corresponding beam shear forces, Vb, but in the opposite direction as the beam
moment, Mb. This confirms that the diaphragm out-of-plane deformation is caused by the beam
shear force.
The contribution of steel tube contact opening (COPEN) to the overall structure deformation is
described in Figure 5 - 9. The rotation, θCOPEN, is calculated by dividing ΔCOPEN by the distance
between top and bottom diaphragm, sdiaph. The slope of the curve for configuration hd0-td10tt06 after 1% drift ratio is about 45, which means the overall deformation is mainly contributed
by the steel tube opening. In configuration hd0-td10-tt06, the other mode (i.e. diaphragm
bending) also contributes to the overall deformation.
Cutting
plane

ΔCOPEN
sdiaph M
b

Vb

Concrete
core

Vb

Mb

Mb
Steel tube
opening

Concrete
core

Vb

Mb

Steel tube
opening

Diaphragm
plate bending

(a) hd0-td10-tt06

Figure 5 - 8

Vb

(b) hd101-td05-tt09

Steel tube and diaphragm plate profiles at column middle section at 4%

drift for diaphragm tension-controlled (hd0-td10-tt06) and flexural-controlled (hd101td05-tt09)
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Rotation due to steel tube opening (COPEN) versus drift ratio for

diaphragm tension-controlled (hd0-td10-tt06) and flexural-controlled (hd101-td05-tt09)

Yielding in the steel tube and diaphragm plate is investigated to determine the governing failure
mode in the connections. Non-zero equivalent plastic strain (PEEQ) is used to indicate yielding
in an element based on von Mises criteria. The non-zero PEEQ is visualized by a non-blue
colour in Figure 5 - 10. In configurations with minimum diaphragm critical width (Figure 5 10(a), and (b)), yielding occurs in diaphragm plate and steel tube near column corners in tension
side of the diaphragm. This indicates that diaphragm tension controls the connection capacity.
In configurations with maximum diaphragm critical width (Figure 5 - 10(c) and (d)), yielding
also occurs along column edge in diaphragm compression side combined with corner yielding
in tension side. The column edge yielding indicates a diaphragm flexural mechanism; while the
column corner yielding indicates the diaphragm tension. Typical yielding regions in diaphragm
plates, if both tension and flexural yielding occur, are schematically shown in Figure 5 - 11.

(a) hd0-td10-tt06-1way

(b) hd0-td10-tt06-2way

(c) hd101-td05-tt09-1way (d) hd101-td05-tt09-2way

Figure 5 - 10 Yielding in diaphragm plate and steel tube at 1.5% drift ratio
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(a) One-way loading

Tension

Tension
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Figure 5 - 11 Typical yielding region in diaphragm plate

In square CFST columns, the steel tube plate out-of-plane deformation is the major parameter
that contributes to the rotational stiffness. Assuming that the deformation of the concrete core
is negligible, the rotation can be calculated by dividing the steel tube contact opening (COPEN)
by the distance between the top and the bottom diaphragms. Rotations due to the bolt slip and
the diaphragm plate bending are excluded. Moment versus rotation curves of hd0-td05-tt06 and
hd101-td10-tt09 configurations under one-way and two-way loadings are plotted in Figure 5 12. The connections can be classified based on their elastic stiffness. According to Eurocode 3
(EN 1993-1-8, 2005), a moment frame connection is classified as ‘rigid’ if the rotational
stiffness ≥ 25EIb/Lb and ‘flexible’ if the rotational stiffness ≤ 0.5EIb/Lb, where E is the modulus
of elasticity, Ib is the second moment of area, and Lb is the span of the beam. From the plots,
the rotational stiffnesses of the joints are located between the two boundaries, which mean the
modeled configurations can be classified as ‘semi-rigid’ moment connections.
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Top diaphragm

Bottom diaphragm
Nodes where contact
opening measured

Flexible

Figure 5 - 12 Moment versus rotation due to steel tube opening

Contributions of the shear tabs to the EDCs performance are evaluated by plotting the beam
shear force versus drift ratio for configurations with and without shear tab (Figure 5 - 13). In
the selected configurations, the global behaviour improvement in the connection with shear tabs
is minor, except for hd101-td05-tt09 configuration with 1-meter beam length, where the shear
force is dominant. The shear tabs can reduce the lateral deformation to 0.3% drift ratio at the
diaphragm tension capacity limit state. However, the reduction in the deformation becomes
insignificant if the beam shear force is limited to the diaphragm flexural capacity limit state.

Tension

Flexural

Tension

Flexural

0.3%

(a) hd0-td10-tt06

(b) hd101-td05-tt09

Figure 5 - 13 Beam shear force versus drift ratio with shear tab effect
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The improvement in local deformation is also observed. The deformed shapes of the joints for
shear-dominated configurations (beam length = 1 m) are presented in Figure 5 - 14. In hd0td10-tt06 configuration (Figure 5 - 14(a) and (b)), the deformed shapes of both connections
with and without shear tabs are very similar. In Figure 5 - 14(c), there are sharp curves formed
in the diaphragm plates due to the beam shear force. Meanwhile in Figure 5 - 14(d), those local
deformations are eliminated by connecting the beam webs to the shear tabs.

(a) hd0-td10-tt06, without shear tab

(b) hd0-td10-tt06, with shear tab

Diaphragm
plate bending

Diaphragm
plate bending
(c) hd101-td05-tt09, without shear tab

(d) hd101-td05-tt09, with shear tab

Figure 5 - 14 Deformed shape of joint at 4% drift ratio (beam length = 1 m)

5.6. Practical recommendation
EDCs in CFST column structures can be constructed without shear tabs by considering two
major limit states: (1) diaphragm tension due to beam bending moment; and (2) diaphragm
flexure due to beam shear force. The diaphragm capacities can be calculated independently
because the two failure modes occur at different parts: the corner of tension side and the edge
of the compression side. The EDC capacity should be taken as the minimum value obtained
from both formulations.
The relationship between external diaphragm connection capacity, in terms of the beam shear
force, and the diaphragm critical size, hd, is presented in Figure 5 - 15. Configurations with
diaphragm plate thickness, td = 5 mm and steel tube thickness, tt = 9 mm, are selected as the
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examples. Two lines representing the diaphragm tension and flexural capacity equations for
those configurations are plotted. Beam shear forces corresponding to the diaphragm tension and
flexural limit states as indicated in the numerical results are also plotted to indicate the
conservativeness of the proposed design method. The diaphragm tension limit state is reached
at the stage that causes residual contact opening about 0.1% of the CFST column width. The
diaphragm flexural limit state is observed when yielding occurs in the diaphragm plate along
the compression side of the column edges. The ratio of the results of the numerical simulation
to the prediction ranges from 1.05 to 1.31 for the tension limit state and from 1.20 to 1.28 for
the flexural limit state.

(Eq. 5 – 1)

Fyt = 200 GPa
Fyd = 200 GPa
bc = 250 mm
tt = 9 mm
td = 5 mm

Figure 5 - 15 Typical external diaphragm connection design chart (for configuration
with: Fyt = 200 GPa; Fyd = 200 GPa; bc = 250 mm; tt = 9 mm; td = 5 mm)

Shear tabs can be used to improve the connection performance under large shear force. Shear
tabs should be designed to resist the beam shear force. Consequently, the diaphragm plate can
be designed to resist the tension force due to beam bending moment. Shear tabs are effective in
shear-dominated connections, when the connection capacity is governed by the diaphragm
flexural limit states due to beam shear force. In the typical configurations, the connection can
be categorized as shear-dominated if the beam length, Lbeam, is shorter than the value estimated
using Equation 5 - 2. The equation is derived by equating the beam end moment, Mb, which can
be computed as Tdiaph(db + tb) and Vbeam(Lbeam - 0.5bc).
Lbeam =

Tdiaph (db + td )
Vbeam

+ 0.5bc

(5 - 2)

Where Tdiaph is the diaphragm tension force capacity, calculated using the tie method (Equation
3 - 3) ; Vbeam is the maximum beam shear force due to the diaphragm flexural or shear force
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capacities, calculated using Equation (5 - 1); db is the beam depth; td is the diaphragm plate
thickness; and bc is the column width.

5.7. Conclusions
1)

In the previous work, the tie method has been developed to predict the external diaphragm
connection capacity under in-plane or tension force due to beam bending moment.
However, the out-of-plane deformation due to beam shear force is not considered in that
method. As a complementary solution, design formulations are developed to estimate the
diaphragm plate flexural and shear capacity due to beam shear force.

2)

There are two major force transfer mechanisms that occur in external diaphragm
connections: (i) diaphragm tension force due to beam moment (in-plane), and (ii)
diaphragm flexural and shear force due to beam shear force (out-of-plane). Those
mechanisms can be identified from the deformation and yielding region in the diaphragm
plate and steel tube. The tension mechanism causes yielding in the diaphragm plate and
steel tube near the CFST column corner. The flexural mechanism causes yielding in the
diaphragm plate along the column face in the compression side.

3)

External diaphragm connection capacity can be determined from two independent design
formulations which consider diaphragm tension and flexural limit states. Alternatively,
in shear-dominated cases, shear tab connections can be used to take over the beam shear
force and the diaphragm plate capacity can be determined from the tension limit state
only.
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Chapter 6. Improved Direct-welded Connections in Square
CFST Column Moment Frames

6.1. Overview
Behaviour of a square concrete-filled steel tubular (CFST) column subassembly with directwelded connections was investigated in experimental and numerical studies. Connection
improvement methods were applied by using through-rods and washer plates to the joint. The
test results show that the connection improvement method increased the connection stiffness to
3.7 times of that in the unstiffened configuration. Out-of-plane shear fracture in the column
tube plates occurred due to stress concentration at the beam flange tips. Numerical analyses are
conducted to obtain the relationship between the design parameters and the stress distribution.
Design formulations are proposed to estimate the stress distribution factor and to predict the
elastic rotational stiffness of the connections.

6.2. Introduction
Concrete-filled steel tubular (CFST) columns have been used in moment frame structures
because of their good seismic performance. The concrete core and the steel tube act as a
composite member to make higher strength and ductility. The concrete core delays local
buckling of the steel tube while the tube limits deformation of the concrete core. The steel tube
is also used as permanent formwork for the concrete. This reduces construction time and
minimizes material waste that comes from temporary formwork removal. CFST columns
commonly have circular or square section shapes which are beneficial for two-way frame
structures because there is no weak axis. In particular, square sections are more desirable for
making connections due to their flat surfaces. Morino et al. (2001) reported that majority of
CFST buildings in Japan have rectangular sections.
Various methods of connecting beams to CFST columns have been proposed and tested. These
include diaphragm-type connections as evaluated by Nishiyama, et al. (2004) and Park et al.
(2011). Li et al. (2009) and Sheet et al. (2013) studied endplate connections with through-bolts
which are found to have good ductility and energy-dissipation capability. Blind bolts were used
in CFST column connections with flush endplates and T-stubs as proposed by Wang et al.
(2009) and Yao et al. (2008) respectively. Those and some other connection types were
compared and summarized by Chunhaviriyakul et al. (2015).
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One of the simplest of these methods is the direct-welded connection, where the beam is welded
directly to the CFST column tube plate as illustrated in Figure 6 - 1. This method is also suitable
for two-way frame connections. However, it has low strength and stiffness, as a result of pullout deformation of the tube plate. Schneider & Alostaz (1998) emphasized that direct-welded
connections are not normally recommended for use in seismic areas due to their flexibility.
Improvement can be made to the direct-welded connections, such as utilizing T-stiffeners as
proposed by Kang et al. (2001). An issue may arise if the connections are used in bidirectional
moment frame structures. The beams in perpendicular directions may reach their ultimate
capacity at the same time. This negative impact of bidirectional loading may cause column
yielding as found by MacRae & Tagawa (2001) and Dutta & Kunnath (2013).
Steel tube
Concrete
core

Beam

Weld

Figure 6 - 1

Illustration of a two-way direct-welded connection in a square CFST
column joint

Based on the discussion above, it is obvious that if direct welded connections are to be used,
modifications are required to improve their stiffness and strength without significant cost
addition. Increasing the out-of-plane stiffness of the tube plates can improve the overall
performance of the connections. This paper describes experimental and numerical studies on
improved direct-welded connections, with emphasize on the tube-to-beam interfaces. The panel
zone behaviour is discussed in Chapter 8. The studies are conducted to answer the following
questions:
1)

What is the likely performance of unstiffened direct-welded connections?

2)

How can direct-welded connections in moment frame structures with square CFST
columns be improved?

3)

How does an improved direct-welded connection perform under bidirectional loading?

4)

What mechanism should be considered in design?

72

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

6.3. Conceptual development
In unstiffened direct-welded connections, forces from the connected beam are transferred to the
square CFST column joint through the column tube plate. Tension force of the beam flange due
to beam moment causes out-of-plane deformation of the column tube plate (Figure 6 - 2(a)).
The maximum deformation occurs along the weld line connected to the beam tension flange
(Node A). The deformation results in bending of the tube plate in horizontal and vertical
directions. In the horizontal direction, the perpendicular plates (i.e. the webs of the column for
the direction of loading considered) of the tube stiffen the deformed plate along the column
edges. This makes the deformation at the corner of the tube (Node B) negligible. In the vertical
direction, Nodes C and D of Figure 6 - 2 are where the deformations are negligible. In common
cases, where the beam depth is larger than the clearance between the beam flange and the
column edge, the horizontal span, AB, is much shorter compared to the vertical spans, AC and
AD. The force transfer relies on the flexural stiffness and strength of the tube in the horizontal
direction (AB).
To increase the out-of-plane stiffness of the tube plate, through-rods can be installed above and
below the beam tension flange (Figure 6 - 2(b)). The restraints in the vertical direction are
shifted to C’ and D’. The length of the vertical spans becomes shorter and the contribution of
the vertical bending in the plate out-of-plane stiffness increases. The beam flange tension force
is transferred not only to the column edges but also to the through-rods. The proportion of the
tension force to be transferred to the rods is larger if the rods are closer to the beam flange.
However, in two-way connections, the rods cannot always be placed close to the beam flange
due to offset requirement between perpendicular rods. As the solution, the flexural stiffness of
the plate in the vertical direction can be improved by inserting washer plates underneath the
nuts (Figure 6 - 2(c)). The configurations in Figure 6 - 2(a), (b) and (c) are evaluated by the
testing.

73

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

Tube
Concrete
core

Tube

Tube
Concrete
core

Concrete
core

Throughrod

Throughrod

C

C’

C’
B

A

B

D

B

A
D’

Mb

Mb

Mb

Beam

Beam

Beam

(a) Unstiffened

Figure 6 - 2

A
D’

Washer
plate

(b) With through-rods

(c) With through-rods and
washer plates

Deformation in CFST columns with direct-welded connections

6.4. Experimental program
A moment frame subassembly with square CFST column representing an interior joint in a twoway moment frame structure under lateral loading was tested. The subassembly consists of one
CFST column and four beams which are directly welded to the column tube (Figure 6 - 3). A
universal (bidirectional) hinge was connected to the column base to allow rotations in both
perpendicular horizontal axes. Lateral loadings were applied on top of the column in both
directions. No axial load was applied to the column. The subassembly was designed to satisfy
the strong-column-weak-beam design criteria. The CFST column was made of SHS 250x250x9
tube (Grade 350Plus) filled with unreinforced concrete (fc’ = 43.8 MPa). The beams were made
of 200 UB 29.8 section (Grade 300). The beams were welded to the column tube (10 mm fillet
weld, E48xx). Sliding hinge joints (SHJ) with symmetric friction connections in the bottom
flange and web of the beams were used as the beam splice connections.
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2m

2m

CFST
column
Welded
connection

0.975 m

Splice (SHJ)

0.975 m

Beam

Vertical-only
restraint

Figure 6 - 3

Universal hinge

Structural system and loading application of the tested subassembly

Figure 6 - 4 and Figure 6 - 5 show the test setup and instrumentation arrangement. Hydraulic
actuators were used to provide lateral forces against the strong walls. In the W-E direction, one
hydraulic actuator was attached between the top of the column and the strong walls. In the N-S
direction, two hydraulic actuators were used to avoid the possibility of column twisting. Those
actuators were parallel and had the same distances to the column axis. Lateral-torsional
buckling of the beams was also prevented by installing diagonal braces between adjacent
beams. The global rotation was prevented by using two actuators which connected to the W-E
beams. The displacement of the beam-level-actuators was controlled to be proportional to the
displacement of the column-top actuators based on the height ratio.

Figure 6 - 4

The specimen and instrumentation during testing
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(a) W-E elevation view
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(b) N-S elevation view
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(c) Plan view at column top level
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(d) Plan view at beam level

Legend: 1 – CFST column; 2 – beam; 3 – SHJ; 4 – loading bracket; 5 – universal pin; 6 – actuator; 7 – load cell; 8 –
string/rotary potentiometer; 9 – displacement potentiometer; 10 – strong floor; 11 – strong wall; 12 – bracing beam; 13 –
extension beam

Figure 6 - 5

Test setup

An integrated loading protocol was used to control all actuators to work simultaneously. Three
loading phases were conducted in each drift increment (Figure 6 - 6): (1) three cycles in W-E
direction, (2) consists of three cycles in N-S direction, and (3) combination of both directions
to follow a cloverleaf path. The specimen was tested in three main stages:
1)

DW-01: Unstiffened direct-welded connection (Figure 6 - 2(a) and Figure 6 - 7(a)). The
rods had been installed through the column without nuts (unfastened). The rods were
made of M16 threaded rods (Grade 8.8)

2)

DW-02: Improved direct-welded connection with through-rods (Figure 6 - 2(b) and
Figure 6 - 7(b)). Nuts were fastened at both ends of the rods.
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DW-03: Improved direct-welded connection with through-rods and washer plates (Figure
6 - 2(c) and Figure 6 - 7(c)). Washer plates (12-mm-thick plate, Grade 300) were inserted
between the tube and the nuts at both sides of the column. The connection details are
shown in Figure 6 - 8. The vertical distance between the through-rods centre and beam
flanges centre, sr, are 70 mm for connection in W-E direction and 40 mm for connection
in N-S direction.

The pretension force was applied to the rods by the calibrated torque wrench method. The
pretension force was estimated at 60% of the nominal proof load as specified in AS/NZS
1252:1996. The first two configurations (DW-01 and DW-02) were tested to avoid any damage
or inelastic mechanism; hence the lateral loading was limited to reach 0.3% drift ratio. For DW03, the maximum drift ratios for each loading stage were increased as follows: 0.1%, 0.15%,
0.2%, 0.3%, 0.4%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, 4%, and 5%. At this phase, some inelastic
mechanisms (eg. sliding of SHJ and yielding in beam or tube) were expected to occur.
Additional testing (DW-04) was conducted to the specimen after testing of DW-03. A
modification was made in the beam splice connections. The plates of SHJ were welded to
eliminate the beam splice rotation and to generate more damage to the beam-to-column
connections. The loading stage for the additional test consists of one full cycle of W-E, N-S,
and bidirectional loading with maximum drift ratio of 5%.
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General loading protocols

Weld

Weld

Nut

Nut

Through-rod
(unfastened)

(a) DW-01 (unstiffened)

Figure 6 - 7

Through-rod
(fastened)
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(b) DW-03 (with nuts and
washer plates)

Variation of the test specimen
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CFST column
M16 threaded rod

M16 threaded rod

sr

Beam
Load cell (LC-2)

CFST column

Beam

Washer plate,
t = 12 mm
Washer plate,
t = 12 mm

Load cell (LC-1)

(a) Elevation view (W-E)

Figure 6 - 8

Beam

(b) Plan view

Details of beam-to-column connection (DW-03)

Figure 6 - 9 shows the details of the sliding hinge joint (SHJ) with symmetric friction connection
(SFC) which was utilized in the beam bottom flange and web connections. The sliding
mechanism is provided on the bottom part of the beam in order to minimize the damage in the
slab on the top of the beam. Components of each set of SFC for the bottom flange and web
connections are shown in Figure 6 - 10(a) and Figure 6 - 10(b), respectively. Long slotted holes
were made in the beam bottom flanges and the lower part of the web. The length of slotted
holes was 32 mm; this allowed ± 8 mm of sliding of the bolts (or equal to ± 4% over the beam
depth rotation). The connection plates were made of 12-mm-thick plates (Grade 300) and the
shims were made of 5-mm-thick plate (Bisalloy/BisPlate400). Wire brushing method was used
in surface preparation. The bolts were proofloaded with the turn-of-the-nut method (AS 41001998).
The construction stages of the specimen are described as follows:
1)

Fabrication. This stage includes profile and plate cutting, bolt hole drilling and beam
welding to the column tube.

2)

Concrete casting. Before casting the concrete into the column tube, the threaded rods were
installed through the steel tube with temporarily fastened nuts at both ends to prevent
leaking of mortar during casting. The concrete was poured from the top of the tube
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through a 150-mm hole provided in the cap plate. The concrete mix was self-compacting
(slump flow ≥ 65 mm). This allowed the pouring work to be done without vibration.
3)

Erection of subassembly. The subassembly was erected after than 28 days from the day
when the concrete was cast.

Slotted
hole

Plate,
t = 12 mm
Shim,
t = 6 mm
Shim,
t = 6 mm
Plate,
t = 12 mm

Figure 6 - 9

Shim,
t = 6 mm
Plate,
t = 12 mm

Typical details of sliding hinge joint as beam splice
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(×2)

Shim 2
(×2)

Shim 1

Shim 4
(×2)

Plate 2
(×2)
Plate 3
(×2)

Shim 2
(×2)

Shim 1

(a) Flange connection components

(b) Web connection components

Slotted
hole

Shim 3
Plate 2

Shim 4

Shim 2

Plate 3
Shim 2
(c) Bolt holes

Shim 1

Plate 1

(d) Assembled SHJ

Figure 6 - 10 Components and assemblages of the SHJ

6.5. Behaviour
The elastic rotational stiffness of the connection was calculated as the beam end moment, Mb,
divided by the relative rotation between the beam and the column axes as illustrated in Figure
6 - 11. The vertical displacement at point B, δB, was measured by a linear potentiometer, which
was attached to an aluminum angle bracket. The bracket was bolted to the column tube at point
A, which was assumed to be not affected by the tube deformation at the beam-column joint.
The horizontal distance between point B and column tube surface is 80 mm. The angle of
rotation, θB, is calculated as tan-1(δB/80 mm).
The beam moment, Mb, versus rotation of the connection, θB, curves are plotted in Figure 6 12, taken from the 0.3% drift ratio loading stages for configurations DW-01, DW-02 and DW03. The rotational stiffness is also presented as a ratio of the beam flexural stiffness EsIb/Lb,
where Es is the modulus of elasticity of steel (= 200 GPa), Ib is the second moment of area of
the beam section (= 2.91*107 mm4), and Lb is the span of the beam (= 2000 mm). The rotational
stiffness of DW-01 is about 3500 kNm/rad, or equal to 2.4*EsIb/Lb, in W-E and N-S directions,
as the connection configurations are identical for both directions. It is shown that the rotational
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stiffness is increased by tightening the rods (DW-02) and inserting washer plates (DW-03). In
W-E direction, where the rod distance is farther to the beam flange (sr = 70 mm), the rotational
stiffness increases in DW-02 and DW-03 to be about 7000 kNm/rad (or equal to 4.8*EsIb/Lb)
and 8500 kNm/rad (or equal to 5.8*EsIb/Lb) respectively (Figure 6 - 12 (a)). In N-S direction (sr
= 70 mm) (Figure 6 - 12 (b)), the rotational stiffness increases in DW-02 and DW-03 to be
about 10500 kNm/rad (or equal to 7.2*EsIb/Lb) and 13000 kNm/rad (or equal to 8.9*EsIb/Lb)
respectively. The dashed lines represent the boundaries of connection rigidity classification
according to Eurocode (EN 1993-1-8, 2005). All the configurations tested are located in Zone
2 or classified as ‘semi-rigid’, as the rotational stiffnesses are between 0.5 EIb/Lb and 25 EIb/Lb
(Zone 2).
A
80 mm
Concrete
core

Displacement
potentiometer

500 mm

δ B θB
B
Mb

Beam

Steel tube

Figure 6 - 11 Relative rotation between beam and column

Zone 1

Zone 2

Zone 1

Zone 3

Zone 2

Zone 3

Zone 3

Zone 2

Zone 3
Zone 2

Zone 1

(a) W-E direction

Zone 1

(b) N-S direction

Figure 6 - 12 Beam moment versus beam-column relative rotation at 0.3% drift ratio
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A rectangular strain gauge rosette was attached at the corner of the steel tube at beam flange
level. For all configurations, von Mises stress is calculated from the measured strain and plotted
versus the beam moment up to 0.3% drift ratio, when the steel remained in the elastic region
(Figure 6 - 13). In W-E and N-S directions, with bolts centres at 70 mm and 40 mm from beam
flange centres respectively, the stress rate in the unstiffened DW connection (DW-01) is
estimated at about 13 MPa/kNm. The predicted yielding moment using the rate is 27 kNm to
reach the yield strength of the tube (Fy = 350 MPa). In W-E direction (Figure 6 - 13(a)), the von
Mises stress rates of DW-02 and DW-03 are estimated at about 7 MPa/kNm (54% of the rate
of DW-01) and 6 MPa/kNm (46% of the rate of DW-01) respectively. This implies that the
improved configurations can delay yielding at the column corner to twice the yielding moment
of the unstiffened connection. The improvement is more significant in N-S direction as shown
in Figure 6 - 13(b). This is because the distance between the bolts and the beam flanges is
shorter and the tube out-of-plane deformation is more effectively restrained. The von Mises
stress rates of DW-02 and DW-03 are 3.5 MPa/kNm (27% of the rate of DW-01) and 2.5
MPa/kNm (19% of the rate of DW-01) respectively. From the results, it can be concluded that
reducing the distance between the rods and the beam flange can significantly delay yielding at
the column corner.

(a) W-E direction

(b) N-S direction

Figure 6 - 13 Von Mises stress (at tube corner) versus beam moment at 0.3% drift ratio

Figure 6 - 14 shows the hysteretic behaviour of the subassembly with the improved directwelded connection under one-way and two-way loading. The configurations investigated are
DW-03 and DW-04 which had washer plates inserted between the tube and the nuts of the
through-rods. The continuous and dashed lines are the hysteretic curves of DW-03 and DW-04
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respectively. The loading stages for DW-03 range from 0.1% to 5% drift ratio. The DW-04,
where the beam SFC sliding movement was prevented, is tested after DW-03 for 5% drift ratio.
By comparing the overall shapes of one-way and two-way loadings, as shown in Figure 6 14(a) and (c) for W-E direction and in Figure 6 - 14(a) and (c) for N-S direction, it can be
concluded that the bidirectional loading has no effect on the connection behaviour. The
connection in N-S direction had better energy dissipation which is indicated by less pinched
hysteretic curves. However, the lateral force capacities of the subassembly in both directions
were less than the lateral force at beam yield moment, Myb. Declining of the structure lateral
capacity was caused by two factors: (1) unsymmetrical behaviour between of the beam flanges
due to different stiffness under compression and tension; and (2) sliding of the friction
connection in the SHJ. The first causes yielding in the beams occur mainly in the compression
side which is shown in Figure 6 - 15. The strain in the beam longitudinal direction increases
faster in the compression side compared to the tension side, especially in W-E direction.
Yielding in the middle of the beam compression flange occurred when the strain exceeds the
yield strain (ε ≥ εy = 0.0015).
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Plat at Myb

Plat at Myb

Plat at Myb

Plat at Myb

(a) W-E direction (sr = 70 mm), one-way

(b) N-S direction (sr = 40 mm), one-way

Plat at Myb

Plat at Myb

Plat at Myb

Plat at Myb

(c) W-E direction (sr = 70 mm), two-way

(d) N-S direction (sr = 40 mm), two-way

Figure 6 - 14 Hysteresis lateral force versus displacement of ED-03

Compression

Tension

Compression

Tension

(b) N-S direction

(a) W-E direction

Figure 6 - 15 Strain in beam flanges (midpoint) due to bending moment
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Relative rotations the beam-to-column connection were distinguished as the tube rotation and
at the beam rotation. The tube rotation, θt, was calculated from the relative horizontal
displacement of the tube near the joint or Node C, θt, measured to a benchmark point, Node A,
where deformation is not significant, divided by the vertical distance between those nodes
(Figure 6 - 16 (a)). The beam rotation, θb, was calculated from the relative vertical displacement
of the beam near the joint or Node B, θb, measured to a Node A, divided by the horizontal
distance between those nodes (Figure 6 - 16(b)). The hysteretic curves of beam end moment
versus rotation are plotted in Figure 6 - 17. There are significant differences between the tube
rotation, θt, and the beam rotation, θb, which indicate large inelastic deformations occur at the
beam-to-tube welded connections. The centre-to-centre distance between the rods and the beam
flanges, sr, affect the inelastic deformation of the beam-to-column joints. In W-E direction,
where sr is longer (70 mm), the maximum rotation of the tube is 0.009 rad and the beam rotation
is 0.036 rad. In N-S direction, the maximum rotation of the tube is 0.004 rad and the beam
rotation is 0.029 rad.
The beam end moment, Mb, versus relative rotation at beam splices, caused by sliding in the
friction connections, is plotted in Figure 6 - 18. For W-E direction (Figure 6 - 18(a)) and N-S
direction (Figure 6 - 18(b)), initial sliding occurs at about Mb = 60 kNm, or equal to an effective
friction coefficient, μi = 0.34. The sliding resistance increases until the beam end moments reach
80 kNm and the corresponding friction coefficient, μ = 0.45. The effective friction coefficient
is calculated in Appendix A3.

A
A

80mm

Displacement
potentiometer

500 mm

δt

Concrete
core

Displacement
potentiometer
C

30mm

δb

B

θt
db

θb

500 mm

Concrete
core

Mjb

Mb
Beam

Beam

Steel tube

Steel tube

(a) At steel tube

(b) At beam

Figure 6 - 16 Relative displacement measurement in the joint
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(a) At tube, θt (W-E direction)

(b) At tube, θt (N-S direction)

(c) At beam, θb (W-E direction)

(d) At beam, θb (N-S direction)

Figure 6 - 17 Beam end moment versus rotation of joints (DW-03)

(a) W-E direction

(b) N-S direction

Figure 6 - 18 Beam end moment versus rotation at splices (DW-03)
The rotation contribution of the components of the subassembly is presented in Figure 6 - 19.
For W-E direction (Figure 6 - 19(a)) and N-S direction (Figure 6 - 19(b)) the inelastic
deformations (joint + splice) are the major contributor to the total rotations, especially when the
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total rotation is larger than 0.015 rad (1.5% drift ratio). In both directions, the contributions of
inelastic deformations (joint + splice) are about 94% to the total rotations at 5% drift ratio.
Among the inelastic deformation, the contributions of the joint rotation in W-E direction and
N-S direction are 80% and 66% respectively.

Elastic
deformation

Elastic
deformation

(a) W-E direction

(b) N-S direction

Figure 6 - 19 Component rotations of DW-03

The major failure mechanism in the connection is the fracture in the tube due to the beam flange
tension force. The fracture was initiated near the tip of the beam flange and propagated to the
middle of the tube as the loading increases. The visible crack in the tube was first observed at
2% drift ratio in W-E direction and at 4% drift ratio in N-S direction. The fractured tube at the
peak of bidirectional loading phase (5% drift ratio) is shown in Figure 6 - 20. From visual
observation, it can be implied that the tube fracture which occurs in W-E direction is larger than
the fracture in N-S direction.
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Fracture
South beam

East beam

Fracture
North beam

(a) Bottom flanges

West beam

(b) Top flanges

Figure 6 - 20 Fracture of steel tube at 5% drift ratio (two-way loading)

The through-rod tension force was measured in the W-E direction with hollow cylindrical load
cells which were inserted between the nut and washer plate for the outer rod (LC-1) and inner
rod (LC-2) as arranged in Figure 6 - 8. The tension force versus beam moment hysteresis is
plotted in Figure 6 - 21. The pretension force applied to the rods was about 60% of the nominal
proof load, Ntf, which value is 95 kN for M16 Grade 8.8 bolt/rod (AS 1252). It is shown that
the increasing rate of tension in the outer rods is smaller, approximately 80%, than the inner
rods, when the beam end moment is positive. The rod tension forces are relatively constant
under the negative moment, indicating the rods are in the compression zones. The rod tension
force losses are not significant in both directions.

Nf

Nf

Ntf

Ntf

(b) Inner rod (LC-2)

(a) Outer rod (LC-1)

Figure 6 - 21 Rod tension versus beam moment (W-E direction)
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After the ultimate test of DW-04, the column tube is removed at some parts near the joint.
Figure 6 - 22 shows the indication of cone pull-out failure of the concrete around the throughrods in the N-S direction. There is no visible crack or indication of concrete failure in the W-E
direction.
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Figure 6 - 22 Concrete cone pull-out failure in N-S direction after testing of DW-04

6.6. Numerical Analysis
Finite element analyses (FEA) were conducted to evaluate the local behaviour of the beam-tocolumn interface, especially the cause of the tube fracture. The analysis was carried out using
ABAQUS, considering only one direction of the connection as shown in Figure 6 - 23. The
model consists of one beam and a half-modeled CFST column. Steel elements were modeled
as homogenous shell elements (S4R) with an elasto-plastic material (fy-beam = 354 MPa, fy-tube =
311 MPa). Concrete core in CFST column was modeled as solid or brick elements (C3D8R)
with a linearly elastic material. Concrete-to-steel and steel-to-steel surface interactions are
defined as a normal ‘hard’ contact behavior. Welded connection between the beam and the tube
was defined as ‘tie’ constraint between paired nodes. . The complete model description is
presented in the ABAQUS input file (*.inp) example (Appendix F3).
Three direct-welded connection types were evaluated: (1) unstiffened; (2) stiffened with
through-rods; and (3) stiffened with through-rods and washer plates, as described in Figure 6 2. In the stiffened connections, through-rods were modeled as one-dimensional beam elements.
The embedded part of the rod was constrained to the concrete core to imply full bond. The nuts
were modeled as rigid shell element, linked to the end of the rods. Pretension force in the rods
was applied by a method similar to what was conducted by Cipitioglu et al. (2002), as follows:
(1) in initial step, the length of the rod was shorter than the total thickness of the connected
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parts; (2) longitudinal displacement was applied to the nut until the rod length exceeds the total
thickness of the connected parts; (3) the displacement was deactivated and the contact
interaction between the nut and the tube was activated.
Variations were made for the stiffened connections: vertical distance between rod and beam
flange (sr = 40 mm and sr = 70 mm); rod pretension level (10% Ntf and 90% Ntf); and washer
plate thickness (twp = 12 mm and twp = 25 mm). The 10%Ntf represents snug tightened rods and
the 90%Ntf represented proof loaded rods with anticipated long-term pretension loss. From
separated tests the rod pretension loss was estimated at 5%, 8 months after pretensioning
(Appendix C2). The nomenclature for each configuration is: connection type (U for unstiffened;
R for with rods; RW for with rods and washer plates) – rod vertical distance to beam flange (in
mm) – rod pretensioning level (in % to nominal proof load, Ntf) – washer plate thickness (in
mm). For example: RW-70-10-12 represents the configuration with rods (70 mm distance to

Unstiffened

flange, 10% Ntf pretension) and washer plates (twp = 12 mm).

Fixed restraint

Square CFST column
(partial)

Core

Beam
Tube

Stiffened with rods

Beam

Lateral restraint
Vertical
displacement

Embedded
rod
(rendered)

Beam

Stiffened with rods &
washer plates

Core

Embedded
rod
(rendered

Tube

Nut
Washer
plate
Beam

Core

Figure 6 - 23 Finite element modeling

91

Nut

Tube

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

Tension stress in beam flange due to beam moment distributions from FE are plotted in Figure
6 - 24, in terms of the ratio between nodal stress, σ, and estimated flange tension stress, σest, and
the relative distance to beam flange centre (as the ratio to beam flange width, bf). The estimated
flange tension stress is calculated conservatively using Equation 6 – 1. The beam is assumed to
be elastic because in most cases of direct welded connection, the fracture of the tube occurs
before the beam yields.
M

σest = Z b

(6 - 1)

xb

where:
Mb is the beam moment;
Zxb is the beam elastic section modulus

It can be seen that in all configurations, the stress is not uniformly distributed along the flange
width. The maximum stresses, σmax, are sharply located at the tip of the beam flange which can
initiate out-of-plane shear failure in the tube plate. Table 6 - 1 summarizes the results for all
configurations and a stress distribution factor, fσ, is introduced, computed as σmax/σest. It can be
implied that stiffening with through-rods and washer plates can reduce the out-of-plane shear
demand in the tube plate.

(a) Unstiffened

(b) With through-rods

(c) With through-rods and washer plates,
twp = 12 mm

(d) With through-rods and washer plates,
twp = 25 mm

Figure 6 - 24 Tension stress distribution along beam flange from FE results
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Tension stress distribution factor along beam flange

Rod distance,

Rod pretension

Washer plate

Stress distribution

srod

force

thickness, tw

factor (fσ = σmax/σest)

Unstiffened

7.76

70 mm

10% Ntf

No washer plate

4.35

70 mm

90% Ntf

No washer plate

3.90

40 mm

10% Ntf

No washer plate

3.81

40 mm

90% Ntf

No washer plate

2.73

70 mm

10% Ntf

12 mm

3.44

70 mm

90% Ntf

12 mm

2.72

40 mm

10% Ntf

12 mm

2.56

40 mm

90% Ntf

12 mm

2.23

70 mm

10% Ntf

25 mm

2.88

70 mm

90% Ntf

25 mm

2.26

40 mm

10% Ntf

25 mm

2.22

40 mm

90% Ntf

25 mm

1.91

6.7. Design formulation
Column tube and welded connection along the beam flange must have sufficient capacity to
resist out-of-plane shear induced by the tension force of the beam flange. The demand can be
expressed in term of shear force per unit length, Vt*, which can be calculated as the beam flange
tension stress multiplied by the flange thickness, tf. Due to non-uniform distribution of the beam
flange tension stress, the stress distribution factor, fσ, must be taken into account in the
formulation, as follows:
Vt ' =fσ σest tf

(6 - 2)

From FE results, it can be implied that fσ is influenced by the rod arrangement, rod pretension,
and washer plate thickness. In Figure 6 - 25, the relationship between fσ and a non-dimensional
geometrical parameter is plotted for rod pretension levels, 10%Ntf and 90% Ntf. The stress
distribution factor, fσ, can be calculated using the following equations:
For snug-tightened rods (10%Ntf):

93

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections



 Le 2 bwp t wp 3  t t 3
f   4.5  
3 3
Lwp t t




0.15

(6 - 3a)



For proof loaded rods (90%Ntf):



 Le 2 bwp t wp 3  t t 3
f   4.9  
3 3
Lwp t t




0.13

(6 – 3b)



where:
Le is clearance between beam flange tip to column edge;
bwp is outer washer plate width (≥ bf);
twp is washer plate thickness;
tt is tube plate thickness;
Lwp is washer plate outstand length which contribute to transfer the force
to the rods.

bwp
Lwp
Lwp

Equation 6-3b

Le

Equation 6-3a

Figure 6 - 25 Stress distribution factor, fσ, formulation

In the unstiffened direct-welded connection, restraining of the tube out-of-plane deformation is
only provided at the corner of the column. Force transfer in the tube can be simplified as a oneway plate analysis according to Figure 6 - 26. The elastic rotational stiffness of the connection
due to tube out-of-plane deformation, kθ, can be calculated using Eq. 6 - 4:
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3

k 

2 E s beff t t hb
Le

2

(6 - 4)

3

where:
Es is modulus of elasticity of steel;
beff is effective or average width of the flexible segment of the strip (beff
= Le, assuming 45 yield lines and thin flanges);
tt is tube plate thickness;
hb is distance between beam flange centres; and
Le is clearance between beam flange tip to column edge.

In Figure 6 - 27 the connection elastic rotational stiffness is described, estimated using Eq. 64, and the beam moment versus connection rotation curves which are obtained from experiment
and FE analysis. It is shown that the proposed equation can accurately estimate the elastic
rotational stiffness of unstiffened direct-welded connections.
Le

Tube

bf
Beam flange

Tf
Concrete core
tt
Restrained
area

δ

Le

Tube

Concrete
core

45
beff
45

Tf

bc

θ
Mb

hb

Axis of
rotation

Cf

‘Flexible’
segment

‘Rigid’
segment

Tf
δ

Beam

Le

bf
bc

Figure 6 - 26 One-way plate analogy for unstiffened direct-welded connection
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Figure 6 - 27 Beam moment versus rotation of unstiffened direct-welded connections

In direct-welded connections with through-rods, both with and without washer plates, the
stiffness of the tube plate and washer plates in vertical direction also contribute to the tube outof-plane stiffness. However, fixity provided by the rods is not continuous along the column
width as illustrated in Figure 6 - 28. For connections stiffened with through-rods, the rotational
stiffness, kθ, can be calculated using the following equation:
3

k 

2 E s beff t t hb
Le

3

2

 r 

3

2 E s bc t t hb
sr

2

3

(6 - 5)

The fixity factor,r, is taken into account to consider the fixity provided by the rods. (Figure 6
- 29(a))
For snug-tightened rods (10%Ntf):


 tt
 sr

 r  min 1.1  3.2




 ,1.0



(6 - 6a)

For proofloaded rods (90%Ntf):


 tt
 sr

 r  min 1.6  4.5




 ,1.0



(6 - 6b)

where:
Es is modulus of elasticity of steel;
beff is effective or average width of the flexible segment of the strip (beff
= Le, assuming 45 yield lines and thin flanges);
tt is tube plate thickness;
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hb is distance between beam flange centres;
Le is clearance between beam flange tip to column edge;
bc is the column width; and
sr is rod distance to beam flange.

Similarly, for connections stiffened with through-rods and washer plates, the rotational
stiffness, kθ, can be calculated using the following equation:
3

k 

2 E s beff t t hb
Le

3

2

  rw 





2 E s bwp t t  t wp hb
3

sr

3

3

2

(6 - 7)

The fixity factor,rw, is taken into account to consider the fixity provided by the rods. (Figure
6 - 29(b))
For snug-tightened rods (10%Ntf):
 rw


 t wp
 min 0.05

 sr







1.6


,1.0



(6 - 8a)

For proofloaded rods (90%Ntf):
 rw


 t wp
 min 0.07

 sr







1.6


,1.0



(6 - 8b)

where:
twp is washer plate thickness and
bwp is outer washer plate width (≥ bf)
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(b) With through-rods and washer plates
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Figure 6 - 28 Illustration of restrain provided by through-rods in improved directwelded connections

Equation 6-6(b)
Equation 6-8(b)
Equation 6-6(a)

Equation 6-8(a)

(a) With through-rods

(b) With through-rods and washer plates

Figure 6 - 29 Fixity factors for improved direct-welded connections

6.8. Conclusions
1)

The unstiffened direct-welded connections tested had an elastic rotational stiffness of
2.4*EIb/Lb which can be classified as a ‘semi-rigid’ connection. However, early yielding
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in the tube was likely to occur, indicated by the high stress increment rate near the tube
corner.
2)

Performance of direct-welded connections in moment frame structures with CFST
columns can be improved by installing threaded rods passing through the column and
fastened at both ends. The elastic stiffness of the connections was improved up to 2.4
times that of the unstiffened connections. Inserting washer plates can further increase the
effectiveness of restraining provided by the through-rods. The elastic stiffness of the
connections by inserting washer plates was improved up to 3.7 times that of the
unstiffened connections.

3)

The proposed improvement methods increase the joint rotational stiffness and reduce the
stress concentration in the beam flange that can cause out-of-plane shear failure in the
column tube plate. The effectiveness of the methods is influenced by the rod
configuration, rod pretensioning level, and washer plate thickness. The methods are
independent of the perpendicular load since this was found to be not significant.

4)

Design formulations are developed to calculate the out-of-plane shear demand in the
column tube. A stress distribution factor should be taken into account for calculating the
tube shear demand due to beam flange tension. Formulations to estimate the connection
elastic rotational stiffness are also developed.

5)

Sliding hinge joints were utilized as beam splice connections in a subassembly with
direct-welded connections. Symmetric friction connections were applied in the bottom
flange and the lower part of the web of the beams. Each connection consists of a pair of
connection plates on both sides of the beam plates, with BisAlloy 400 shim-plates inserted
at both friction planes. The system dissipated the energy along with the inelastic
deformation of the beam-to-column connections. The effective coefficient for friction for
initial sliding was 0.34 and that for peak strength was 0.45.
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Chapter 7. Performance of Beam End-plate Connections (BECs)
with Through-bolts in Two-way Moment Frame with
Square CFST Columns

7.1. Overview
Bidirectional tests of a 3-D steel beam – square concrete-filled steel tubular (CFST) column
subassembly with unstiffened bolted end-plate connections were conducted and finite element
analyses of the end-plates were performed. Through-bolts were used to connect the end-plates
to the CFST column in both directions. Also, two current design methods for end-plate
connections, the AISC method and the HERA method, were considered and compared to the
test behaviour. It was shown that the subassembly behaviour had no strength degradation. Endplate yielding was the main deformation mode even when the AISC design method had been
used to encourage mainly beam plasticity. The observed end-plate yielding mechanism is
considered in the HERA design method but not in the AISC design. The AISC method
overpredicted the strength by more than 40%. The HERA method worked well. Bolt pretension
loss occurred due to cyclic loading and was measured to about 40% of the initial pretension.
The effect of perpendicular loading on the connection demand is found to be negligible.

7.2. Introduction
Concrete-filled steel tubular (CFST) columns may be suitable for use in bidirectional moment
frame structures because they are often economical and may have good seismic performance.
The steel tube provides confinement for the concrete core; meanwhile the concrete core limits
the inward local buckling of the steel tube. Utilizing CFST columns in construction can also
improve the efficiency in construction time and material usage. The need of temporary
formwork is eliminated because the steel tube also has to function as permanent formwork.
CFST column sections commonly have circular or square shapes which are beneficial for twoway moment frames because their strength and stiffness are equal in both primary axes.
Particularly, connections are easier to be made for square CFST sections rather than for the
circular ones. In a study by Morino et al. (2001), it was reported that the majority of CFST
buildings in Japan used rectangular or square shaped sections.
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Several types of connection have been developed and studied. These include: diaphragm-type
connections (Nishiyama, et al., 2004) (Park, et al., 2011); connections with T-stiffeners Kang,
et al. (2001) and Shin, et al. (2008); end-plate connections with through-bolts: Li, et al. (2009)
and Sheet, et al. (2013); and blind bolts with flush end-plates and T-stubs: Wang, et al. (2009)
and Yao, et al. (2008) respectively. The T-stub connections have also been tested as parts of a
composite moment resisting frame by Herrera, et al. (2008). It was found that the tested frame
could achieve the expected seismic performance. The other connection type which utilizes bolts
as the force transferring components is the top and seat angle connection. In a test conducted
by Ricles, et al. (2002), energy dissipation in a post-tensioned connection could be provided by
the deformation of the angles. Various connection types for CFST column were summarized
by Chunhaviriyakul, et al. (2015).
One of the simplest methods to connect beams to square CFST columns is the end-plate
connection. Here, the end-plate is welded to the beam and bolted to the column as illustrated in
Figure 7 - 1. Bolts can be passing through the column (‘through-bolts’). Through-bolts can
effectively transfer the beam flange tension force to the far side of the steel column tube. The
force transfer does not rely on tension or pull-out strength of the concrete as in connections with
anchorages or blind-bolts. The bolts may be bonded or unbonded to the core. If through-bolts
are used in two-way joints, offset between perpendicular through-bolts is required to avoid clash
between perpendicular bolts.
Tube
End-plate

Concrete core
End-plate

Through-bolt
offset

Through-bolt

Figure 7 - 1

Beam

Illustration of a two-way bolted end-plate connection in a square CFST
column joint
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Bolts may be tightened to a specified level of pretension force in order to increase the stiffness.
However, loss of bolt pretension force is more likely to occur in CFST columns compared with
H-shaped or I-shaped columns. Factors, such as the length of the fasteners (through-bolts) and
the number of connected layers or materials can contribute to the loss of pretension. Ricles et
al. (2004) tested bolted split-tee connections where the bolts passed through the column. PVC
conduits were placed prior to casting concrete and tensioned after concrete curing. Loss of bolt
pretension force of up to about 10% was caused by bearing forces applied by the tee flanges on
the column face which slightly distorted the composite column’s cross section. In a study
conducted by Sheet et al. (2013), end-plate connections with bonded through-rods, which were
pretensioned after curing up to 55% proof load, were tested. There was no significant loss of
bolt pretension measured.
Current design methods for unstiffened extended end-plate connections, e.g. HERA and AISC
design methods, can be used to calculate the capacity of the connection. However, the HERA
and AISC design methods may give different results. While it is used, published work on the
effect of bidirectional loading on bolted end-plate connections was not available. It may be seen
from the discussion above that for such connections to be used widely in practices, there is a
need for evidence that such connections can behave well under bidirectional loading. This study
is conducted to address this need using large scale bidirectional testing and numerical analyses
by seeking answers to the following questions:
1)

What are the common ways that bolted end-plate connections are designed that may be
applicable to square CFST columns?

2)

How does a square CFST column subassembly with bolted-endplate connections perform
under bi-directional loading?

3)

How should bolted end-plate connections in square CFST column moment frames be
designed?

7.3. End-plate connection design methods
Two design methods for extended end-plate moment connections are considered: AISC Method
(Murray, et al., 2003) and HERA Method (Hyland, et al., 2003). Both AISC and HERA design
formulations were developed based on the yield line theory. Various yield line patterns were
considered to determine the controlling yield pattern. Bolt force model is used to predict the
possible prying forces in the end-plate connections. This is done using equivalent tee-stub
analogy Figure 7 - 2). In the development of the AISC Method three stages of tee stub flange
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plate behavior were assumed: (1) ‘thick’ flange plate and no prying forces (Figure 7 - 3(a)); (2)
intermediate flange thickness with prying forces (Figure 7 - 3(b)); (3) ‘thin’ flange plate with
maximum prying forces (Figure 7 - 3(c)). However, in the AISC method, the approach was
simplified to consider only two stages of plate behavior: the ‘thick’ plate behavior with no
prying forces and the ‘thin’ plate behavior with maximum prying forces. The intermediate mode
is still considered in the HERA method so in some cases it may have lower strength estimation
than the AISC method.

(a) Outer row of bolts

Figure 7 - 2

(b) Inner rows of bolts

Extended end-plate connection failure modes with equivalent T-stub
(modified from HERA method)

(a) Thick (AISC, HERA)

Figure 7 - 3

(b) Intermediate (HERA)

(c) Thin (AISC, HERA)

Plate behaviour in Kennedy model (modified from AISC method)

7.4. Experimental program
A tested subassembly was built with one CFST column and four I-section beams, representing
an interior joint in a moment frame structure, as illustrated in Figure 7 - 4. The dimensions of
the members were designed to satisfy strong-column-weak-beam criteria. The CFST column
was made of SHS 250x250x9 tube (fy = 311 MPa) filled with unreinforced concrete (fc’ = 43.8
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MPa). The beams were made of 200 UB 29.8 section (fy = 360 MPa). End-plates with 16-mmthickness (fy = 376 MPa) were welded to beam end (E48xx, 10 mm fillet weld, all-around). The
weld was designed to have a nominal strength higher than the resulting stress when the beam
flexural capacity and the beam shear capacity reached. The capacity to demand ratio was 1.6.
Eight M16 (Grade 8.8) threaded rods were placed through the column and tightened on both
sides of the column. The rods were bonded to the concrete core for construction method
simplicity. This method is also a common construction practice in New Zealand. The specimen
was subjected to bidirectional lateral loading which was applied at the top of the column. No
axial force was applied to the column. A universal pin was used at the column base to allow
rotations in both axes. End of the beams were supported with struts.

2m

2m

CFST
column
End-plate
connection

0.975 m

0.975 m

Beam

Vertical-only
restraint

Figure 7 - 4

Universal hinge

Structural system and loading application of the tested subassembly

Different configurations were made for connections in W-E and N-S directions to avoid clash
of the through-bolts as shown in Figure 7 - 5. In W-E direction, the distance between bolts to
beam flange centerline, sb, was 70 mm, while in N-S direction, the distance was made shorter,
sb = 40 mm. The end-plate connections were designed in accordance to AISC and HERA
methods. The nominal moment capacities of the connections were 93.1 kNm (AISC method)
or 65.8 kNm (HERA method) in W-E direction and 127.9 kNm (AISC method) or 91.3 kNm
(HERA method). The connections capacities based on the HERA method were determined by
the ‘intermediate’ limit state, which is not incorporated in the AISC method. For comparison,
the beam yield moment capacity was 101.2 kNm. The capacities were intentionally made to be
lower than the demand in one direction and greater than the demand in the other direction.
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Detailed calculations are presented in Appendix A2. The joint and connection details are
described in Figure 7 - 6.
Potentiometers were attached to the beam top and flanges to measure relative horizontal
displacement between the beam and the CFST column surface. Hollow cylindrical load cells
were used to monitor the bolt tension forces in W-E direction. The load cells were inserted
between the end-plate and the nuts. The pretension force was applied to the bolts by calibrated
torque wrench method, started with the force-monitored bolts to estimate the required torque
that resulted in the specified pretension. The pretension force was specified at about 90% of
nominal proof load as specified in AS/NZS 1252:1996.
The construction stages of the specimen are briefly described as follows:
(1)

Fabrication. This stage includes profile and plate cutting, bolt hole drilling and beam
welding to the column tube.

(2)

Concrete casting. Before casting the concrete, the threaded rods were installed through
the steel tube with temporary fastened nuts at both ends to prevent leaking of mortar
during casting. The concrete was poured from the top of the tube through a 150 mm hole
provided in the cap plate. The concrete mix was self-compacting (slump flow ≥ 65 mm).
This allowed the pouring work to be done without vibration.

(3)

Erection of subassembly. The subassembly was erected after than 28 days from the day
when the concrete was casted.

End-plate

Potentiometer
N-S
direction

W-E
direction
Threaded-rod
M16

Figure 7 - 5

Beam-to-column joint
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CFST column
M16 threaded rod

Load cell (LC-1)

Load cell (LC-2)

CFST
column

Beam

End-plate,
t = 16 mm

End-plate,
t = 16 mm

(a) Elevation view (W-E)

Figure 7 - 6

Beam

End-plate,
t = 16 mm

M16 threaded rod

Beam

(b) Plan view

Details of beam-to-column connection

The test setup and instrumentation arrangement are shown in Figure 7 - 7 and Figure 7 - 8.
Hydraulic actuators were used to provide lateral forces against the strong walls. All actuators
were displacement-controlled. Each set of actuator had one load cell to measure the
corresponding force. One actuator was used in W-E direction. In N-S direction, two actuators
were used in order to avoid column twisting by applying same displacements. Diagonal beam
braces were connected between two adjacent beams to avoid lateral-torsional buckling of the
beams. In addition, smaller actuators were attached at beam level in W-E direction to prevent
global rotation. The displacement applied to the beam-level actuators was proportional to the
displacement of the column-top-actuators based on the height ratio.

N-S direction
(column top)

W-E direction
(column top)

N-S direction
(beam)

Figure 7 - 7

Test specimen and instrumentation
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(c) Plan view at column top level
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(d) Plan view at beam level

Legend: 1 – CFST column; 2 – beam; 3 – loading bracket; 4 – universal pin; 5 – actuator; 6 – load cell; 7 – string/rotary
potentiometer; 8 – displacement potentiometer; 9 – strong floor; 10 – strong wall; 11 – bracing beam; 12 – extension beam

Figure 7 - 8

Test setup

The applied lateral displacement at the column top was controlled by a computer program
following an integrated loading protocol as shown in Figure 7 - 9. Three loading phases were
conducted in each drift increment: (1) three cycles in W-E direction, (2) consists of three cycles
in N-S direction, and (3) combination of both directions to follow a cloverleaf path. The
maximum drift ratios for each loading stage were increased as follows: 0.1%, 0.15%, 0.2%,
0.3%, 0.4%, 0.5%, 0.75%, 1%, 1.5%, 2%, 3%, and 4%.
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2

3

Δmax
3

(a) W-E actuator (column top)
1

2

4th quadrant

3

-Δmax

Δmax

3

2

-Δmax

1st quadrant

1

1

3rd quadrant

(b) N-S actuator (column top)
1

2

3

2nd quadrant
2

3

Δmax

-Δmax

3
-Δmax

0.59*Δmax

-0.59*Δmax

(d) column top movement
(c) N-S actuator (beam)

Figure 7 - 9

General loading protocols

7.5. Behaviour
Inelastic deformations were observed during the test. The major deformation was the end-plates
bending under beam flange tension which is indicated by the gap between the end-plate and the
tube (Figure 7 - 10). At 3% drift ratio, stretch marks on the edge of the end-plate became visible
in W-E direction as shown in Figure 7 - 10(a). The thin lines appeared along the end-plate
thickness at the part connected to the beam flange, indicated flexural yielding in the plate. In
N-S direction (Figure 7 - 10(b)), the lines were not as clear as in the W-E direction. In Figure 7
- 11, it is shown that mill scale on beam flanges and end-plate spalled and formed specific
patterns which implied the yield lines in the end-plate. In W-E direction (longer bolt distance),
the spalling formed a horizontal line on the end-plates near the weld (Figure 7 - 11(a)). This
indicated that plastic hinge formed near the beam flange, similar to the ‘intermediate’ yield
mechanism as described in the end-plate design method concept. In N-S direction (shorter bolt
distance), spalling formed horizontal lines on the end-plates near the weld and some radial lines
near the bolts (Figure 7 - 11(b)). The spalling of mill scale started to appear at 3% drift ratio.
There was no crack in the weld observed until the ultimate loading stage.
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Gap

Gap

Stretch marks

Stretch marks

(a) W-E direction

(b) N-S direction

Figure 7 - 10 Stretchmarks on the edge of end-plate

Spalling

Spalling

Spalling

Spalling

(a) W-E direction

(b) N-S direction

Figure 7 - 11 Spalling of mill scale in beam flange and end-plate

The concrete core condition at the joint was inspected after the test by removing the covering
steel tube plates as shown in Figure 7 - 12. By visual observation, there was no crack appears
on the concrete surface which indicates that the concrete core did not fail under joint shear
force. It also indicates that cone pull-out failure in the concrete core around the bolts did not
occur. The concrete material was found to be well compacted with the applied method.
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W-E
direction

N-S
direction

Figure 7 - 12 Concrete core after the tests (tube plate is removed)

Figure 7 - 13 shows the hysteretic behaviour of the subassembly with bolted end-plate
connection under one-way and two-way loadings. The lateral forces corresponding to predicted
end-plate connection capacity and the beam yield moment, Pyb, are also plotted. By comparing
the overall shapes of one-way and two-way loadings, for both W-E (Figure 7 - 13(a) and (c))
and N-S directions (Figure 7 - 13(b) and (d)), it can be concluded that the bidirectional loading
has no effect on the structure performance. The pinched shapes of the hysteresis loops were
caused by the closing of the gap between the deformed end-plates and the tube as the beam
flange forces reversed from tension to compression. The structure lateral force increased to
reach its maximum at 3% drift ratio for both directions. The lateral force was relatively constant
when the drift ratio increased up to 4%. The maximum lateral force in N-S direction, which
had shorter bolt-to-flange distance, was about 105 kN, which was higher than in W-E direction
(96 kN). This is consistent with the predicted connection capacity calculated using the AISC
and the HERA methods. Between the two methods, the HERA method is more conservative in
predicting the capacity. The connection capacity values calculated with the HERA method were
5% ~ 15% lower than the test result.
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Pyb

AISC

AISC

HERA

Pyb

HERA

HERA
HERA

AISC
Pyb

Pyb

(a) W-E direction (one-way)

AISC

(b) N-S direction (one-way)

MPb

AISC

AISC

HERA

Pyb

HERA

HERA
HERA

AISC
Pyb

Pyb

(c) W-E direction (two-way)

AISC

(d) N-S direction (two-way)

Figure 7 - 13 Hysteresis lateral force versus displacement
As shown in Figure 7 - 5, displacement potentiometers were attached to the edge of the beam
top and bottom flanges to measure the relative displacement between the beam flanges to the
column surface. The relative rotation between the beams and the CFST column due to end-plate
deformation, θep, is calculated as the arc-tan of the displacement difference, δep, and the beam
flanges centre-to-centre distance, hbeam, as illustrated in Figure 7 - 14.
Figure 7 - 15 shows the connection hysteretic behaviour in term of beam end moment versus
end-plate rotation. The beam end moment corresponding to the predicted end-plate connection
capacity and the beam yield moment, Myb, are also plotted. From Figure 7 - 15(a) and Figure 7
- 15(b), the initial rotational stiffness values of the end-plate connection were about 17000
kNm/rad (= 11.7* EsIb/Lb) and 22000 kNm/rad (=15.1* EsIb/Lb) in W-E direction (longer boltto-flange distance) and N-S direction respectively. It can also be inferred that the connection in
W-E and N-S directions can be classified as ‘semi-rigid’ connections according to Eurocode
(EN 1993-1-8, 2005), as the slope of initial part of the curves lies between the dashed lines (in
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Zone 2, 0.5*EsIb/Lb < rotational stiffness < 25*EsIb/Lb). Es is the modulus of elasticity of steel,
Ib is the second moment of area of the beam section, and Lb is the span of the beam.
The test results show that in W-E direction (Figure 7 - 15(a)) the connection capacity at 4%
drift ratio is 88 kNm. in N-S direction (Figure 7 - 15(b)) the connection capacity at 4% drift
ratio is 95 kNm and the beam yielding moment, Myb, was not exceeded. The HERA design
method slightly underestimates the connection capacity than that from the test in both
directions. However, the AISC design method is not conservative in estimating the connection
capacity.
The rotation contribution of the components of the subassembly is presented in Figure 7 - 16.
The contribution of end-plate inelastic deformation to the total rotation is larger, about 82%, in
W-E direction (Figure 7 - 16(a)), while in N-S direction (Figure 7 - 16(b)) it contributes to about
66% of the total rotation at 4% drift.

Concrete
core

Steel tube
δep
Bolt

θep

Mb

Beam

hbeam

End-plate

Figure 7 - 14 Measurement of end-plate rotation
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Zone 1

Zone 2

Zone 1

Myb

AISC

AISC

HERA

Zone 2

Myb

HERA

Zone 3

Zone 3

Zone 3

Zone 3
HERA
HERA

AISC

Zone 1

Zone 2

Myb

Myb

Zone 1

Zone 2

(a) W-E direction (one-way)

AISC

(b) N-S direction (one-way)

Figure 7 - 15 Hysteresis beam moment versus end-plate rotation

Elastic
deformation

Elastic
deformation

(a) W-E direction

(b) N-S direction

Figure 7 - 16 BEC components rotations

Strain in beam flanges was monitored at mid-point of beam flange (top and bottom) near the
weld as plotted in Figure 7 - 17. It was observed that offset of the curves occurred after 1.5%
drift ratio loading stage in compression side and significantly increased after each cycle. It
indicates that the beam flanges yield under compression. It can be concluded that the stress
intensity in the beam compression side is higher than in the tension side due to out-of-plane
flexibility of the end-plate.
Pretension force was initially applied to the bolt to about 90% of the nominal proof load, Ntf,
which value is 95 kN for M16 Grade 8.8 bolt/rod (AS 1252). The bolt tension force was
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monitored in the W-E direction with hollow cylindrical load cells which were inserted between
the nut and end-plate for outer rod (LC-1) and inner rod (LC-2). The detail of load cell
arrangement is described in Figure 7 - 6. The bolt tension force versus beam moment hysteresis
is plotted in Figure 7 - 18. The bolt tension force decreased in the initial loading stages. The
bolt tension reductions were 30%~40% of the initial tension force. This may be caused by the
closure of the gaps between rough contact surfaces that may exist along the thickness of the
clamped components. Another factor that may also reduce the bolt tension force is the creep of
concrete inside the column. The creep effect on the bolt tension force is monitored in a separate
test as described in Appendix C2. The maximum bolt tension force loss due to creep is 5%
occurred in a fully pretensioned bolt after eight months.
The bolt tension force increase under positive beam end moment (tension above neutral axis).
In the outer bolt (Figure 7 - 18(a)), the tension force remained constant under negative moment.
In the inner bolt (Figure 7 - 18(b)), the tension force slightly increased under negative moment,
indicates that the neutral axis was located between inner bolts and beam flanges. The maximum
tension force in the bolt did not reach its nominal tension capacity, Nf, showing that the bolts
were not the weakest link in the connection.

Bottom
flange

1.5% drift

Top
flange

1.5% drift

Bottom
flange

Top
flange
Compression

1.5% drift

1.5% drift
Compression

Tension

(a) W-E direction

Tension

(b) N-S direction

Figure 7 - 17 Strain in beam flanges (midpoint) due to bending moment
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Nf

Nf

Ntf

Ntf

(b) Inner rod (LC-2)

(a) Outer rod (LC-1)

Figure 7 - 18 Rod tension versus beam moment (W-E direction)

7.6. Numerical Analysis
Finite element analyses (FEA) were conducted to investigate the local behaviour of the endplate connections. The analysis was carried out using ABAQUS, considering only one direction
of the connection as shown in Figure 7 - 19. The model consists of one beam and a half-modeled
CFST column. Steel elements were modeled as homogenous shell elements (S4R) with elastoplastic material models as shown in Figure 7 - 20. Concrete core in CFST column was modeled
as solid or brick elements (C3D8R) with a linearly elastic material. Concrete-to-steel and steelto-steel surface interactions are defined as a normal ‘hard’ contact behavior. Welded connection
between the beam and the end-plate was defined as ‘tie’ constraint between paired nodes.
The through-bolts were modeled as one dimensional beam elements. The embedded part of the
bolt was constrained to the concrete core. The nuts were modeled as rigid shell element, linked
to the end of the bolts. Pretension force in the rods was applied by a method similar to what
was conducted by Cipitioglu et al. (2002), as follows: (1) in initial step, the length of the bolt
was shorter than the total thickness of the connected parts; (2) longitudinal displacement was
applied to the nut until the bolt length exceeds the total thickness of the connected parts; (3) the
displacement was deactivated and the contact interaction between the nut and the tube was
activated. The complete model description is presented in the ABAQUS input file (*.inp)
example (Appendix F4).
Variations were made for the connections: vertical distance between rod and beam flange (sr =
40 mm and sr = 70 mm) and rod pretension level (10% Ntf , 50% Ntf and 90% Ntf). The
nomenclature for each configuration is: connection type (‘BE’ for bolted end-plate) – bolt
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vertical distance to beam flange (in mm) – bolt pretensioning level (in % to nominal proof load,
Ntf. For example: BE-70-10 represents the configuration with rods (70 mm distance to flange,
10% Ntf pretension). The model was validated by comparing the monotonic curves from
analyses with the hysteretic curves of the connection moment versus rotation of experimental
results as shown in Figure 7 - 21.
Fixed restraint
Square CFST column
(partial)

Beam

Embeded
bolt
(rendered)
End-plate
Beam

Lateral restraint

Tube

Core

Vertical
displacement

(b) Concrete core and
through-bolts

(a) Partial subassembly modeling

(c) Tube, beam and endplate

Figure 7 - 19 Finite element modeling

Figure 7 - 20 Steel material constitutive models
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Experiment
FE (90% Ntf)

Experiment
FE (90% Ntf)

(a) W-E direction

(b) N-S direction

Figure 7 - 21 Beam end moment versus end-plate connection rotation from experiment
and finite element analysis

The effect of bolt pretension on the connection behaviour is evaluated by comparing the beam
end moment, Mb, versus connection rotation curves as shown in Figure 7 - 22. Increasing the
bolt pretension to 50% and to full proof load, 100% Ntf, increases elastic rotational stiffness of
the connection to 20%~30% and 40%~50% of the 10% Ntf, respectively. Figure 7 - 23 shows
Von Mises stress and yielding contour in the end-plate for both configurations. Bolt-to-flange
distance affects the stress distribution. In the longer distance (Figure 7 - 23(a)), the contour lines
are relatively parallel to the beam flange. In the shorter distance (Figure 7 - 23(b)), the contour
lines are slightly distorted toward the channel between the bolts. From the equivalent plastic
strain (PEEQ) plot, the yielding occurs in the end-plate at the intersection with the beam tension
flange. It can be inferred that the ‘intermediate’ yielding mechanism of the end-plate is the
controlling limit state.
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(a) sr = 70 mm

(b) sr = 40 mm

Figure 7 - 22 Moment versus rotation of models with different pretension levels

Yielding

Yielding

von Mises

PEEQ

von Mises

(a) sr = 70 mm

PEEQ

(b) sr = 40 mm

Figure 7 - 23 Von Mises stress and PEEQ contours in end-plate at 1% drift ratio
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7.7. Conclusions
1)

Two design methods for end-plate moment connections are considered: the AISC method
and the HERA method. Both methods were developed based on yield line theory and bolt
force models. For the evaluated configurations, the HERA method is conservative by
considering the ‘intermediate’ yielding mechanism of the end-plate. This mechanism
occurred as observed in the test and in the numerical result.

2)

A three-dimensional CFST column subassembly was tested under one-way and two-way
loadings. The connection hysteretic behaviour from the experiment showed that
perpendicular loading did not affect the end-plate connection demand. The maximum
lateral load was reached at about 3% drift ratio but no significant strength degradation
occurred afterwards.

3)

As monitored during the test, loss of bolt pretension force occurred up to 40% of initial
pretension. The effect of bolt pretension force loss was evaluated numerically. It can be
concluded that the pretension loss can decrease the initial stiffness of the connection. The
loss had insignificant effect on the connection moment capacity because the yielding of
the end-plate governed.

4)

The elastic rotational stiffness of the connections was less than the minimum rotational
stiffness to be classified as rigid connections. The connection rotational stiffness was
influenced by the thickness of the end-plate, the distance between the bolt and the beam
flange, and the loss of the bolt pretension force. These factors need to be considered in
design, especially if the end-plate connections are expected to behave as rigid
connections.
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Chapter 8. Analytical Methods for Square CFST Joints in
Moment Frames

8.1. Overview
Current design formulations for square CFST panel zones have been developed only for joints
with internal diaphragms for those with through-bolts. Some of the formulations contain
empirical terms to determine the contribution of the concrete core. Simple and robust design
methods which are applicable for a range of joint configurations need to be developed based on
the internal force mechanisms in the joint. This paper proposes analytical and design methods
to determine the demands and capacities of square CFST joints using strut-and-tie models.
Three joint configurations with different combinations of through-bolts and external
diaphragms are considered.

8.2. Introduction
Studies on square concrete-filled steel tubular (CFST) column connections have been
extensively conducted. Various connection types has been proposed and evaluated, including:
diaphragm-type (Nishiyama, et al., 2004) (Park, et al., 2011); connections with T-stiffeners
(Kang, et al., 2001) (Shin, et al., 2008); end-plate connections with through-bolts (Li, et al.,
2009) (Sheet, et al., 2013); and blind bolts with flush end-plates and T-stubs (Wang, et al.,
2009) (Yao, et al., 2008) respectively. However, there are limited numbers of studies on the
force transfer mechanism inside square CFST joints. In a study on square CFST columns with
internal diaphragm connections by Ricles, et al. (2004), panel zone deformation and diagonal
cracks were observed in the concrete core under joint shear force as shown in Figure 8 - 1. The
strut mechanism in CFST joint was also explained by Chunhaviriyakul, et al. (2015). A diagonal
compressive strut could be formed in the joint region concrete (Figure 8 - 2). In order to balance
the vertical component of the diagonal strut, force transfer mechanisms have to be provided.
This may be by:
(1)

friction between the tube and the core surfaces;

(2)

vertical bearing between concrete and through-bolts; or

(3)

vertical bearing on any additional mechanical anchors that may exist outside the joint.
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(a) Panel zone deformation at
5% story drift

Figure 8 - 1

(b) Cracks in the exposed
concrete core

Formation of compression struts in square CFST joints with internal
diaphragms (Ricles, et al., 2004)

Figure 8 - 2

One-way bolted moment end-plate connection with through-rods
(Chunhaviriyakul, et al., 2015)
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Design formulations for shear capacity in square CFST joints with through-bolts and split tee
connections were summarized by Ricles et al. (2004). Some of these are described below. The
design equations were presented as superposition of the concrete core and steel tube
contributions. In the design equation proposed by Kanatani et al. (1987), the first term
represented the strength of diagonal strut in the concrete core. SI units are used in the following
equation and in the rest of the paper.
Vj = svb (bc - 2tt )cos2 (θs )fc ' + Awt

fyt
√3

(8 - 1)

where:
Vj is square CFST joint shear strength;
svb is vertical spacing between bolts connecting the tension side of the
beam;
bc is width of the square CFST column;
tt is thickness of the steel tube;
θs is the inclination angle of the strut;
fc’ is concrete compressive strength;
Awt is area of the web of the steel tube; and
fyt is yield strength of the steel tube.

In other methods, the capacity of square CFST joint did not consider the strut mechanism.
Koester (2000) recommended the strength of the panel zone to be calculated as follows:
Vj = 2.3√fc ' (bc - 2tt )2 + Awt

fyt

(8 - 2)

√3

where:
Vj is the square CFST joint shear strength (N);
bc is the square CFST column width (mm);
tt is the steel tube thickness (mm);
fc’ is the concrete compressive strength (MPa);
Awt is the steel tube web area (mm2); and
fyt is the steel tube yield strength (MPa).
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Similarly Sheet et al. (2013) proposed an equation to estimate the joint shear strength based on
recommendations from Krawinkler and ACI-ASCE 352-1985, which are used to determine the
contribution of steel tube and concrete core respectively.

Vj = 1.99√fc ' (bc - 2tt )2 + Awt

fyt

(8 - 3)

√3

A superposition model for CFST panel zones was also proposed for CFST joints with internal
diaphragms (Nishiyama, et al., 2004) and (Fukumoto, et al., 2005). This concept was also used
in AIJ provisions (Kurobane, et al., 2004) for welded beam-to-column CFSTs with interior
diaphragms.
The current methods are applicable for joints with internal shear restraints, such as internal
diaphragms and through-bolts. There is no design equation available for square CFST joints
without through-bolts, such as direct-welded and external diaphragm connections. Some
existing methods use empirical formulations to estimate the concrete shear capacity. In order to
develop robust design methods for square CFST joints, the design equations should be
developed based on internal force mechanisms. In this chapter, experimental and analytical
studies are conducted to seek answers to the following questions:
1)

How conservative is the current design method if it is applied to design a test specimen?

2)

How can square CFST joints be modeled and analyzed?

3)

How should CFST joint shear capacity be calculated?

4)

How good are the proposed methods compared with the test results?
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8.3. Previous work
A series of testing was conducted on two-way moment frame subassemblies with CFST column
under bidirectional loading as shown in Figure 8 - 3 (see Chapter 4, Chapter 6 and Chapter 7).
The subassemblies consisted of one square CFST column made of SHS250x250x9 (Grade
350Plus) and concrete core (fc’ = 43 MPa). There were four beams made of 200UB29.8 (Grade
300). The test evaluated the performance of three types of beam-to-column connections:
(1)

external diaphragm (ED);

(2)

improved direct-welded (DW); and

(3)

bolted end-plate (BE).

N-S direction
(column top)

W-E direction
(column top)

N-S direction
(beam)

Figure 8 - 3

Subassembly with testing instrumentation

In the subassembly with external diaphragm connection (ED), the major failure modes were
plastic hinges formation in the beams and yielding of diaphragm plates and tube due to beam
flange tension force. Deformation of the panel zone was measured by inclined potentiometers
which were placed on the tube plates inside the panel zone region (Figure 8 - 4). The measured
elongations, Δd1 and Δd2, are plotted versus the beam end moment, Mb, as shown in Figure 8 5. From the plots, it can be implied that the inelastic elongation occurs only when the tube at
the edge of the column is pulled away from the column centreline. The inelasticity occurs when
hysteretic energy is observed or the elongation is greater than 0.25 mm (assuming a uniform
tension stress along the measured span). The deformation under compression is less than 0.1
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mm, implies a strain of 0.0006 which is within the proportional limits of steel and concrete
materials.
In the improved direct-welded (DW) and bolted end-plate (BE) connections, through-bolts were
used to transfer the beam flange tension force to the opposite side of the joint. In these
configurations, design equations proposed by Kanatani et al. (1987), Koester (2000), and Sheet
et al. (2013) were used to predict the nominal shear capacity of the joint. The Kanatani equation
(Eq. 8 – 1) is the most conservative equation, resulting in a joint shear nominal capacity to
demand ratio of 1.40. The details of the calculation is presented in Appendix A4. There was no
measurement on the panel zone deformation conducted during the test due to space limitations
around the joint. Visual observation was performed after the tests by removing the tube plates.
As shown in Figure 8 - 6, there is no diagonal crack and crushing of concrete observed which
indicates that the joint had sufficient strength to carry shear force to the specified loading level.

Perpendicular
beam

Mb

Diaphragm plate

Mb

Deformed
profile
Undeformed
profile

Figure 8 - 4

CFST column

Diaphragm plate

Panel zone deformation measurement in subassembly with ED connection
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(a) Pot-1, W-E direction

(b) Pot-2, W-E direction

(c) Pot-1, N-S direction

(d) Pot-2, N-S direction

Figure 8 - 5

Potentiometer reading versus beam moment

(a) Improved direct-welded connection

Figure 8 - 6

(b) Bolted end-plate connection

Exposed concrete core of the CFST columns after the test
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8.4. Force mechanisms
Force mechanisms in square CFST joints are analyzed in three configurations as follows:
(1)

without through-bolts and external diaphragm plates;

(2)

with through-bolts - without external diaphragm plates; and

(3)

without through-bolts - with external diaphragm plates.

Assumptions are made to simplify the analysis with strut and tie models:


Contact interaction between the core and the tube was assumed only in compression.



Separation between those two contacted surfaces occurs if outward tension force is
applied to the tube.



Friction between the concrete core and the steel tube surfaces is ignored.



The tensile strength of the concrete material is neglected.



Base-plate and cap-plate provide longitudinal bearing restraint to the concrete core.



The CFST column ends are simply restrained at both ends.



The analysis is conducted on an interior joint with beam end moment applied at both
sides.



The joints are parts of low-rise building structures; therefore the column axial forces are
neglected.

8.4.1.

Configuration 1: Joint without through-bolts and without external diaphragm plates

In this configuration, the beams are directly connected to the CFST column without throughbolts and without external diaphragm plates, as in direct-welded connections (Figure 8 - 7).
External forces and reactions in the system consist of beam end moments, which are converted
into beam flange tension and compression forces, Tfb and Cfb respectively, beam shear force,
Vb, and column shear force, Vcol, as shown in Figure 8 - 7(a). The beam flange tension force is
carried by the tube alone through out-of-plane bending and shears. The compression force is
transferred to the core as bearing. Beam shear forces are carried through the tube as in-plane
vertical forces.
Force transfer mechanism in the CFST joint is analyzed in a three-dimensional strut and tie
model (Figure 8 - 7(b)). The members are defined by the characteristic of the core and tube
material and also the possible load path. In the core, compression struts are formed between
two opposite beam flange compression forces. They are also formed between the compression
forces and nearest joints which provide restraints in two directions, such as corners of the tube
and internal edges of the cap-plate. In the tube, the members can be in tension (ties) and
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compression (struts). The ties and struts are formed to balance the force from the struts in the
core and from external forces. Particularly, flexural and shear mechanisms in the tube plate are
required to transfer Tfb and Vb from the middle to the edges of the tube. If the force magnitudes
are significantly large, the connection failure, such as that seen in Chapter 6, may occur.
The strut and tie forces can be directly calculated using nodal equilibrium principles. However,
the 1st trial of the truss configuration (Figure 8 - 7(b)) results a tension force in strut between
Node #3 and Node #4. This indicates a separation between the tube and the core around Node
#3, in which the forces cannot be transferred and the proposed configuration is not in an
equilibrium state.
A modification is made on the truss system as shown in Figure 8 - 7(c). In the 2nd trial, there is
no tension force occurs in the concrete core. The largest compression force in the core occurs
in the strut in the joint (between Node #5 and Node #7). The strut compression force in the
joint, Cj1, can be calculated as follows:
Cj1 =

Mb hm1 √bco 2 +hj1 2

(8 - 4)

bco hj1 (hj1 +hm1 )

The largest tension force in the tube occurs in the tie in the joint (between Node #6 and Node
#8). The tie tension force in the joint, Tj1, can be calculated as follows:
√hj1 2 +bco 2

Tj1 =[Tfb (2hj1 +hm1 )-Vcol (hj1 +hm1 )] 2b

co (hj1 +hm1 )

(8 - 5)

where:
Vcol is the column shear force, Vcol =

2Mb +Vb bco
2hm1 +hj1

;

M

Tfb is the beam flange tension force, Tfb = h b;
j1

Mb is the beam end moment;
Vb is the beam shear force;
hj1 is the joint depth, measured as the centre-to-centre distance between
beam flanges;
hm1 is the CFST column length outside the joint, measured as vertical
distance between beam flange centre to the adjacent restraint of the
column; and
bco is the concrete core width.
The derivation of Eq. 8-4 and Eq. 8-5 in described in Appendix D2.
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8.4.2.
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Joint forces in Configuration 1

Configuration 2: Joint with through-bolts; without external diaphragm plates

In this configuration, the beams are connected to the CFST column with bolts placed through
the CFST column. The applications of this system are end-plate and T-stub connections with
through-bolts (Figure 8 - 8). The centroid of the through-bolts is located at the centroid of beam
flange. External forces and reactions in the system consist of beam end moments, which are
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converted into beam flange tension and compression forces, Tfb and Cfb respectively, beam shear
force, Vb, and column shear force, Vcol, as shown in Figure 8 - 8(a). The compression force is
transferred to the core as bearing. The beam flange tension force is transferred by the throughbolts to the opposite side of the column. Beam shear forces are transferred to the core through
vertical shear of the bolts and bearing between the bolts and concrete. Out-of-plane bending
and shear mechanisms in the tube are avoided. Force transfer mechanism in the CFST joint is
analyzed in a three-dimensional strut and tie model (Figure 8 - 8(b)).
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(a) External forces
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y

(b) Strut and tie model

Figure 8 - 8

Joint forces in Configuration 2

The strut and tie forces can be directly calculated using nodal equilibrium principles. The largest
compression force in the core occurs in the strut in the joint (between Node #4 and Node #5).
The strut compression force in the joint, Cj2, can be calculated as follows:
hm2

Cj2 = [Vcol (1+ 2h ) -2Tfb ]
j2

√hj2 2 +bco 2
bco

(8 - 6)

The largest compression force in the tube occurs in the tie in the joint (between Node #3 and
Node #6). The tie tension force in the joint, Tj2, can be calculated as follows:
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Vcol hm2 √hj2 2 +bco 2

(8 - 7)

4hj2 bco

where:
Vcol is the column shear force, Vcol =

2Mb +Vb bco
2hm2 +hj2

;

M

Tfb is the beam flange tension force, Tfb = h b;
j2

Mb is the beam end moment;
Vb is the beam shear force;
hj2 is the joint depth, measured as the centre-to-centre distance between
beam flanges;
hm2 is the CFST column length outside the joint, measured as vertical
distance between beam flange centre to the adjacent restraint of the
column; and
bco is the concrete core width.

The derivation of Eq. 8-6 and Eq. 8-7 is described in Appendix D2.

8.4.3.

Configuration 3: Joint without through-bolts; with external diaphragm plates

In this configuration, the beams are connected to the CFST column with external diaphragm
welded around the tube (Figure 8 - 9). There is no through-bolts, through-beam or internal
diaphragm, that may carry the shear between the tube and the core. External forces and reactions
in the system consist of beam end moments, which are converted into beam flange tension and
compression forces, Tfb and Cfb respectively, beam shear force, Vb, and column shear force, Vcol,
as shown in Figure 8 - 9(a). The compression force is transferred to the core as bearing
mechanism; meanwhile the tension force is applied as out-of-plane force to the tube. The
diaphragm plates distribute the tension and compression forces along the interface of the tube.
Beam shear forces are transferred to the core through vertical shear of the bolts and bearing
between the bolts and concrete.
The force transfer mechanism in the CFST joint is analyzed in a two-dimensional strut and tie
model (Figure 8 - 9(b)). The diaphragm plates distribute Tfb and Cfb along the column width
which makes the forces in y-direction are not required. The forces acting in the tube webs are
split equally to both sides of the column, represented in ties connecting Node #2 to Node #3
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(denoted as T23), Node #3 to Node #6 (denoted as T36) and Node #6 to Node #7 (denoted as
T67).
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Figure 8 - 9

Joint forces in Configuration 3

The strut and tie forces can be directly calculated using nodal equilibrium principle. The largest
compression force in the core occurs in the strut in the joint or panel zone (between Node #4
and Node #5). The strut compression force, Cj3, can be calculated as follows:
hm3 √hj3 2 +bco 2

Cj3 = -Cfb b

(8 - 8)

co (ℎ𝑗3 +ℎ𝑚3 )

The largest compression force in the tube occurs in the tie in the joint or panel zone (between
Node #3 and Node #6). The tie tension force, Tj3, can be calculated as follows:
Tj3 = (Cfb h

hj3
j3 +hm3

+ Tfb -Vcol )

√hj3 2 +bco 2

(8 - 9)

2b𝑐𝑜

where:
Vcol is the column shear force, Vcol =

2Mb +Vb bco
2hm3 +hj3
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M

Cfb is the beam flange compression force, Cfb = h b ;
j3

M

Tfb is the beam flange tension force, Tfb = h b;
j3

Mb is the beam end moment;
Vb is the beam shear force;
hj3 is the joint depth, measured as the centre-to-centre distance between
external diaphragm plates;
hm3 is is the CFST column length outside the panel zone, measured as
vertical distance between beam flange centre to the adjacent restraint of
the column; and
bco is the concrete core width.

The derivation of Eq. 8-8 and Eq. 8-9 is described in Appendix D2.

8.5. Joint shear nominal capacity
The square CFST joint capacity is determined by considering two possible limit states: (1)
concrete core failure due to compression, and (2) steel tube web due to tension or shear. The
strut compression capacity can be calculated as the concrete compressive strength over an
effective area. In joint with direct-welded connection, the effective area of the strut computation
is illustrated in Figure 8 - 10. The beam flange compression force, Cfb, disperses from the outer
side to the inner side of the tube plate with a slope of 1:2.5 (Figure 8 - 10(c)). This approach is
similar to a method described in New Zealand steel construction code [ (NZS 3404: Part 1,
1997), Section 5.13.1]. The maximum force occurs in the strut between the opposite beam
compression flanges. The strut profile is idealized to have a constant area (Figure 8 - 10(b)),
taken from the minimum bearing area at the strut ends [ (NZS 3101: Part 1, 2006), Appendix
A]. The strut section depth, dst, can be taken as:
dst = (tf +5tt )

bco

(8 - 10)

√bco 2 +hj1 2

The same dispersion slope is also applied in horizontal direction (Figure 8 - 10(a)). The strut
section width, bsc, can be calculated as:
bst = min(bf +5tt , bco )

(8 - 11)

The nominal compression capacity of the strut, Cnst, is calculated as:
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Cnst =bst dst fc '

(8 - 12)

where:
tf is the beam flange thickness;
tt is the tube plate thickness;
bf is the beam flange width;
hj1 is the joint depth, measured as centre-to-centre distance between
beam flanges;
bco is the concrete core width; and
fc’ is the concrete compressive strength
Similarly, an idealized profile is also assumed for the tension capacity of the tie in the tube web.
The force dispersion due to beam flange tension force, Tfb, is assumed to develop 45 yield lines
in the perpendicular plate where the force applied in the out-of-plane direction (Figure 8 - 11).
The nominal tension capacity of the tie, Tntie, can be calculated as:
Tntie =tt (bc -bf )
where:

bco

(8 - 13)

√bco 2 +hj1 2

fyt is the steel tube yield strength; and
bc is the CFST column width

From Equation (8 - 11) and (8 - 13), it can be implied that the beam flange width, bf, affect the
nominal capacity of the strut and the tie in different manner. If bf becomes larger, the strut
compression capacity tends to increase, meanwhile the tie tension capacity decreases.

134

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

Concrete core

1:2.5

Cmb

bst

Beam

1

Tmb
bfb
Strut

tt

Idealized
profile

Steel tube

bco
bc

Steel tube
web

(a) Horizontal section at beam top flange level
tf
2
tf

Vcol

Cfb

Cfb

Tfb

2.5

Beam
db

Vb
Tfb

Steel tube

Idealized
profile

θ2

Cfb

Beam

Vcol
Concrete core

Concrete core

(b) Section 1

(c) Detail 2

Figure 8 - 10 Dimensions of the strut in the concrete core

tt
45

bf

Tfb

hj1

45
dts

Vb

Yield
line

Cfb
bc

bc

Figure 8 - 11 Dimensions of the tie in the tube web

135

Pst
dst

1

hb

Vb

θst

University of Canterbury

Bidirectional Performance of Steel Beam to Square CFST Column Connections

In a joint with through-bolts, forces due to beam end moment are distributed to the beam flanges
and the bolts. In addition, the end-plate also increases total thickness for the force dispersion
from the beam flange to the concrete core. This increases the bearing area between the tube and
the core and result in a higher compression capacity of the strut. Modifications can be made to
calculate dst and bst for joints with bolted end-plate connections by adopting the first term of the
equation proposed by Kanatani (Eq. (8 - 1)):
dst = svb

bco

(8 - 14)

√bco 2 +hj2 2

bst = bco

(8 - 15)

where:
svb is vertical spacing between bolts connecting the tension side of the
beam.

As the beam flange tension force is not transferred through out-of-plane flexure of the tube
plate, the 45 yield lines assumption is not applicable to determine the width of the tension tie.
The tension force in the tie is required to balance the compression force in horizontal strut,
connecting Node #5 and Node #6 in Figure 8 - 8(b). Assuming a constant section of the strut,
the nominal tension capacity of the tie, Tnts, can be calculated as:
Tntie =tt svb

bco

(8 - 16)

√bco 2 +hj2 2

In a joint with external diaphragm connection, where the beam flange forces are transferred
through diaphragm plates, the nominal capacity of the strut can be calculated using Equation (8
- 12) with modifications in the strut section depth, dts, and width, bts. The diaphragm plate
thickness, td, is used instead of the beam flange thickness, tt, and the panel zone depth is
measured as the centre-to-centre distance between diaphragm plates, hj3. The strut width can be
taken as the core width, bco.
As the steel tube webs are supported on all sides by the diaphragm plates and the tube flanges,
the entire web area can be considered to resist the horizontal component of tie tension, Vj3,
which can be calculated as:
Vj3 =2Tj3

bc

(8 - 17)

2

√bc +hj3 2
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Tension field action consideration as required per AISC 360-10 (2010) should be applied. The
tube nominal strength is expressed in term of the shear capacity of the tube web, Vntw, which
can be calculated as:

Vntw = 2bc tt (0.6fyt )

(8 - 18)

The proposed formulations to estimate the demand and capacity in square CFST joints are
applied to beam-to-column subassemblies tested by Tjahjanto (2018). The common design
parameters are: fyt = 350 MPa; fc’ = 43.8 MPa; db = 207 mm; bf = 134 mm; tf = 9.6 mm; bc =
250 mm; bco = 232 mm; tt = 9 mm; Lc = 975 mm. The demand and capacity for each component
are summarized and compared in Table 8 - 1. In the bolted end-plate and external diaphragm
connections, the applied column shear force during the tests were higher than the estimated
column shear force corresponding to the struts capacity. As the tests did not show any
indications of the core failure inside the joints, the proposed methods seem to be conservative
in estimating the strut dimensions.

Table 8 - 1
Connection type

Design

(Configuration #)

parameter

Tested configurations
Capacity

Column shear

Applied maximum

corresponding to

column shear

capacity
Direct-welded (#1)

Bolted end-plate (#2)

hj1 = 197.4 mm;

Cnst = 326 kN

Vcol = 65.4 kN

hm1 = 876.3 mm

Tntie = 278 kN

Vcol = 94.0 kN

hj2 = 197.4 mm;

Cnsc = 619 kN

Vcol = 77.5 kN

hm2 = 876.3 mm;

Tntie = 192 kN

Vcol = 131.7 kN

hj3 = 217 mm; hm3

Cnsc = 423 kN

Vcol = 88.1 kN

= 866.5 mm; td =

Vntw = 945 kN

Vcol = 231.6 kN

Vcol* = 32.2 kN

Vcol* = 88.4 kN

svb = 80 mm
External diaphragm (#3)

10 mm;
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8.6. Other considerations
The proposed analysis methods with strut and tie models are developed based on simplified
approach to explain the internal forces in a square CFST joint. To be applied in design, the
following aspects need to be considered:

(1)

Application in multi-story frames.

The proposed strut and tie models were developed for CFST joints with simplified boundary
conditions for the column, i.e pinned ends with cap-plates and base-plates as restraints to
develop struts in the concrete cores. In multi-story frames, the load path can be modified to
include multiple external forces from the beams above and below the joint as illustrated in
Figure 8 - 12. The effects of column axial forces can be significant in high-rise buildings and
should be considered in the analytical models.
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Figure 8 - 12 Strut and tie model in multi-story frame joints
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Application in bidirectional frames.

The proposed analytical methods are developed based on two-dimensional beam-to-column
joint configurations. In three-dimensional joints, where beam end moments and shear applied
at all sides of the CFST columns, may affect the demand of the joint, especially the compression
strut in the core due to intersection of perpendicular struts.
In some cases, perpendicular beam effect on the tube may not be significant because the critical
tension forces or shear forces occur at different tube web plates. However, the tie forces in the
joint may interact with out-of-plane flexure and shear if the beams are welded directly to the
tube. A bidirectional consideration should be included in the design.

(3)

Strut and tie effective area computation.

The strut effective area computation can be more accurately computed by taking into account
the contribution of the beam web and the through-bolts on the bearing mechanism. A more
realistic analysis on stress distribution in the tube due to out-of-plane tension can be used to
determine the effective depth of the tie.

(4)

Inelastic behaviour of the joint.

The ultimate capacity of the joint can be determined if the inelastic behaviour is performed in
the analysis. A capacity superposition of the strut in the core and the tie in the tube can be
applicable if the weakest mechanism behaves in a ductile manner. Otherwise, the joint capacity
should be determined from the critical limit states (e.a. compression for concrete core strut and
tension for steel tube tie).

8.7. Conclusions
1)

Among the current design methods, the Kanatani (1987) equation gives the most
conservative (i.e. the lowest) joint strength prediction. Testing on a subassembly which
had a joint shear capacity-to-demand ratio of 1.40 showed no failure indication in the
panel zone. This method does not consider full load paths so while it worked in these
tests, it may not necessarily work for all configurations.

2)

Force demands in square CFST joints can be analyzed using strut-and-tie models. The
struts and ties are modeled for three possible configurations, considering the effect of
through-bolts and external diaphragms. The critical strut compression force in the
concrete core and tie tension force in the tube can be calculated accordingly.
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Strut nominal compression capacities in the core can be calculated by determining the
effective area of the idealized strut profile. The effective area can be determined
according to New Zealand codes for concrete and steel structure. Tie effective area can
be calculated based on the yield line assumptions of the tube plates due to out-of-plane
tension forces.

4)

Comparison with experimental studies indicated that in some cases, the theoretical
capacities of the joints were exceeded. As the test results did not show any poor joint
performances, these methods may be conservative for use in design.
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Chapter 9. Summary, Conclusions, Contributions and Future
Work

9.1. Summary
Several beam to square CFST column connection types were considered prior to being tested
and analyzed in this study. The most suitable connection types were selected based on their
force transfer mechanism, two-way frame suitability, and construction simplicity. Experimental
and numerical studies were performed to understand the cyclic inelastic performance of various
moment connections to square concrete-filled steel tubular (CFST) columns and subassemblies.
The behaviour of a half scale CFST column subassembly with external diaphragm connections
under bidirectional loading was investigated. The external diaphragm plates were designed
using a simplified method considering axial tension-compression forces alone and ignoring any
out-of-plane effects or bidirectional loading effects which may exist in a real connection. The
diaphragm connection was designed to have a nominal axial capacity slightly lower than the
demand when the beams reach their yielding moment.
Direct-welded beam connections to the centres of the outer faces of the square CFST column
subassemblies were studied experimentally and numerically considering bidirectional cyclic
displacements. Improvements involved (i) the installation of threaded rods placed through the
column and fastened at both ends, and (ii) additional washer plates at the outside of the column
between the tube and the nuts on the threaded rods.
A three-dimensional CFST column subassembly with bolted end-plate connections was tested
under bidirectional loading. AISC and HERA design methods for unstiffened extended endplate connections were applied and compared. Bonded through-bolts were used to connect the
end-plates to the column.
Design methods for the selected square CFST connection types have been developed. A number
of methods have been proposed to calculate the design capacity of external diaphragm moment
connections to square CFST columns. These methods, which only consider the horizontal
tension-compression forces applied to the diaphragms, include the (1) CIDECT method; (2)
equivalent beam method; and (3) tie method. A series of finite element models consisted of a
CFST column with one external diaphragm plate under bi-directional diaphragm axial loading
was conducted. Design steps using the tie method, were proposed.
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A series of finite element models of complete beam-to-column subassemblies with external
diaphragm connections were analyzed. These models considered the diaphragm plate out-ofplane flexural and shear deformations (that were not considered in the external diaphragm axial
tension-compression model) as well as those in the diaphragm axial forces. Variations were
made on the key design parameters.
The local behaviour of the beam-to-column interface with EDCs was evaluated numerically.
The numerical model consisted of one beam and a half-modeled CFST column. The tube outof-plane shear stress distribution along the beam flange width was plotted. Similar modeling
approach was conducted for the BECs. The stress distribution and yielding mechanism in the
end-plates were evaluated and compared to the test results. The conservativeness of the AISC
and HERA design methods were also evaluated.
The mechanisms by which the forces are transferred within the beam-column joint were
considered so that they could be understood and considered explicitly in design. The force
mechanisms in the square CFST joints were analyzed using a simplified truss analogy. The
truss configurations are determined for three configurations: (1) without through-bolts and
without external diaphragm plates; (2) with through-bolts element and without external
diaphragm plates, and (3) without through-bolts and with external diaphragm plates.
Sliding hinge joints with symmetric friction connections (SFC) were utilized as beam splice
connections in a subassembly with DWCs. Slotted holes were provided in the beam bottom
flange and web plates. BisAlloy 400 shim-plates were inserted at both friction planes. The
contribution of the splices to the structure’s energy dissipation was investigated.

9.2. Conclusions
1)

The most suitable steel beam to CFST column connection types are: (1) external
diaphragm connections (EDCs); (2) beam end-plate connections (BECs) with throughbolts; and (3) direct-welded connections (DWCs).

2)

Experimental performance of the selected square CFST connections.
(a)

In the subassembly with EDCs, two major failure mechanisms were: (1) yielding
of diaphragm plates and steel tube near corner of CFST column under tension force;
and (2) flexural yielding of the beams. The beam flexural yielding was the major
contributor to the inelastic deformation of the structure. There was no strength
degradation when the specimen was tested up to 5% drift ratio. This indicated that
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both out-of-plane and bidirectional loading effects did not seem to significantly
affect the performance for the cases studied.
(b)

From the test of the subassembly with DWCs, it was shown that the proposed
improvement methods increase the joint rotational stiffness. The bidirectional
loading effect was found to be insignificant. However, at large deformations, outof-plane shear fracture through the column tube occurred due to stress concentration
at the beam flange tips.

(c)

The test results of the subassembly with BECs showed that maximum lateral load
was reached at a drift ratio of 3% but no significant strength degradation occurred
afterwards. The inelastic deformation was contributed mainly by the end-plate
yielding near the beam flanges. This is classified as the ‘intermediate’ yielding
mechanism according to the HERA design method. Displacements applied in the
perpendicular direction did not have a significant effect on the behaviour. Up to
40% loss of bolt pretension force occurred during cyclic loading decreasing the
initial stiffness of the connection.

3)

Numerical analyses and design methods.
(a)

From the finite element analysis of EDCs considering the diaphragm axial loading
alone, it was shown that the perpendicular axial load did not decrease those that
could be carried in the main direction. This is consistent with assumptions made by
CIDECT and the tie methods but not the beam method. The CIDECT method range
of validity was shown to be limited and in some cases the results are not
conservative. The tie method, which considers the contribution of the steel tube and
the diaphragm plate, was shown to better predict the external diaphragm connection
axial capacity over the range of sizes likely to be used in design.
From the finite element analysis of EDCs considering the combination of in-plane
and out-of-plane actions in the diaphragm plates, it was found that the critical
stresses due to both actions occurred at different parts of the connection. The tension
yielding occurs in diaphragm plate and steel tube near the CFST column corner
while yielding due to out-of-plane deformation occurs at the edge of the diaphragm
plate along the compression side of the column. Accordingly, the external
diaphragm connection capacity can be determined from two independent design
formulations which consider the diaphragm in-plane (tension) and out-of-plane
(flexural and shear) behaviour. For design, the diaphragm tension capacity can be
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predicted using the tie method considering axial deformation alone. Diaphragm
plate out-of-plane capacity, considering bending and shear, can be estimated using
a formulation which was developed in this stage.
(b)

As the out-of-plane shear fracture in the column tube occurred due to stress
concentration at the beam flange tips, this failure mode should be considered in
design. Formulations for calculating the stress distribution factor are proposed for
this connection type. The stress distribution factor may increase the tube plate
thickness requirement.

(c)

The AISC end-plate moment connection design method was shown to be nonconservative as it does not consider the end-plate ‘intermediate’ yielding
mechanism which the HERA method does. The HERA method is conservative and
appropriate for design for the cases considered.

4)

Square CFST joint demand can be determined as the critical strut compression and the
critical tie tension forces which can be obtained using statics principles. The effective
area approach can be used to determine the strut and the tie capacities. The proposed
method can conservatively estimate the joint strength for the cases considered.

5)

The moment-rotation hysteresis of the splices indicated that the system dissipated the
energy along with the steel tube deformation. The equivalent coefficient for friction,
computed as the sliding force divided by the proof load and number of sliding surfaces,
for initial sliding was 0.34 and that for peak strength was greater than 0.45.

6)

Experimental testing indicated that for connections requiring post-tensioned through rods
(e.g. direct welded connections modified with through rods, bolted end-plate connections)
that the relaxation of post-tensioned force due to concrete creep was less than 5% over
eight months. This is considered to be negligible for the type of connections considered.
However, the loss in tension force was significant (40%) when cyclic beam end moment
was applied to the through-bolts which were initially tightened to 90% nominal proof
load.
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9.3. Intellectual contributions
It is believed that a number of novel pieces of work were conducted which make a contribution
to the state of the art of engineering around the world. These include:

1)

Design formulations for external diaphragm connections in square CFST column
structures are developed. The formulations consider both in-plane (diaphragm axial) and
out-of-plane (diaphragm flexural and shear) forces.

2)

It was shown that external diaphragm out-of-plane effects due to beam shear and
bidirectional loading effects do not significantly diminish the in-plane axial strength of
diaphragm plates. This means that design methods based on diaphragm in-plane axial
behaviour are appropriate for realistic moment connections.

3)

It is shown that direct-welded connections can work if appropriately modified with
stiffener plates, but the stress distribution factor for column tube plate out-of-plane shear
capacity should be considered. Methods are proposed to do this.

4)

It is shown that bolted end-plate connections can work. However, the AISC method is
non-conservative, but the connection strength can be estimated conservatively by the
connection method.

5)

The symmetric friction connection for use on the bottom flange of beams in moment
frames has been tested for the first time. It has been shown that the connection works well
with fewer bolts than the asymmetric friction.

6)

The creep of connections with bolted end-plate was directly assessed and found to be
small for the connections investigated. However, cyclic loading effect may be significant
and need to be considered in design.

7)

There is a lack of information and procedures regarding assessing square CFST joint
demands and capacities. Methods have been developed based on first principles and these
provide a lower estimate of strength for the connections tested. The methods are
applicable both for joints with, and without, penetrating elements (e.g. through-rods) and
with or without tube stiffening elements (e.g. external diaphragm plates).
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9.4. Future work
While the work has addressed a number of issues related to the behaviour and design of square
CFST column moment connections, there is opportunity for further work in a number of areas
including the following:

1)

The testing conducted was on approximately half-scale specimens. Further studies are
required with greater sizes and the full range of steel and concrete properties that may be
expected in practice.

2)

The use of sliding hinge joints with SFCs in moment frame structures (with or without
square CFST columns) is new and further work should be conducted to allow confidence
to be developed in this type of low damage connection so that it may be used in practice.
A full design procedure for it also needs to be developed.

3)

While some simple methods have been developed to assess factors such as diaphragm
plate connection sizes, stress concentration factors, and effective areas of the truss
members in the joints, further development and refinement may well result in less
conservatism in the design procedures for some cases.

4)

Experimental and analytical research on square CFST joints which emphasize on the
shear failure mechanisms should be conducted to validate and refine the proposed
analytical methods.
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Appendix A.
Specimen Design Calculation

Appendix A1.
SPECIMEN DESIGN CALCULATION

Figure A - 1. Three-dimensional structural system

Figure A - 2. Typical Bending moment diagram

Material design parameters
Steel for UB:

FyB

360 MPa

FuB

516 MPa

EsB

200000 MPa

Steel for SHS:

FyC

311 MPa

FuC

424 MPa

EsC

200000 MPa

Concrete:
Ec

3320

fr

0.6

f'c
f'c MPa
f'c MPa

43.9 MPa
6900 MPa
3.9754 MPa

28897.3489 MPa
NZS 3101-1 (2006)

A1 - 1

Subassembly dimensions
Column centerline to beam support: L1B
LB

Beam length:

2 L1B

4m

Beam centerline to column support: L1C
Column length: LC

2m

2 L1C

0.975 m

1.95 m

Section properties
Steel beam: 200UB29.8 (ONESTEEL Hot-rolled Steel Sections)
dB

207 mm

bfB

twB

134 mm

cross sectional area: AgB

rxB

6
4
3.86 10 mm

ryB
JB

9.6 mm

r1B

8.9 mm

2

ZxB

3
3
281 10 mm

SxB

3
3
316 10 mm

ZyB

3
3
57.5 10 mm

SyB

3
3
88.4 10 mm

CwB

9
6
37.6 10 mm

87.1 mm

minor axis: IyB

torsional:

3820 mm

6
4
29.1 10 mm

major axis: IxB

tfB

6.3 mm

31.8 mm
3
4
105 10 mm

Beam unbraced length:

Lb

1m

. Lp

.

1.76 ryB

EsB
FyB

1.3192 m (no LTB)

CFST column tube: SHS250x250x9.0 (ONESTEEL Cold-formed Steel Sections)
bC

250 mm

tC

9 mm

rC

if tC

3 mm

27 mm

2.5 tC
else
3 tC
cross sectional area: AgC
primary axis:

8400 mm

IxC

6
4
79.8 10 mm

rxC

97.5 mm

2

ZxC

A1 - 2

3
3
639 10 mm

SxC

3
3
750 10 mm

Beam flexural capacity
MyB

Yield moment capacity:

ZxB FyB

101.16 kN m
MyB

2000 mm
L1C 1875 mm

Horizontal force at yield moment capacity: P
H

110.6708 kN

Beam shear capacity
dB

2 tfB

Web classification:

2 r1B

26.9841

twB

82
FyB

<

68.3333

250 MPa
VvB

Shear capacity:

0.6 FyB twB dB

281.6856 kN

Horizontal force at shear capacity: P
H

VvB L1B

0.5 bC

L1C

541.7031 kN

Column flexural capacity
Section compactness limitation:
λp

2.26

EsC

λr

57.3117

FyC

EsC

3.00

bC
Width-to-thickness-ratio: t
C

FyC

76.0775

27.7778

Section classification as per AISC 360-10:
Classification

if

bC
tC

λp

"compact"

"compact"
else
bC
λr
if
tC
"noncompact"
else
bC
λmax
if
tC
"slender"
else
"unacceptable"
According to AIJ 2001:
F
bC
tC

min

FyC
0.7 FuC

27.7778

<

296.8 MPa

1.5

735
F MPa

63.9951
1
A1 - 3

(OK)

λmax

5

EsC
FyC

126.7958

Yield moment capacity:

MyC

ZxC FyC

198.729 kN m

Horizontal force at Yield moment capacity:

MyC

PH

L1C

203.8246 kN

Column shear capacity
Column shear capacity can be determined by considering the contribution of
steel tube alone (AISC 360-10, Commentary: I4.1)
bC
Web classification:

2 tC

2 rC

19.7778

tC

<

82
FyB
250 MPa

Shear capacity:

VvC

0.6 FyC 2 tC bC

Horizontal force at shear capacity:

PH

A1 - 4

839.7 kN
VvC

839.7 kN

68.3333

SLIDING HINGE JOINT WITH SYMMETRIC FRICTION

MyB

M'slide

Maximum sliding moment:

Selected bolt: M16 Grade8.8

Ntf

Shim material: BisPlate 400

μs

Ns

Number of shear plane:

72.2571 kN m

1.4

[AS 1252]

145 kN

[Chanchi , (PSSC 2013)]

0.42

2

Number of friction bolts: Nb_web

Nb_flange

2
sb_web

Bolt distance to pivot point:

4
sb_flange

134 mm

dB

tfB

202.2 mm

2

Nominal sliding moment:
Mslide
Ratio

Nb_web Ntf μs sb_web
MyB
Mslide

Nb_flange Ntf μs sb_flange

65.5771 kN m

1.5426

Plate and bolt requirement for flange connection
Bolt:

df
fuf

201 mm

2

Ac

fyf

660 MPa

number of bolts:

nbolt_bot

kr

Plate:

Ao

16 mm

fyp

830 MPa

144 mm

2

310 MPa

fup

2 mm

(Bolt M16)
(Grade 8.8)

nbolt_top

6

8

(Grade300)

430 MPa
bpf2

134 mm

V'flange

Shear force of each flange:

0.62 fuf kr nbolt_top Ac

(top flange)

> V'flange

dB

592.8192 kN
512.462 kN

2 0.62 fuf kr nbolt_bot Ac

(bottom flange) > V'flange

889.2288 kN

512.462 kN
A1 - 5

55 mm

MyB

Nominal bolt shear capacity at flange:

Vf2

df

1.0

plate size: bpf1

Vf1

dh

tfB

tpf

512.462 kN

12 mm

Nominal ply bearing capacity:
Vb1

nbolt_top 3.2 fup tpf df

(top flange)
Vb2

2113.536 kN

> V'flange

512.462 kN

2 nbolt_bot 3.2 fup tpf df

(bottom flange) > V'flange

3170.304 kN

512.462 kN

Nominal plate tension yielding capacity
Typ1

bpf1 tpf fyp

> V'flange

(top flange)
Typ2

bpf1

498.48 kN
512.462 kN

2 bpf2 tpf fyp

(bottom flange) > V'flange

907.68 kN
512.462 kN

Nominal plate tension fracture capacity
Tfp1

bpf1

dh

bpf1

598.56 kN

> V'flange

(top flange)
Tfp2

tpf fup

dh

2 bpf2

(bottom flange) > V'flange

512.462 kN
dh

tpf fyp

706.8 kN

512.462 kN

A1 - 6

Plate and bolt requirement for web connection
Bolt:

df
fuf

Ao

201 mm

2

Ac

fyf

660 MPa

number of bolts:

nbolt_web

kr
Plate:

16 mm

fyp

830 MPa

144 mm

2

(Bolt M16)
(Grade 8.8)

4

1.0
310 MPa

plate size: bpw

fup

120 mm
V'web

Shear force of web plate:

(Grade300)

430 MPa
tpw

8 mm

VvB

281.6856 kN

Nominal bolt shear capacity:
Vf

2 0.62 fuf kr nbolt_web Ac

592.8192 kN

>

V'web

281.6856 kN

1409.024 kN

>

V'web

281.6856 kN

>

V'web

281.6856 kN

Nominal ply bearing capacity:
Vb

2 nbolt_web 3.2 fup tpw df

Nominal plate shear capacity
Vnp

2 bpw tpw 0.6 fyp

357.12 kN

A1 - 7

ELASTIC STIFFNESS OF BEAM-COLUMN SUBASSEMBLY
Beam elastic stiffness parameters:
Modulus of Elasticity:

Es

Moment of inertia:

Ibeam

Member length:

L1B

200000 MPa
7
4
2.91 10 mm

IxB
2000 mm

Column elastic stiffness parameters:
Modulus of Elasticity:

Es

Modular ratio:

Ec
Es

Ix_SHS

IxC

Ix_core
Icol
L1C

Member length:

7
4
7.98 10 mm

3
1
bC_eq bC
12

Ix_SHS

Ix_core

975 mm

1
2 L1C

2

L1B

3 Es Ibeam

2 L1C

3

bC

bC_eq

Elastic lateral stiffness of subassembly:
klat

28897.3489 MPa

0.1445

Equivalent width of concrete core:
Moment of inertia:

Ec

200000 MPa

4.1184

kN
mm

3 Es Icol

A1 - 8

2 tC

Ec
Es

33.5209 mm

(SHS part)

7
4
4.3647 10 mm (concrete core part)
8
4
1.2345 10 mm (combined)

EXTENDED END-PLATE CONNECTION
Part 1. AISC Steel Design Guide #4
A. Material properties
A.1 End-plate
Designation: Grade 300 (AS/NZS 3679.1)
Actual yield strength: Fpy

376 MPa

A.2 Bolts
Designation: Grade 8.8 (AS/NZS 1252)
Ft

Actual tensile strength:

907 MPa

A.3 Weld
Designation: E48XX (AS 1553.1)
Fuw

Tensile strength:

480 MPa

B. Section properties and dimensions
B.1 Beam
Setion designation: 200 UB 29.8
Depth:

h

Flange width:

bfb

134 mm

Web thickness:

twb

6,3 mm

Flange thickness: tfb

9,6 mm

207 mm

Elastic section modulus:

Zxb

3
3
281 10 mm

Plastic section modulus:

Sxb

3
3
316 10 mm

B.2 End-plate
Plate thickness:
Plate width:

bp

tp

16 mm

150 mm

B.3 Threaded rod
Nominal diameter:
Tension area:

At

db

16 mm

157 mm

2

A2 - 1

C. Connection capacity checking
C.1 N-S direction
Rod configuration:

pfo

35,5 mm

ho

h

pfo

242,5 mm

pfi

35,5 mm

hi

h

tfb

pfi

g

161,9 mm

100 mm

pext

pfo

25 mm

60,5 mm

Check rod diameter requirement if the connection is designed for the limit
state of bolt rupture without prying action
Mpb

354 MPa Sxb

do

ho

di

hi

tfb

237,7 mm

2
tfb

157,1 mm

2

2 Mpb

db,req
db

111,864 kN m

π Ft

do

db,req

>

16 mm

14,1024 mm

di

--> OK

14,1024 mm

End-plate thickness requirement based on moment capacity of the rods:
Pt

Ft At

Mnrod
s
pfi

142,399 kN

2 Pt

1
2

do

bp g

di

112,4383 kN m

61,2372 mm

if pfi

s

35,5 mm

s
else
pfi
Y

bp
2

hi

1
s

1,11 Mnrod

tp,req
tp

1
pfi

Fpy Y
>

16 mm

ho

1
pfo

1
2

2
g

hi

pfi

15,8075 mm
tp,req

15,8075 mm

--> OK

Connection capacity due to end-plate yield
Mnep

Fpy tp

2

Y

s

127,8653 kN m

A2 - 2

1328,3876 mm

C.2 W-E direction
Rod configuration:

pfo

65,5 mm

ho

h

pfo

272,5 mm

pfi

65,5 mm

hi

h

pfi

141,5 mm

g

100 mm

Check rod diameter requirement if the connection is designed for the limit
state of bolt rupture without prying action
Mpb

Fpy Sxb

do

ho

di

hi

tfb

267,7 mm

2
tfb

136,7 mm

2

2 Mpb

db,req
db

118,816 kN m

π Ft

do

db,req

>

16 mm

14,3605 mm

di

--> OK

14,3605 mm

Endplate thickness requirement based on moment capacity of the rods:
Pt

Ft At

Mnrod
s
pfi

142,399 kN

2 Pt

1
2

do

bp g

di

115,1723 kN m

61,2372 mm

if pfi

s

61,2372 mm

s
else
pfi
Y

bp
2

hi

1
s

1,11 Mnrod

tp,req

tp

1
pfi

Fpy Y
>

16 mm

ho

1
pfo

1
2

2
g

hi

pfi

Fpy tp

2

Y

967,7285 mm

18,7441 mm

tp,req

18,7441 mm

--> not OK

Connection capacity due to end-plate yield
Mnep

s

93,1497 kN m

A2 - 3

Part 2. HERA Report R4-100.1:2003
A. Material properties
A.1 End-plate
Designation: Grade 300 (AS/NZS 3679.1)
Actual yield strength: fyi

376 MPa

A.2 Bolts
Designation: Grade 8.8 (AS/NZS 1252)
fuf

Actual tensile strength:

907 MPa

A.3 Weld
Designation: E48XX (AS 1553.1)
Fuw

Tensile strength:

480 MPa

B. Section properties and dimensions
B.1 Beam
Setion designation: 200 UB 29.8
Depth:

db

207 mm

Flange width:

bf

134 mm

Web thickness:

tw

6,3 mm

Flange thickness: tf

9,6 mm

Elastic section modulus:

Zx

3
3
281 10 mm

Plastic section modulus:

Sx

3
3
316 10 mm

B.2 Endplate
ti

Plate thickness:
Plate width:

bi

16 mm

150 mm

B.3 Threaded rod
Nominal diameter:
Tension area:

Dr

At

16 mm

157 mm

2

B.4 Weld
twf

10 mm

tww

10 mm

A2 - 4

C. Connection in N-S direction
C.1 Rod and endplate configuration
tf
af 40 mm
35,2 mm
2
tf

pf

40 mm

sg

100 mm
bi

e

44,8 mm

2

sg

25 mm

2

ae1

25 mm

dr1

db

dr2

dr1

0,5 tf
af

pf

af

237,4 mm

157,4 mm

C.2 Endplate bolt row nominal capacity
Ntf

At fuf

142,399 kN

Row__1__(top__row)
m3

af

m

m3

n

min

0,8 twf

27,2 mm

27,2 mm
ae1

25 mm

1,25 m3

le7

0,5 bi

le8

2 m3

0,625 ae1

0,5 sg

le9

2 m3

0,625 ae1

e

75 mm

le10

4 m3

1,25 ae1

le11

2 π m3

120,025 mm

95,025 mm

140,05 mm

170,9026 mm

le7
le8
ler1

min

le9

75 mm

le10
le11

2

A2 - 5

fyi ler1 ti

N1,1

2
265,4118 kN

m

0,5 fyi ler1 ti

N2,1

m

2

n 2 Ntf

n

N3,1

2 Ntf

Nv,1

0,6 0,5 fyi 2 ler1 ti

205,5469 kN

284,798 kN
270,72 kN

N1,1
Nr1

N2,1

min

205,5469 kN

N3,1
Nv,1

Row__2
m1
m2

sg

tw

2

2

pf

tf

m

m1

n

min

m1

α

ae1

27,2 mm

m1

25 mm

1,25 m1

e

m2

λ2

0,8 twf

38,85 mm

38,85 mm

m1

λ1

0,8 tww

e

0,6085

< 0.75

0,426

< 0.45

(calculated separately)

5,4057

le1

2 π m

le2

4 m1

1,25 e

le3

α m1

210,0125 mm

ler2

min

244,1017 mm

max

186,65 mm

le2
le3

210,0125 mm

le1

A2 - 6

fyi ler2 ti

N1,2

2
520,3337 kN

m

0,5 fyi ler2 ti

N2,2

m

2

n 2 Ntf

n

N3,2

2 Ntf

Nv,2

0,6 0,5 fyi 2 ler2 ti

269,811 kN

284,798 kN
758,0611 kN

N1,2
Nr2

N2,2

min

269,811 kN

N3,2
Nv,2

C.3 Connection nominal capacity
Mcon

Nr1 dr1

Nr2 dr2

91,2651 kN m

D. Connection in W-E direction
D.1 Rod and endplate configuration
tf
af 70 mm
65,2 mm
2
tf

pf

70 mm

sg

100 mm

e

bi

74,8 mm

2

sg

25 mm

2

ae1

25 mm

dr1

db

dr2

dr1

0,5 tf
af

pf

af

267,4 mm

127,4 mm

D.2 Endplate bolt row nominal capacity
Actual material strength
fyi

376 MPa

fuf

900 MPa

Ntf

At fuf

141,3 kN

A2 - 7

Row__1__(top__row)
m3

af

0,8 twf

m

m3

n

min

57,2 mm

57,2 mm
ae1

25 mm

1,25 m3

le7

0,5 bi

le8

2 m3

0,625 ae1

0,5 sg

le9

2 m3

0,625 ae1

e

75 mm

le10

4 m3

1,25 ae1

le11

2 π m3

180,025 mm

155,025 mm

260,05 mm

359,3982 mm

le7
le8
ler1

le9

min

75 mm

le10
le11
fyi ler1 ti

N1,1

2
126,2098 kN

m

0,5 fyi ler1 ti

N2,1

m

2

n 2 Ntf

n

N3,1

2 Ntf

Nv,1

0,6 0,5 fyi 2 ler1 ti

129,8613 kN

282,6 kN
270,72 kN

N1,1
Nr1

N2,1

min

N3,1

126,2098 kN

Nv,1
Row__2
m1
m2
m

sg

tw

2

2

pf

tf

m1

0,8 tww
0,8 twf

38,85 mm
57,2 mm

38,85 mm

A2 - 8

n

min

m1

e

m2

λ2

m1

25 mm

1,25 m1

m1

λ1

α

ae1

e

0,6085

< 0.75

0,8958

< 0.45

(calculated separately)

0,625

le1

2 π m

le2

4 m1

1,25 e

le3

α m1

24,2819 mm

ler2

244,1017 mm

max

min

186,65 mm

le2
le3

186,65 mm

le1

N1,2
N2,2

fyi ler2 ti

2
462,45 kN

m

0,5 fyi ler2 ti
m

2

n 2 Ntf

n

N3,2

2 Ntf

Nv,2

0,6 0,5 fyi 2 ler2 ti

251,3405 kN

282,6 kN
673,7318 kN

N1,2
Nr2

min

N2,2
N3,2

251,3405 kN

Nv,2

D.3 Connection nominal capacity
Mcon

Nr1 dr1

Nr2 dr2

65,7693 kN m

A2 - 9

CAPACITY DESIGN OF WELD CONNECTION
Beam steel yield strength:

Fyb

360 MPa

Beam section properties

Sxb

5
3
3,16 10 mm

Awb

twb db

Beam flexural capacity:

Mpb

Sxb Fyb

Beam shear capacity:

Vyb

0,6 Fyb Awb

w

Weld size:

2

113,76 kN m
281,6856 kN

10 mm
vw

Weld strength:

1304,1 mm

Fuw 0,7 w

3,36

kN
mm

Weld properties:
Lw

Zw

2 bfb

2 bfb

2 bfb
db

twb

2 db

2
2 bfb

2

twb

2 tfb
db

899 mm

2 tfb

2
1
db
12

2
db
2

Maximum force per unit length of the weld:

v'w

Mpb

2

Zw

Capacity ratio:

Vyb
Lw
vw
v'w

2
2,0984

kN
mm

<

vw

1,6013

A2 - 10

3,36

kN
mm

2 tfb

3
54828,5583 mm

2

Appendix A3.
DESIGN OF BEAM SPLICE WITH SLIDING HINGE JOINT
Part__1.__Design
Material data
FyB

Steel for UB:

FuB

360 MPa

Selected bolt: M16 Grade8.8

516 MPa

fuf

830 MPa

Ntf

95 kN

μs

Shim material: BisPlate 400

fyf

EsB

200000 MPa
(Grade 8.8)

660 MPa

[AS 1252]
[Chanchi , (PSSC 2013)]

0.42

Specimen dimension
Column centerline to beam support: L1B
Lsp

Splice (SHJ) to beam support:

2m

1.5 m

Section properties
Steel beam: 200UB29.8 (ONESTEEL Hot-rolled Steel Sections)
dB

207 mm

bfB

twB

134 mm

cross sectional area: AgB
major axis: IxB

Bolt:

df

16 mm

3820 mm

6
4
29.1 10 mm

Ao

201 mm

2

tfB

6.3 mm

r1B

8.9 mm

2

ZxB
Ac

9.6 mm

3
3
281 10 mm

144 mm

2

dh

3
3
316 10 mm

SxB
df

2 mm

(Bolt M16)

Beam flexural capacity
MyB

Yield moment capacity:

ZxB FyB

101.16 kN m

Beam shear capacity
dB
Web classification:

2 tfB

2 r1B

twB

26.9841

<

82
FyB
250 MPa

Shear capacity:

VvB

0.6 FyB twB dB

A3 - 1

281.6856 kN

68.3333

Sliding moment calculation
Moment at splice due to beam flexural yielding:
M'sp

MyB

Lsp
L1B

80.928 kN m

0.125 m

Number of shear plane:

Ns

2

Number of friction bolts: Nb_web

Nb_flange

2
sb_web

Bolt distance to pivot point:

6
sb_flange

134 mm

dB

tfB
2

202.2 mm

Nominal sliding moment:
Mslide
Ratio

Nb_web Ntf μs sb_web
Mslide
M'sp

0.7303

Nb_flange Ntf μs sb_flange

59.0999 kN m

< 1.0 ... (OK)

Plate and bolt requirement for flange connection
Bolts configuration
number of bolts:
kr
Plate:

nbolt_bot

nbolt_top

6

8

1.0
fyp

310 MPa

plate size: bpf1

fup

(Grade300)

430 MPa
bpf2

134 mm

Shear force of each flange:

V'flange

55 mm

MyB
dB

tfB

tpf

12 mm

512.462 kN

Nominal bolt shear capacity at flange:
Vf1

0.62 fuf kr nbolt_top Ac

Vf2

2 0.62 fuf kr nbolt_bot Ac

592.8192 kN
889.2288 kN

> V'flange

512.462 kN

> V'flange

512.462 kN

> V'flange

512.462 kN

> V'flange

512.462 kN

Nominal ply bearing capacity:
Vb1

nbolt_top 3.2 fup tpf df

Vb2

2 nbolt_bot 3.2 fup tpf df

2113.536 kN
3170.304 kN

A3 - 2

Nominal plate tension yielding capacity
Typ1

bpf1 tpf fyp

Typ2

bpf1

> V'flange

512.462 kN

> V'flange

512.462 kN

> V'flange

512.462 kN

706.8 kN > V'flange

512.462 kN

498.48 kN

2 bpf2 tpf fyp

907.68 kN

Nominal plate tension fracture capacity
Tfp1

bpf1

dh

Tfp2

bpf1

dh

tpf fup

598.56 kN

2 bpf2

dh

tpf fyp

Plate and bolt requirement for web connection

Bolt:

df
fuf

Ao

201 mm

2

Ac

fyf

660 MPa

number of bolts:

nbolt_web

kr

Plate:

16 mm

fyp

830 MPa

144 mm

2

(Bolt M16)
(Grade 8.8)

4

1.0

310 MPa

plate size: bpw

fup

120 mm

V'web

Shear force of web plate:

(Grade300)

430 MPa
tpw

8 mm

VvB

281.6856 kN

Nominal bolt shear capacity:
Vf

2 0.62 fuf kr nbolt_web Ac

592.8192 kN

>

V'web

281.6856 kN

1409.024 kN

>

V'web

281.6856 kN

>

V'web

281.6856 kN

Nominal ply bearing capacity:
Vb

2 nbolt_web 3.2 fup tpw df

Nominal plate shear capacity
Vnp

2 bpw tpw 0.6 fyp

357.12 kN

A3 - 3

Part__2.__Coefficent__of__friction__calculation
Estimated initial sliding moment from the test:
60 kN m
L
L1B 0.125 m sp

Msp.i

48 kN m

Effective friction coefficient:

μsi

Msp.i
Nb_web Ntf sb_web

Nb_flange Ntf sb_flange

0.3411

Minimum ultimate sliding moment from the test:
Msp.u

80 kN m
L
L1B 0.125 m sp

64 kN m

Effective friction coefficient:

μsu.min

Msp.u
Nb_web Ntf sb_web

Nb_flange Ntf sb_flange

A3 - 4

0.4548
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Appendix B.
Technical Drawings of The Experiments
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Appendix C.
Material Tests and Bolt Tension Long-term Monitoring
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Appendix C1.

1.

Material Testing

Steel tensile strength
Table C1 - 1 Steel material testing summary

No

Measured
dimension

Material
designation

fymin

fymax

fu

a.

Plate, t = 9.86 mm

Grade300

368 MPa

383 MPa

501 MPa

b.

Plate, t = 11.50 mm

Grade300

386 MPa

438 MPa

512 MPa

c.

Plate, t = 15.7 mm

Grade300

376 MPa

400 MPa

504 MPa

d.

Plate, t = 8.48 mm

Grade350Plus

311 MPa

e.

Plate, t = 9.50 mm

Grade300

360 MPa

393 MPa

516 MPa

f.

Plate, t = 6.20 mm

Grade300

354 MPa

379 MPa

514 MPa

g.

Round bar,
d = 8.06 mm

Grade 8.8

793 MPa

849 MPa

907 MPa

424 MPa

Remarks
Sample from plate,
t = 10 mm
Sample from plate,
t = 12 mm
Sample from plate,
t = 16 mm
Sample from
SHS250x250x9
Sample from flange of
200UB29.8
Sample from web of
200UB29.8
Sample from threaded
rod, d = 16 mm

(a) Plate, t = 9.86 mm

(b) Plate, t = 11.50 mm

(c) Plate, t = 15.7 mm

(d) Plate, t = 8.48 mm

Figure C1 - 1 Stress-strain curves of steel

C-1
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(e) Plate, t = 9.50 mm

(f) Plate, t = 6.20 mm

(g) Round bar, d = 8.06 mm

Figure C1 - 1 (continued)

2.

Stress-strain curves of steel

Concrete compressive strength
Table C1 - 2 Concrete material testing summary

Date of casting:
Date of testing:
Age:

18/05/2016
15/06/2016
28

days

Cylinder #

Dave (mm)

Area (mm2)

Pmax (kN)

fc (MPa)

1

100.4

7916.94

341.69

43.16

2

100.1

7869.70

340.18

43.23

3

100.2

7885.43

356.79

45.25

Average =

C-2

43.88

University of Canterbury
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Bolt Tension Monitoring

In each specimen, eight M16 threaded rods (Grade 8.8) were placed through a steel tube made
of SHS250x250x9 (Grade 350Plus) in both orthogonal directions before the concrete casted
into the tube (Figure C2 - 1). The concrete has compressive strength, fc’, of 43 MPa. The nuts
were tightened to the rods after three months of curing of the concrete. Load cells were
inserted between the tube and the nuts to measure the through-rod tension forces. Tension
forces were applied to 30%, 60% and 100% of the nominal proof load, Ntf, and the reading of
the tension force measurement was taken for eight months.
The results are plotted in Figure C2 - 2. It is shown that the tension forces decreased
immediately after tightening and continuously decreased with lower reduction rate. The
maximum reduction occurred in the bolts with 100%Ntf to about 5% of initial tension forces.

CFST column

Data
logger

Computer recording
bolt tension

(a) Bolt tension monitoring instrumentation
CFST column
Load cells

Threaded rods
embedded to
CFST column

(b) Bolt tension measurement with load cells

Figure C2 - 1 Specimens and instrumentation
C-3
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Figure C2 - 2 Measured bolt tension forces
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Appendix D.
Design Examples and Formulations

Appendix D1
DESIGN EXAMPLE: External Diaphragm Connections
Structural dimensions
Column height: Lcol

1.95 m

Beam length:

Lbeam

Column width:

bc

4m

250 mm

Steel tube thickness:

tt

9 mm
hd

Diaphragm critical width:
td

Diaphragm thickness:
dbeam

Beam depth:

101 mm

10 mm

207 mm
ldc

Beam to column clearance:

20 mm

Column to first bolt distance: ldt

50 mm

Material properties
Fyt

300 MPa

Diaphragm plate yield strength: Fyd

300 MPa

Steel tube yield strength:

A.__Column__lateral__force__due__to__diaphragm__tension__capacity
The tie method formulation
Effective width factors:
αd

0.7

αc

0.08

0.12

Fyd td

0.2133

Fyt tt

Design tension capacity:
Pdiaph

αc bc tt Fyt

αd hd

2 td Fyd

2

627.8468 kN

Column lateral force:
Plat.tension

Pdiaph dbeam
0.5 Lbeam

td

0.5 bc

Lbeam
Lcol
D1-1

149.0519 kN

B.__Column__lateral__force__due__to__diaphragm__flexural__capacity
Beam shear force due to diaphragm flexural capacity:

Vbeam

Fyd bc td

2

6

ldc

3

ldt

ldt
3

3
66.5 kN

ldc

Column lateral force:
Plat.flexural

Vbeam

Lbeam

136.4103 kN

Lcol

C.__Column__lateral__force__due__to__diaphragm__shear__capacity
Beam shear force due to diaphragm shear capacity:

Vbeam

2
0.6 Fyd bc td
3

ldc

3

ldt

ldt

3

3
319.2 kN

Column lateral force:
Plat.shear

Vbeam

Lbeam
Lcol

654.7692 kN

D.__Column__lateral__force__capacity
Column lateral force is determined from the minimum value of
those three design limit states
Plat.tension
Plat

min

Plat.flexural

136.4103 kN

Plat.shear
Diaphragm flexural capacity controls

D1-2

Appendix D2.
DESIGN EXAMPLE: Strut-and-tie analysis for CFST joints
Case 1: 1st trial

fy

350 MPa

f'c

db

207 mm

bf

hj1

db

tf

43.8 MPa
134 mm

tf

bco

250 mm

tt

9 mm

Lb

2m

Lc

975 mm

hm1

Lc

hj1

bc

2 tt

232 mm

876.3 mm

2

99.474 kN m
Mb

Vb
Lb

Vcol

6.3 mm

197.4 mm

bc

Mb

tt

9.6 mm

52.7994 kN

bco
2

2 Mb

Vb
2 Lc

θ1

atan

θ3

atan

bco
2 bco
hm1
bco

bco
2

108.3064 kN

Cfb

θ2

atan

θ4

atan

26.6 deg

75.2 deg

Mb
hj1
hj1
bco
2 hm1
bco

D2 - 1

503.921 kN

40.4 deg

82.5 deg

Tfb

Mb
hj1

503.921 kN

Joint equilibrium
Node #1
ΣFx = 0

S12
S12

Rx

0

Vcol

108.3064 kN

Node #2
ΣFx = 0

S24 cos θ3
S24

S24

ΣFz = 0

S12

S12

0
423.1843 kN

cos θ3
Vcol

423.1843 kN

cos θ3

2 S23 sin θ4
S23

S23

S24 sin θ3

S24 sin θ3

206.3294 kN

2 sin θ4
Vcol tan θ3
2 sin θ4

0

206.3294 kN

Node #3
ΣFz = 0

S23 sin θ4

S36

ΣFx = 0

S23 sin θ4

S36 cos θ2

S34

S34

2

2

2

274.9031 kN

Tfb

S34 cos θ1
S36 cos θ2
cos θ1

0

Vb

sin θ2

Tfb

Vb

S36 sin θ2

0

2

47.6172 kN

Tfb

S36 cos θ2

2 cos θ1

cos θ1

47.6172 kN

Because S34 cannot be positive (in tension) the configuration must be re-arrang

D2 - 2

Case 1: 2nd trial

Joint equilibrium
Node #5
ΣFz = 0

S25 sin θ3
S25

ΣFx = 0

S57

S57 sin θ2

sin θ2
sin θ3

Cfb

S25 cos θ3

Cfb

S57

Cfb

S57

Cfb

S57

S57

sin θ2
sin θ3
sin θ2
tan θ3

S57 cos θ2
cos θ3

Cfb

Mb hm1

S57 cos θ2

cos θ2

tan θ3

sin θ2

0

S57 cos θ2

sin θ2

tan θ3

S57

0

0

0

0

540.0036 kN

cos θ2

bco

bco hj1 hj1

2

hj1
hm1

2
540.0036 kN

D2 - 3

S25

sin θ2

S57

361.9946 kN

sin θ3

Node #1
S12

ΣFx = 0

S12

Vcol
Vcol

0
108.3064 kN

Node #2
ΣFz = 0

S25 sin θ3
S26

ΣFx = 0

S12

S23

2 S26 sin θ4
sin θ3

S25

176.4955 kN

2 sin θ4

2 S23 cos θ1
S12

0

S25 cos θ3

S25 cos θ3

0

8.7544 kN

2 cos θ1

Node #3
ΣFx = 0

S23 cos θ1
S36

ΣFy = 0

S23

cos θ1

ΣFz = 0

S23 sin θ1

S36 sin θ3
S38

S34

S38

0

30.5948 kN

cos θ3

S23 sin θ1
S34

S36 cos θ3

0
3.9151 kN

0

S36 sin θ3

29.5759 kN

Node #6
ΣFx = 0

S36 cos θ3
Tfb
S68

S68

Vcol

2

S68 cos θ2
S36 cos θ3
cos θ2

2 Lb Lc

bco Lc

2 Lb hj1

Tfb

0

2

320.5428 kN

2 hj1

hm1

D2 - 4

hj1

hm1

bco

2

hj1

2 bco hj1

2

hm1

320.5428 kN

ΣFz = 0

S26 sin θ4
S69

S36 sin θ3

S26 sin θ4

S68 sin θ2

S36 sin θ3

S69 is equal to S38

Vb

S69

2
Vb

S68 sin θ2

2

0

29.5759 kN

...(OK)

Capacity checking
bco tf

dst

bst

bco
min

Cnst
Tntie

Vcol.c

Vcol.t

2
bf

5 tt
hj1

2

5 tt
bco

bst dst f'c
tt

bc

Cnst

Tntie

bf

41.5842 mm

179 mm

326.0284 kN
bco
bco

2

hj1

bco hj1 hj1
hm1

bco

2

2

fy

hm1
hj1

2

278.2942 kN

Lb
Lb

bco
2

65.3902 kN
Lc

2 bco hj1
2 Lb Lc

bco Lc

2 Lb hj1

2 hj1

hm1

D2 - 5

hm1
hj1

hm1

bco

2

hj1

2

94.0312 kN

Case 2

fy

350 MPa

f'c

db

207 mm

bf

hj2

db

tf

43.8 MPa
134 mm

tf

bco

250 mm

tt

9 mm

Lb

2m

Lc

975 mm

hm2

Lc

svb

80 mm

hj2

bc

2 tt

232 mm

876.3 mm

2

99.474 kN m
Mb

Vb

52.7994 kN

bco

Lb
Vcol

6.3 mm

197.4 mm

bc

Mb

tt

9.6 mm

2

2 Mb

Vb bco

2 hm2

θ1

atan

θ4

atan

hj2

bco
2 bco
2 hj2
bco

108.3064 kN

Mb

Cfb

26.6 deg

θ2

atan

59.6 deg

θ5

atan

hj2

hj2
bco
2 hm2
bco
D2 - 6

503.921 kN

40.4 deg

82.5 deg

θ3

Tfb

atan

Mb
hj2
hm2
bco

503.921 kN

75.2 deg

Joint equilibrium
Node #1
ΣFx = 0

S12
S12

Rcx

0

Vcol

108.3064 kN

Node #2
ΣFx = 0

S24 cos θ3
S24

ΣFz = 0

S12

S12

0
423.1843 kN

cos θ3

2 S23 sin θ5
S23

S24 sin θ3

S24 sin θ3

0

206.3294 kN

2 sin θ5

Node #3
ΣFx = 0

S36 cos θ2
S34

ΣFz = 0

0

cos θ2
cos θ1

S23 sin θ5
S35

ΣFy = 0

S36

S34 cos θ1

S35 sin θ4

S23 sin θ5

S36 sin θ2

S36 sin θ2

sin θ4

S35 cos θ4

S23 sin θ5

S34 sin θ1

S36 sin θ2

S36

sin θ2

S36 cos θ2

tan θ4

S23

tan θ1

sin θ5
sin θ2

cos θ2

tan θ4

S36

S36

S23

cos θ2
cos θ1

sin θ5
tan θ4

1

tan θ4

Vcol hm2

0

cos θ4

sin θ4
S36

0

hj2

2

4 hj2 bco

bco

0

157.8208 kN
tan θ1

2
157.8208 kN
D2 - 7

sin θ1

0

S34

cos θ2

S36

S23 sin θ5

S35

134.3862 kN

cos θ1

S36 sin θ2

118.6238 kN

sin θ4

Node #4
ΣFx = 0

S24 cos θ3
Cfb

S45

2 S34 cos θ1
Tfb

S24 cos θ3

Cfb

2 S34 cos θ1

hm2

Vcol 1

Tfb

S45

2 hj2

hj2

2

Tfb

bco

2
865.4477 kN

bco

S24 sin θ3
Vb

S46

S45 sin θ2

S24 sin θ3

2 S46 sin θ4

S45 sin θ2

2 sin θ4

0

865.4477 kN

cos θ2

Cfb

ΣFz = 0

S45 cos θ2

Vb

0

118.6238 kN

Capacity checking
bco svb

dst

bst

bco

min

Cnst

2
bf

5 tt

tt svb

Vcol.c

Cnst

Tntie

20 mm

232 mm

bco

bst dst f'c

Tntie

Vcol.t

hj2

60.9292 mm

2

S45

619.1383 kN
bco

bco

2

hj2

fy

2

191.927 kN

S36

bco
Lc
2
hj2 Lb

Lb

bco
2

4 hj2 bco
hm2

hj2

2

bco

2

1

hm2
2 hj2

131.7122 kN

D2 - 8

77.482 kN
hj2

2

bco

2

865.4477 kN

157.8208 kN

Case 3

fy

350 MPa

f'c

db

207 mm

bf

hj3

db

td

43.8 MPa
134 mm

tf

bco

250 mm

tt

9 mm

Lb

2m

Lc

975 mm

hm3

Lc

hj3

10 mm

bc

2 tt

232 mm

866.5 mm

2

Mb

52.7994 kN

bco

Lb

θ1

td

99.474 kN m

Vb

Vcol

6.3 mm

217 mm

bc

Mb

tt

9.6 mm

2

2 Mb

Vb bco

2 hm3
atan

hj3
bco

hj3

Cfb

108.3064 kN

43.0866 deg

θ2

Mb
hj3

atan

D2 - 9

hm3
bco

458.4055 kN

75.011 deg

Tfb

Mb
hj3

458.4055 kN

Joint equilibrium
Node #4
ΣFz = 0

S14 sin θ2
S45

ΣFx = 0

S45 sin θ1

S14 sin θ2
sin θ1

Cfb

S14 cos θ2

Cfb

S14 cos θ2

Cfb

S14 cos θ2

S14 sin θ2
sin θ1
S14 sin θ2
tan θ1

cos θ1

0

501.9669 kN

sin θ1
hm3

hj3

2

bco hj3

bco

2
501.9669 kN

hm3

Node #1
ΣFz = 0

S14 sin θ2
S13

ΣFx = 0

S13

0

S14 sin θ2

S14 cos θ2
S12

S12

342.8951 kN
Vcol

S14 cos θ2

Vcol

0
16.4984 kN

Node #2
ΣFx = 0

2 S23 cos θ2
S23

ΣFz = 0

S12
2 cos θ2

2 S23 sin θ2
S26

0

tan θ1

S14 sin θ2

Cfb

0

354.9729 kN

sin θ2

cos θ2

S45

S45 cos θ1

Cfb

S14

S45

0

S12

0

31.8952 kN
S26

2 S23 sin θ2

0
61.6199 kN
D2 - 10

Node #3
ΣFx = 0

2 S23 cos θ2

Cfb hj3

Tfb

hj3

hj3

Vcol

hm3

Tfb

0

302.5427 kN

2 cos θ1

S36

ΣFz = 0

2 S23 cos θ2

Tfb

S36

2 S36 cos θ1

2

bco

2
302.5427 kN

2 bco

S13

S37

2 S23 sin θ2

2 S36 sin θ1

Vb

S37

S13

2 S23 sin θ2

2 S36 sin θ1

Vb

S37

S26

... (OK)

0
61.6199 kN

Capacity checking

dst

bst

bco td

5 tt

2

2

bco
bco

hj3

232 mm

Cnst

bst dst f'c

Vntw

2 bc tt

Vcol.c

Vcol.t

40.1677 mm

408.1682 kN

0.6 fy

945 kN

Cnst 2 hj3 Lb bco hj3
Lc
Vntw

2 Lb

Lc

bco hm3

2 Lb

bco

2 Lb hj3

hj3

2

1
Lc
2 Lb

hm3
bco

2

88.068 kN

2 Lb

bco

hj3

hm3

D2 - 11

231.6087 kN
1
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Appendix D3.
Derivation of diaphragm flexural and shear capacity equations
The following expressions are the analytical background of Equation 5 – 1.

Vertical force equilibrium:
𝑉𝑏𝑒𝑎𝑚 = 𝑉𝑑𝑡 + 𝑉𝑑𝑐

(D3 - 1)

Vertical displacement compatibility:
∆𝑣𝑡 = ∆𝑣𝑐

(D3 - 2)

Beam deflection formula for fixed-guided ends:
∆𝑣𝑡 =
∆𝑣𝑐 =

𝑉𝑑𝑡 𝑙𝑑𝑡 3

(D3 - 3)

12𝐸𝐼𝑑𝑖𝑎𝑝ℎ
𝑉𝑑𝑐 𝑙𝑑𝑐 3

(D3 - 4)

12𝐸𝐼𝑑𝑖𝑎𝑝ℎ

Substituting D3-3 and D3-4 to D3-2:
𝑉𝑑𝑡 𝑙𝑑𝑡 3
12𝐸𝐼𝑑𝑖𝑎𝑝ℎ

=

𝑉𝑑𝑐 𝑙𝑑𝑐 3
12𝐸𝐼𝑑𝑖𝑎𝑝ℎ
3

𝑙

𝑉𝑑𝑡 = 𝑉𝑑𝑐 (𝑙𝑑𝑐3 )

(D3 - 5)

𝑑𝑡

Substituting D3-5 to D3-1:
3

𝑙

𝑉𝑏𝑒𝑎𝑚 = 𝑉𝑑𝑐 (𝑙𝑑𝑐3 ) + 𝑉𝑑𝑐
𝑑𝑡

𝑙

𝑉𝑏𝑒𝑎𝑚 = 𝑉𝑑𝑐 ( 𝑑𝑐

3

+𝑙𝑑𝑡 3

𝑙𝑑𝑡 3

𝑉𝑑𝑐 =

)

𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑡 3

(D3 - 6)

𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

Fixed-end moment due to Vdc:

D3-1
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𝑀𝑑𝑐 = 𝑉𝑑𝑐 𝑙𝑑𝑐

(D3 - 7)

Substituting D3-7 to D3-6:
𝑀𝑑𝑐 =

𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑡 3 𝑙𝑑𝑐

(D3 - 8)

𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

Similarly, for the tension side:
𝑉𝑑𝑡 =
𝑀𝑑𝑡 =

𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑐 3

(D3 - 9)

𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑐 3 𝑙𝑑𝑡

(D3 - 10)

𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

As ldt > ldc, the compression side is more critical. To avoid yielding in the diaphragm plates,
the beam shear force must be limited by:

Shear yielding of the diaphragm plate:
𝑉𝑑𝑐 ≤ 𝑉𝑦,𝑑𝑖𝑎𝑝ℎ

(D3 - 11)

Where Vy,diaph is the shear yielding capacity of the diaphragm plate.

Substituting D3-6 to D3-11:
𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑡 3
𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

≤ 0.6𝐹𝑦𝑑 𝑏𝑐 𝑡𝑑
𝑙

3

𝑉𝑏𝑒𝑎𝑚 ≤ 0.6𝐹𝑦𝑑 𝑏𝑐 𝑡𝑑 ( 𝑑𝑐𝑙

+𝑙𝑑𝑡 3

𝑑𝑡

3

)

(D3 - 12)

Flexural yielding (plastic moment) of the diaphragm plate:
𝑀𝑑𝑐 ≤ 𝑀𝑝,𝑑𝑖𝑎𝑝ℎ

(D3 - 13)

Where Mp,diaph is the plastic moment capacity of the diaphragm plate.

D3-2
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Substituting D3-8 to D3-13:
𝑉𝑏𝑒𝑎𝑚 𝑙𝑑𝑡 3 𝑙𝑑𝑐
𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3

𝑉𝑏𝑒𝑎𝑚 ≤

𝐹𝑦𝑑 𝑏𝑐 𝑡𝑑 2
4

𝐹𝑦𝑑 𝑏𝑐 𝑡𝑑 2 𝑙𝑑𝑐 3 +𝑙𝑑𝑡 3
4

(

𝑙𝑑𝑡 3 𝑙𝑑𝑐

)

(D3 - 14)

fyd is diaphragm plate yield strength;
td is diaphragm plate thickness;
bc is column width;
ldc is distance between fixities on the compression side; and
ldt is distance between fixities on the tension side.

Steel tube
Diaphragm plate
Beam

Tension side

Concrete core

Where

≤

Vdt
Vbeam

Mbeam

Vdc

Compression side

Beam shear force transfer mechanism

D3-3
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Concrete core

Steel tube
Diaphragm
plate

Beam

ldc

Bolt
Concrete core

University of Canterbury

td Vdt
Beam

ldt

Vdc
td
Diaphragm
plate

Bolt

Steel tube

Vdt

Vdt

Vdc Vdc

Mdt

Mdt

ldt

Mdc

Mdc

ldc

Δvt

(a) Tension side

Δvc

(b) Compression side

Force and displacement analysis of diaphragm plates under beam shear force

Steel tube
‘web’

Steel tube
‘flange’
bc
Diaphragm
plate
td
Vbeam

Diaphragm plate
effective section
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Abstract. External diaphragm connections are suitable for two-way frames with concrete-filled steel
tubular (CFST) columns. The connections have efficient force transfer mechanisms and require simple
construction methods. However, studies on the behavior of such connections under bidirectional loading
are still very limited. This paper presents a numerical study on external diaphragm connections under
one-way and two-way loading. Initial yielding and residual deformation of steel tubes are considered as
the design limit states for external diaphragm capacity. It is shown the perpendicular loading does not
significantly affect the capacity demand. A simple design method is proposed based on the basic
characteristics from numerical analysis results.

1 INTRODUCTION
Concrete-filled steel tubular (CFST) columns are widely used in structures because they have good
axial and flexural performances, which are mainly resulted from the mutual interaction between concrete
core and steel tube in CFST columns. Local buckling of the steel tube is delayed due to the existence of
the concrete core [1]. On the other hand, the concrete compressive strength is increased by the confining
effect provided from the steel tube. The steel tube also can reach its plastic capacity since it is located on
the outer part of the column section. CFST columns can also improve the construction efficiency by
minimizing formwork and steel reinforcement as well as shorten construction time and reduce labour
demands. The superiority of CFST columns as structural members is also proven in other studies [2][3].
Commonly, CFST columns have circular and square or rectangular cross sections. The circular
CFSTs are stronger under axial loading. Meanwhile the square or rectangular CFSTs are easier for
making connections due to their flat surfaces. Square CFSTs are also suitable for two-way frame
structures because they have equal strength and stiffness in orthogonal directions. CFST beam-columns
have similar performance, regardless of the loading direction. This benefit makes them suitable for twoway frames [4].
As members of frame structures, CFST columns need to be properly connected to steel beams. Series
of analytical and experimental tests on various circular CFST column connections were conducted [5]
[6]. It was concluded that continuous beam connections have the most rigid behavior. However, these
connections require on-site welding and are not applicable for two-way frame connections. Other CFST
column connections are diaphragm-type connections which can be internal or through diaphragms and
external diaphragms. These connections can avoid direct welding of steel beams to CFST column tubes
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which is not recommended for structures in seismic regions. Furthermore, the elastic and inelastic
behavior of the connections can be improved by providing gap between beam ends and CFST column
tubes. Moving away the beam failure locations further from the columns is proven to be an effective way
to improve the behavior [7]. Those reasons make the external diaphragm connections become promising.
In external diaphragm connections, diaphragm plates are placed and welded outside the steel tube as
shown in Figure 1. This can also avoid difficulties in welding and concrete compaction work.
Even though the external diaphragms are promising for CFST column connections, there is still a lack
of understanding of their performance, especially under bidirectional loading. A numerical study using
finite element analyses is conducted to answer the following questions: (1) What is the behavior of
external diaphragm connections under bidirectional loading? (2) How should they be designed based on
their likely behavior?
Concave edges (for
service purpose)

Bolts
Weld

External
diaphragm

CFST
column
A

External
Bolts diaphragm

Weld

Steel
beam
A
CFST
column

Shear tab

Steel beam

(a) Plan view

(b) Section A

Figure 1. A square CFST column with an external diaphragm connection.

2 NUMERICAL MODEL
For a simple approach, an external diaphragm connection can be designed to resist tension and
compression forces from beam end moments as shown in Figure 2. Since the steel tube can be easily
pulled away from the concrete, the tension force is more critical for the diaphragm connection.
Meanwhile, the compression force is less critical because the concrete core can directly bear such forces.
Vertical force from beam shear force is assumed to be not significant to the diaphragm.
Based on above assumption, a numerical model is developed using ABAQUS v6.11. A diaphragm
plate is connected to a CFST column at its half-length. Homogenous shell elements are used to model the
diaphragm plate and steel tube. A bilinear stress-strain relationship is used to model the steel material
with yield strength, fy = 300 MPa. The concrete core is modelled as a rigid solid element, assuming its
deformation is negligible to the entire structural response. The interaction between the concrete core and
the steel tube internal surfaces is defined as a normal “hard” contact behavior. This feature allows
separation between those surfaces under tension and results in contact pressure under compression.
Friction between the two surfaces is ignored. The welded connections between the diaphragm and tube
are assumed to develop full strength.
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Figure 2. Force transfer mechanism of an external diaphragm connection.

A profile of the modelled connection detail is given in Figure 3. For parametric evaluations,
parameters tc, hd, td, and fd,y, are varied as described in Table 1. The other parameters are fixed. The outer
corner radius, rc, is taken as three times as the column tube thickness, tc, as specified for standard coldformed square hollow sections with thickness equal to 3 mm or larger. Fixed restraints are applied at the
top and bottom ends of the column as shown in Figure 4. The diaphragm forces are applied as nodal shear
forces at the bolt centres on each side of the diaphragm and gradually increased. Diaphragm forces at the
tension and compression sides of the column are applied simultaneously both for the one-direction (xaxis direction only) and the two-direction (x-axis and y-axis) loading cases.
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Figure 3. Modelled profile.
Table 1. Numerical model parameters.

bc
(mm)
600

Fixed parameters
Ld
bd
Lc
(mm)
(mm)
(mm)
525

230

1200

fc,y
(MPa)
300

tc
(mm)
12, 16
& 20

Varied parameters
hd
td
(mm)
(mm)
20, 80
15, 20,
& 140
& 25

fd,y
(MPa)
250, 300,
& 350
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Figure 4. An external diaphragm connection numerical model (isometric view).

3 BEHAVIOR
3.1 Stress and force transfer mechanism
Compression and tension forces are applied simultaneously, both in one-way (x-direction only) and
two-way loading. The forces result in-plane stresses in the diaphragm plate. As the forces are increasing,
the maximum stress is also increasing and reaching the yield strength of the diaphragm material. Von
Mises stresses at initial yielding are plotted in Figure 5. The stresses are not distributed equally on the
compression and the tension side of the diaphragms. Maximum stresses occur on the tension sides near
CFST column corners. Meanwhile, minimum stresses occur in areas which are not affected by the forces,
e.g. the tips of diaphragm plate. Stresses near the middle part of the column on tension side are relatively
small compared to the corners.

(a) Minimum, one-way

(b) Medium, one-way

(c) Maximum, one-way

(d) Minimum, two-way

(e) Medium, two-way

(f) Maximum, two-way

Figure 5. External diaphragm von Mises stress at initial yielding.
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3.2 Stress and force transfer mechanism
Since there is no tensile resistance between concrete core and steel tube surfaces, the tension forces
pull out the diaphragm and the tube, and make them disconnected from the concrete core as shown in
Figure 6. Maximum displacements occur in the middle part of the CFST column. Diaphragm forces in xdirection, Px, versus displacement in x-direction, δx, at Node #1 are plotted in Figure 7. In all
configurations, the application of perpendicular force, Py, does not affect significantly on the forcedeformation of the diaphragms. It is also obvious that the connections can resist much higher force after
initial yielding is reached.

Node #1

Node #1

(a) Medium, one-way

(b) Medium, two-way

Figure 6. Displacement contour at 200% initial yielding force.

(a) Minimum

(b) Medium

(c) Maximum

Figure 7. Diaphragm force versus displacement in x-direction at Node #1.

3.3 Perpendicular loading interaction
The effect of perpendicular loading on external diaphragm connections is also evaluated. Two
parameters are used to indicate the external diaphragm capacity: the force magnitude at initial yielding,
Pyield; and force that cause a 0.5 mm residual displacement, or equal to 0.083% of the CFST column
width, at Node #1. As described in Figure 8, P0.5 is obtained by taking the intersection between the forcedisplacement curve and a 0.5 mm offset line parallel to the elastic part of the curve. The diaphragm
capacity interaction curves are plotted in Figure 9. It is shown that the diaphragm capacity is not
significantly affected by the perpendicular forces.
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Figure 8. Pyield and P0.5 definition.

(a) Based on initial yielding

(b) Based on 0.5 mm residual deformation

Figure 9. Perpendicular load interaction.

4 DESIGN RECOMMENDATION
As described in this paper, finite element analyses can be used for external diaphragm connection
design. Alternatively, a simple calculation method can be developed by considering the most appropriate
limit state and the behavior under bidirectional loading [8].
4.1 Design limit state
In order to develop a design method for external diaphragm connections, the design capacity should
be defined based on a reasonable limit state. As shown in Figure 7, the connections can still resist
significant load increases. A design method based on the initial yielding limit state will make noneconomic external diaphragm connections. The other approach, i.e. a residual deformation of 0.5 mm,
which is equal to 0.083% of the CFST column width, seems to be more reasonable.
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4.2 Design approach
From numerical analyses, there are two major findings about the basic characteristics of external
diaphragm connections. The first is the location of maximum stresses and the stress path in diaphragm
plates under one-way and two-way loadings. Maximum stresses occur near CFST column corners and
relatively small stresses occur near the middle part of steel tube on the tension side. The second is the
typical deformation of diaphragm plates, especially under tension forces.
A design approach is proposed based on those basic characteristics. By ignoring the compression
forces, the diaphragm plate is considered to behave in a similar way as a tie is looped around the column
and pulled out at one or two sides as shown in Figure 10. In this method, there is no interaction between
two perpendicular diaphragm forces, Px and Py, so the diaphragm could be designed to resist either Px or
Py independently. The diaphragm design capacity is defined as the diaphragm force that causes the tie
element to reach its tension capacity of the critical section.

Assumed
stress band

Py
Critical
section

Py

Tie under
tension

Px

Px

Px
45°

Py

(a) Simplified stress band

(b) Tie element approach

Figure 10 The tie method concept

5 CONCLUSIONS
Numerical analyses have been carried out to understand the behavior of external diaphragm
connections for CFST columns. The application of perpendicular loads does not significantly affect the
maximum stress and the nonlinear deformation of steel tubes. In all cases, maximum stresses occur on the
tension sides near CFST column corners. A design limit state based on nonlinear deformation under
tension on the middle part of CFST column is recommended. A simple design method is proposed to
estimate the capacity of external diaphragm connections. The capacity is determined by the critical size of
the external diaphragm without considering the effect of perpendicular loading.
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Abstract. This paper describes finite element analyses of two-way moment frame beam-column
joint subassemblies constructed using steel I-shaped beams connected to square concrete filled steel
tubular (CFST) columns. These are direct-welded connections with (i) no stiffeners, (ii) internal
horizontal stiffener plates, (iii) vertical tube stiffeners, and (iv) the combination of (ii) and (iii).
They were analyzed under one-way and two-way column lateral loading. It is shown that internal
stiffeners increase the joint stiffness and strength by up to 80% and 60% respectively. The effect of
bidirectional loading on the joint capacity is found to be minor. A design method is developed to
predict the required stiffener capacity. The method is applicable for both one-way and two-way
loading cases.

Introduction
Concrete-filled steel tubular (CFST) columns have been widely used in building construction
because of their fast constructability and improved performance. In particular, extra temporary
formwork is not required for the concrete, and the concrete core and steel tube acting together have
improved strength and ductility compared to that of the steel or concrete alone. The concrete core
can delay local buckling of the steel tube while the tube confines the concrete. CFST column crosssections are generally circular or rectangular. When they are circular or square they may be efficient
for two-way frame structures having equal strength and stiffness in two directions. Square CFST
sections are desirable due to their flat surfaces. Morino et al. [1] showed that 59% of buildings in
Japan using CFST columns have rectangular CFST (RCFST) sections.
There are many ways of connecting the beams to RCFST columns. These include using
horizontal diaphragms which may be external, internal, or which pass through the column [2]; use
of beams which pass through the column in one-way frames; bolted endplate connections, direct
welding; and others [3]. One of the simplest of these is the direct welded, also known as the simplewelded, method. Here, ends of the steel I-section beams are welded directly to the surface of the
RCFST column tube as illustrated in
Fig. 1(a). However, these connections have very low strength and stiffness mainly as a result of
pull-out deformation of the steel tube under tension as shown in
Fig. 1(b). Since the total deformations cause significant flexibility between the beam and
column, the direct-welded connection is not normally recommended for use in seismic areas [4]. To
overcome this issue, stiffening plates can be welded around the column [5]. Besides the bending
moment, the shear behaviour in the panel zone also contributes to the connection performance. A
study on the panel zone in CFST columns was conducted by Fukumoto and Morita [6].
Also, in bidirectional moment frame structures, the loading can cause the beams in both
horizontal directions to reach their strength at the column face at the same time. Depending on the
column design approach, this can lead to significant column yielding and increased storey
displacements (e.g. [7] and [8]). Three dimensional bidirectional moment frame subassembly tests

under bidirectional loading have also been considered on the connection performance. It was found
that for their through-column horizontal diaphragm tests that the effect of bidirectional loading on
connection performance was small [2].
From the above discussion it may be seen that if direct welded connections are to be used,
modifications need to be made to improve their stiffness and strength. Also, the effect of
bidirectional loading on the behaviour of such connections also needs to be quantified. This paper
seeks to address these needs in order that improved direct welded connections can be used in
practice. In particular, answers are sought to the following questions:
(1) What is the behaviour of a direct-welded steel beam-to-square CFST column joint under
one-way and two-way loading?
(2) How do different stiffening methods affect their performance?
(3) How can the improved connections be designed?
Concrete
core

Steel
tube Steel beam

Steel tube
Concrete
core

Weld
Panel
zone

θt
θv
Beam

(a) Connection components

(b) Joint forces and deformations

Fig. 1 – A direct-welded connection in a square CFST column joint
Numerical analysis
Members and joint design
A three-dimensional subassembly of an internal joint in a bare steel frame structure is modeled
and analyzed (Fig. 2). The subassembly size is a half-scale model of its prototype size in an actual
mid-rise building (e.g. 5-storey building). It is subjected to column storey shear in both directions,
Hx and Hy. The slab above the beams is not modeled and the interaction between the slab and
column is also ignored, assuming a gap is placed between the slab and column.
The beams are 200UB29.8 Grade 300 steel sections while the column is a Grade 350 SHS 250x9
steel tubular section filled with concrete (fc’ = 30 MPa). These members are designed to satisfy the
strong-column-weak-beam criteria. As per NZS 3404: Part 1, 1997 [9], the beam section and the
column steel tube section are classified as compact sections. Hence, the plastic moment capacity
can be used as the member flexural capacity. The ratio of column plastic moment capacity to the
beam plastic moment capacity considering uniaxial bending moment is 3.0. Beams are directly
welded to the steel tube on both sides (Fig. 3). The welded connection is assumed to have higher
strength than the beam plastic moment capacity. The panel zone shear capacity satisfied both (1) the
superposition method for zone strength as described in the CIDECT design guideline [10]; and (2)
the steel tube shear capacity in the New Zealand design standard (NZS 3404: Part 1, 1997) [11].

CFST column with
SHS 250x9

Hy

Hx
200UB29.8

2m

2m

Lateraltorsional
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Roller
Interior joint
Pinned

(a) Frame structure representation

2.15 m

(b) Beam and column subassembly

Fig. 2 – Structural modeling

Weld

CFST
column

Steel
beam

Fig. 3 – Detail of joint with unstiffened direct welded connection
Stiffening elements
Joints with simple-welded or direct-welded connections have very low stiffness and strength as a
result of pull-out deformation of adjacent parts and shear deformation of the panel zone or web of
the steel tube. Three methods of stiffening are evaluated to reduce the deformations: adding
stiffener plates inside the steel tube (Fig. 4(a)); increasing the steel tube panel zone or web thickness
(Fig. 4(b)); and the combination of the two methods (Fig. 4(c)).
A 120-mm-diameter hole was provided in the centre of each internal stiffener for concrete
casting purposes. Internal stiffeners and web doubler plates were welded to the steel tube along their
perimeter. It was assumed that all welds are stronger than the connected parts so the constraint
feature can be used in modeling. All stiffening elements were made of Grade 300 steel plates with
different configurations as described in Fig. 4. In FEA, shell elements (S4R) were used to model the
internal stiffeners and web doubler plates. A hard contact with friction interaction between the
concrete core and internal stiffeners are also assigned.
Hole,
ϕ= 120mm

Internal
stiffener

(a) Internal stiffeners

Web doubler
plate

(b) Web doubler plates (c) Combined stiffeners

Fig. 4 – Detail of joint with stiffening elements

Table 1 – Parameters variation
Configuration #
U (unstiffened)
S1
S2
D1
D2
C1
C2

Internal stiffener
none
t = 10 mm (= tf.beam)
t = 20 mm (= 2 tf.beam)
none
none
t = 10 mm (= tf.beam)
t = 20 mm (= 2 tf.beam)

Web doubler plate
none
none
none
t = 9 mm (= tSHS)
t = 18 mm (= 2 tSHS)
t = 9 mm (= tSHS)
t = 18 mm (= 2 tSHS)

Finite element modeling
Finite element analyses (FEA) on a three-dimensional subassembly structure were conducted
using ABAQUS. The modeling approach of the CFST column is similar to a study that was
conducted by Han et al. (2008). Beam plates and column steel tube were modeled as shell elements
(S4R), with the concrete core modeled as solid or brick elements (C3D10) as shown in Fig. 5. A
bilinear elasto-plastic model was used for steel material and a multilinear elasto-plastic model was
used for concrete core, of which parameters were taken from the New Zealand concrete standard
(NZS 3101: Part 1, 2006), as shown in Fig. 6.
The interaction between the concrete core and the steel tube internal surfaces consists of normal
and tangential behaviour. The normal interaction is defined as a “hard” contact which results in
bearing under compression but allows separation between those surfaces under tension. The
tangential interaction was activated for friction between the concrete core and steel tube surfaces.
The coefficient of friction was taken as 0.5. One-way (x-direction only) and two-way (both xdirection and y-direction) static-monotonic loadings were applied as prescribed column top
displacement. Lateral-torsional restraints were provided to avoid undesired buckling of beams.
Steel
tube
(S4R)

Beam
flange
(S4R)

Steel tube
(S4R)

Concrete
core
(C3D10)

Beam web
(S4R)

(a) Joint

(b) Column top

Fig. 5 – Typical finite element meshing
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Fig. 6 – Constitutive model of materials
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Behaviour
Global behaviour
The column storey shear or lateral force was obtained as the reaction force at the centre node on
top of the column, where the lateral displacement had been prescribed. The lateral force is plotted
against the corresponding drift ratio in the x-direction of the structure, both for one-way and twoway loading cases in Fig. 7. The lateral force at the point where the beams reach their plastic
moment capacity, Hpb, is also plotted in the graph to indicate the capability of the individual
subassembly to reach the desired performance. The elastic lateral stiffness and strengths at 2% and
5% drift ratio are presented in Fig. 7.
Fig. 7 shows the use of internal stiffeners in configurations S1, S2, C1 and C2 significantly
increases the stiffness and strength. The maximum lateral forces in these joints were observed to
nearly reach Hpb. On the other hand, the unstiffened subassembly and the joints which were
stiffened with the web-doubler-plates showed very low stiffness and strength. From Table 2, it is
shown that perpendicular loading gives slight effects on structural stiffness and strength.
Hpb

Hpb

(a) One-way loading

(b) Two-way loading

Fig. 7 – Force-drift ratio in x-direction
Table 2 – Lateral strength and stiffness of subassemblies
Configuration

Loading type

U

One-way
Two-way
One-way
Two-way
One-way
Two-way
One-way
Two-way
One-way
Two-way
One-way
Two-way
One-way
Two-way

S1
S2
D1
D2
C1
C2

Elastic stiffness
(kN/mm)
0.155
0.178
0.309
0.313
0.324
0.327
0.165
0.189
0.170
0.194
0.321
0.323
0.342
0.338

Strength at 2% drift
(kN/mm)
46.5
48.9
92.3
84.9
100.3
99.0
50.0
52.6
53.2
53.6
95.1
87.9
102.5
101.3

Strength at 5% drift
(kN/mm)
66.0
64.1
105.5
101.8
107.5
103.6
70.5
68.7
73.8
71.5
106.4
103.1
107.7
104.2

Joint behaviour
The deformation modes that contribute to the joint rotational stiffness: pull-out deformation of
steel tube and shear deformation of the panel zone, can be measured by the rotation of each
component from the face of the column. The measurements are taken at two locations: at the middle
and the edge of column face adjacent to a beam (Fig. 8). The difference in the angle of rotation

between the steel tube and the concrete core at the middle indicates the pull-out contribution to total
joint rotation, while the difference in rotation at the edge indicates the shear slip between the
concrete and steel tube in the panel zone. Figure 9 shows how the joint stiffness of connection
configurations U and S2 change with loading in one-way and two-way. It is shown that pull-out
deformation contributes about 45% of the total joint rotation in the unstiffened joint configuration
(Fig. 9(a) and Fig. 9(b)). However, this behaviour is reduced to less than 10% of the total rotation in
the joint with internal stiffeners (Fig. 9(c) and Fig. 9(d)). It is also observed that the internal
stiffeners can double the elastic region of joint moment-rotation relationship.
Steel tube
Concrete
core

Steel beam
Core-mid

Deformed
shape

Core-edge
θedge

θmid

Tube-mid
Tube-edge

Cross section of the
column
Beam
moment

Fig. 8 – Components of joint rotation

(a) U, one-way loading

(b) U, two-way loading

(c) S2, one-way loading

(b) S2, two-way loading

Fig. 9 – Moment – rotation at column face up to 10% structural drift ratio
Improvement in joint rigidity could also affect the stress distribution in the steel tube and the
beams. As shown in Fig. 10(a) and Fig. 10(b), severe yielding occurred in the parts of the steel tube
that were directly connected to the tension flange of the beams when the joints were unstiffened.
Yielding in beams mainly occurred in the compression flanges because the tension side was more
flexible. This unsymmetrical stress rate lowered their flexural capacity and in turn limited the

capacity of the connection to about half of the beam plastic moment capacity. In the joints with
internal stiffeners (Fig. 10(c) and Fig. 10(d)), yielding in the steel tube was avoided and yielding in
the beams occurred symmetrically in both flanges thereby allowing the beams to reach their plastic
moment capacity. In addition to improving the steel tube sectional stiffness, internal stiffeners also
acted as a ‘shear stud’ between the concrete core and steel tube interface. Therefore, the concrete
core was more likely to form a diagonal compression strut to resist the shear force in the panel zone.
This interaction was observed from stress contour plots in the middle section of concrete core as
shown in Fig. 11.

(a) U, one-way

(b) U, two-way

(c) S2, one-way

(d) S2, two-way

Fig. 10 – Steel yielding at 5% drift ratio

(a) U, one-way

(b) U, two-way

(c) S2, one-way

(b) S2, two-way

Fig. 11 – Stress contour (von Mises) in column concrete core at 5% drift ratio
Practical considerations
From the FEA results, it is concluded that internal stiffeners can significantly improve the joint
and overall performance of the structure. The elastic stiffness increases to 210% and the lateral load
increases to 160% at 5% drift ratio. Meanwhile, evidence from Figure 8 shows that the web doubler
plates alone cannot increase the strength of the structure to reach the beam plastic moment capacity.
For the analyzed configurations, internal stiffeners were found to be sufficient to improve the
direct-welded connection. In practice, internal stiffeners can be designed based on a simple
approach, which assumes: that the beam moment is transferred through an axial force couple from
the both flanges; and that the steel tube stiffness to resist pull-out deformation is negligible.
Modification is made in the FEA models, which use a linearly elastic material model for steel
beams to ensure that nonlinearity occurs in the joint parts instead of the beams. Typical principal
stress vectors in stiffener plates under one-way and two-way loading cases are plotted in Fig. 12.
The tension stress appear to form a path in a similar way to truss structures loaded with forces, P, as
illustrated in Fig. 13. Forces in the tension members are of the same value (= P/√2) in both one-way
and two-way loading cases.
The maximum force can be simply calculated by multiplying the cross sectional area of the
tension member with the yield strength of the internal stiffener plate. However, the section of
tension members can be fully or partially overlapping, and that may reduce the capacity (Fig. 14).

(a) S1, one-way

(b) S1, two-way

Fig. 12 – Principal stress vectors of internal stiffener
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Fig. 13 – Internal stiffener design approach
The overlapping width, be1, and the non-overlapping width, be2, are:
bc
2  d hole
2
b fb  bc
d
 hole 
2
4

be1 

be 2

(1)
2

(2)

where bc is the column width, bfb is the beam flange width and dhole is the stiffener hole diameter.
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Fig. 14 – Effective width of the tension members
The maximum stress in the non-overlapping part can be taken as the yield strength of the
stiffeners, Fy,stif. Meanwhile, in the overlapping part, such value is reduced by √2 to take into
account the additional stress resulting from the tension force in the perpendicular member. If the
stiffener plate thickness is denoted as tstif, then by summing up the tension capacity of each part, the
nominal tension capacity of internal stiffeners, Pn, can be calculated as:
If the members are partially overlapping ( be1 2  b fb  bc ):



Pn  t stif Fy ,stif be1  be 2 2



(3)

If the members are fully overlapping ( b fb  be1 2 ):
Pn  t stif Fy ,stif

b fb
2

2

(4)

It is also obvious that the tension members can be totally separated or do not have overlapping
part if the hole diameter, dhole, is larger than bc/√2. In that case, the eccentricity between tension
members exists and the proposed method may not be applicable.
Conclusions
(1) In a CFST column joint with direct welded connection, the low rotational stiffness of the joint
is affected by pull-out deformation of the steel tube under tension and shear deformation of the
panel zone. The effect of perpendicular loading on the connection stiffness and strength is not
significant (< 10%).
(2) From FEA results, increasing the steel tube sectional stiffness with internal stiffeners provides
significant improvement than increasing the panel zone shear stiffness with web doubler plates
for the steel tube thicknesses used. In connections with internal stiffeners, the stiffness and
strength can be improved by 80% and 60% respectively. Meanwhile in the connections with
doubler plates only, the improvement in stiffness and strength are about 10% and 15%,
respectively. Additionally, internal stiffeners can provide shear anchorage to form concrete
compressive strut forces in the panel zone area.
(3) Design formulae are proposed to calculate the nominal capacity of internal stiffeners based on
tension member approach. This method is applicable for the design of one-way and two-way
loading systems with a strength reduction factor.
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Appendix F.
ABAQUS Input Command Examples
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The ABAQUS input examples (*.inp) can be accessed and downloaded from the following
Dropbox links:

1)

External Diaphragm Connection Models (Simple Model):

https://www.dropbox.com/s/bnanr6bkc1kemyl/F1.%20edcas-16-140-20-300-100.pdf?dl=0

2)

External Diaphragm Connection Models (Complete Model):

https://www.dropbox.com/s/in0iv8t2mrrmrrx/F2.%20ED-par2-hd101-td10-tt9-xy.pdf?dl=0

3)

Direct-Welded Connection Models:

https://www.dropbox.com/s/gcpm3u0hzgr1uu9/F3.%20DW-part-03-WE-16-pt09.pdf?dl=0

4)

Bolted End-plate Connection Models:

https://www.dropbox.com/s/kle29tuvx7uok2i/F4.%20BE-part-40-pt01.pdf?dl=0

