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ABSTRACT

The significance of this parametric study initiates from the need for further
understanding of the behaviour of semi-rigid/partial-strength I-beam to tubular
column connections. This research attempted to gain a qualitative understanding of
the influence of the geometrical configurations and materials properties of reverse
channel connections (RCC) on the moment-rotation (M-¢) response. It also
introduces a double reverse channel connection (DRCC), where the reverse channel
is split into two pieces, by leaving a gap in between, for better access to bolts. Hence,
ABAQUS (v.6.12) software was used to develop three-dimensional (3-D) FE models
for 206 specimens. The FE models developed were validated against the
experimental results available from literature where 268 FE models were used for
sensitivity analysis. The main emphasis of this research was on the stiffness,
strength, sources of deformability, rotational capacity and failure mechanisms of the
RCC. Based on the results of numerical M-¢ curves, a standardized moment-rotation
function for reverse channel flush end-plate connection (RCC) was introduced. This
function is expressed in terms of the geometric parameters for the purposes of either
predicting the connection behavior or incorporating the behavior into a frame
analysis computer program. Out of the six currently available functions, the Kishi-
Chen and Richard-Abbott models were proved appropriate for fitting experimental
M-¢ data for RCC. The two functions were successfully used in this parametric
study to express the relationships for 140 specimens, where the analytical and
predicted data are in very good agreement. However, the results of the fitted
functions indicate that the dimensionless form of Richard-Abbott function provides

more accuracy than Kishi-Chen function. Furthermore, the comparison of Eurocode-



3 model with numerical M-¢ curves illustrated a significant overestimation of the
knee region behaviour for most of the cases, particularly for RCC with low initial

stiffness.

Keywords: reverse channel, double reverse channel, moment-rotation curve, tubular
column, HSS, stiffness, moment capacity, rotational capacity, standardized function,

Kishi-Chen model, Richard-Abbott model.
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Bu parametrik ¢alismanin 6nemi yar1 rijid/kismi mukavemetli I-kiriginin boru kolona
baglantisinin davranisini daha iyi anlama ihtiyacindan kaynaklanmaktadir. Bu
arastirma girisiminin nedeni geometrik bigcimlerin ve malzeme 06zelliklerinin ters
kanal baglantis1 (TKB) moment-rotasyon (M-¢) tepkisi Uzerindeki etkilerini nitelikli
olarak anlamak ig¢in yapilmistir.Ayrica ¢ift ters kanal baglantisi (CTKB) bu
calismada ilk kez sunulmustur. Bu baglantida, civatalara daha kolay erisim igin, ters
kanal iki parcaya boliinmiis ve bu parcalar arasinda bir bosluk birakilmistir. Bundan
dolay1 ABAQUS (v.6.12) yazilimi kullanilarak, 3 boyutlu 206 6rnek, sonlu elemlar
kullanilarak modellenmistir. Gelistirilen modeller literatiirde mevcut deney
sonuclarina karsi onaylanmistir. Hassasiyet ¢alismasinda 268 sonlu eleman modeli
kullanilmistir. Bu arastirma ters kanal baglantisinin sertlik, dayanma gicd,
deformabilite kaynagi, rotasyon kapasitesi ve kirilma mekanizmasi iizerine ana vurgu
yapmaktadir. Sayisal M-¢ egrileri sonuglar1 kullanilarak standardize edilmis ters
kanal u¢ plaka baglantisinin moment-rotasyon fonksiyonu sunulmustur. Baglantinin
davranigin1 tahmin edebilmek veya davranist cergeve analizi yazilimlarinda
kullanabilmek icin moment-rotasyon fonksiyonu geometrik paremetreler olarak ifade
edilmistir. Giinlimiizde mevcut olan 6 fonksiyon arasindan Kishi-Chen ve Richard-
Abbott modelleri deneysel ters kanal baglantist M-¢ datalarma en iyi
uydurulabilecek modeller olarak saptandi. Iki fonksiyon, 140 &rnegin iliskisini ifade
etmek i¢in basarili bir sekilde parametrik calismada kullanildi. Analitik ve tahmin
edilen data iyi bir uyum icerisindeydi. Ancak uygunlastirilan fonksiyonlarin
sonuclart  boyutsuz  sekliyle  Richard-Abbott  fonksiyonunun  Kishi-Chen

fonksiyonundan daha dogru olduguna isaret etti. Ilaveten, Eurocode 3 modelinin



sayisal M-¢ egrisi ile yapilan karsilagtirmalarinda birgok durum igin, 6zellikle de ilk
sertligi diisiik olan ters kanal baglantisi i¢in, diz bolgesinde ciddi abartili davranis

oldugu goriildii.

Anahtar Kelimeler: ters kanal, ¢ift ters kanal, moment-rotasyon egrisi, boru kolon,

Yiksek mukavemetli celik, sertlik, moment kapasitesi, rotasyon kapasitesi,

standardize edilmis fonksiyon, Kishi-Chen modeli, Richard-Abbott modeli
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Chapter 1

INTRODUCTION

1.1 Introduction

In recent years, changes in moment-resisting frame design practice have seen
increased use of steel hollow sections as structural members instead of conventional
open sections. This was partly due to their superior torsional rigidity and hence
resistance to flexural-torsional and torsional buckling modes. In addition, when they
are employed as columns in long-span steel structures, they can be designed to have
similar strength and stiffness about each horizontal axis (Anderson & Linderman,
1991). This popularity of steel hollow sections is also due to the numerous
advantages they provide when compared to conventional open sections. For example;
they typically have lower-surface area and lighter weight, which results in cost
savings in painting, transportation to site and erection (Kosteski & Packer, 2003).
Being a closed section it is also more resistant to corrosion, particularly when

exposed to severe weather conditions.

However, there are difficulties with the detailing of the connections, particularly
when I-beams are connected to tubular columns in traditional structures.
Accessibility problems seriously affect the use of widely known semi-rigid/partial-
strength bolted beam to tubular column connections. Therefore, various types of
connections are proposed either by fitting a structural section, such as, longitudinal

plate, double angle, tee, reverse channel, top and bottom angle, to the tubular column



face by fully welding or by employing blind-bolts with sleeves that expand inside the

tube.

For the past few decades, extensive research had been carried out to understand the
actual behavior of beam-to-tubular column connections and to establish the moment-
rotation relationship for the completeness of the new simplified analysis and practical
connection design. The connection classification is mainly dependent on the
moment-rotation characteristics. Since experimental research is lengthy and
expensive process for understanding such behaviour then the availability of powerful
computer facilities can be a suitable alternative for modeling structural behaviour of
complex and lengthy parametric studies. Therefore, the finite element modeling was
used to carry out the parametric studies based on computer simulation in many

research.

In 2007, Ding and Wang (2007) suggested the use of reverse channel connection
(RCC) to connect I-beam to tubular column (Figure 1), where the reverse channel is
welded in shop to the tubular column, the flush/extended endplate is welded to the
beam and the beam is connected to the reverse channel on site by using bolts. This
assembly overcomes the difficulty of access to the internal face of tubular columns

by giving access from inside of the channel.



Reverse Channel

Tubular
Column
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End-plate
Figure 1: Typical components of reverse channel connection (RCC)

Since then numerous researches (Ding & Wang, 2007), (Elghazouli , Malaga-
Chuquitaype, Castro, & Orton, 2009), (Mélaga-Chuquitaype & Elghazouli, 2010a),
(Elsawaf, Wang, & Mandal, 2011), (Liu, Malaga-Chuquitaype, & Elghazouli,
2012a), (Elsawaf & Wang, 2012), (Liu, Méalaga-Chuquitaype, & Elghazouli, 2012),
(Xue, 2012), (Huang, Davison, & Burgess, 2013a), (Elsawaf & Wang, 2013), (Huang
, Davison, & Burgess, 2013) and (Wang & Xue, 2013) have been carried out, which
were mainly concentrated on the fire and earthquake resistance of RCC and very

limited research on its basic structural behaviour.



1.2 Research Significance

The failure of welded connections (Northridge connections) in numerous steel
moment resisting frames during the 1994 Northridge Earthquake raised many
questions regarding the validity of the design and construction procedures used at
that time. After the earthquake, a comprehensive research effort funded by the
Federal Emergency Management Agency (FEMA) through the SAC Joint Venture
contributed greatly to the understanding of the seismic behavior of steel moment
resisting frames. As a result, practical design guidelines were published in a series of
FEMA documents, which cover details of a number of pre-qualified connections.
The pre-qualified connections are only for I-section (W) column since tubular (Box)
columns were not considered because they were not very common in US design
practice at that time (ASCE, 2000). The tubular column is the column-of-choice in
Japanese steel building design practice (AlJ, 1997), (Nakashima, Roeder, &
Maruoka, 2000). The detailing of the connections and design of Japanese tubular

columns are sufficiently different from European practice.

The current European steel design standards also lack guidance on semi-rigid/partial-
strength bolted beam to tubular column connections (Liu, Méalaga-Chuquitaype, &
Elghazouli, 2012a). On the other hand, CIDECT provides design guidelines
(Kurobane, Packer, Wardenier, & Yeomans, 2004) and Eurocode 3 Part 1-8 (CEN,
2005) proposes rules for determining the resistance of beam-to-tubular column fully-

rigid/fully welded connections (Mélaga-Chuquitaype & Elghazouli, 2010a).



Hence, the necessity for more investigation on beam to tubular column connection
behavior has encouraged researchers to find out suitable connection configurations

and to ensure that they are feasible for practical application.

With reference to reverse channel connections (RCC), there is still need for further
investigation of the effect of the geometrical configurations and materials properties
which may affect the moment-rotation characteristics. Moreover, for the purposes of
either predicting the RCC behavior or incorporating the behavior into a frame
analysis computer program, the moment-rotation (M-¢) curves have to be modeled
by using mathematical representation.

1.3 Objective of Study

The main objective of this research is to investigate the monotonic behaviour of
reverse channel flush end-plate connections by evaluating the characteristics of the
moment-rotation (M-¢) relationship. In order to facilitate this object, the effect of the
geometrical configurations and materials properties of RCC on the moment-rotation
(M-¢) relationship were minutely monitored. On the other hand, for the purpose of
predicting the response of RCC directly from its geometrical and mechanical
properties, mathematical representation of the moment-rotation (M-¢) curve of RCC

was developed.

In this study, the geometric parameters include; the thickness of flush end-plate, the
wall thickness of reverse channel cut from hot-rolled square hollow sections (SHS),
the ratio of flush end-plate thickness to the wall thickness of reverse channel, the
width of hot-rolled reverse channels, the ratio of reverse channel depth to SHS width

for different types of channel, the nominal bolt diameter and the gage distance.



Concerning the effect of materials properties, HSS and mild steel reverse channel to
tubular column connections are investigated in terms of strength, stiffness and

ductility.

The general-purpose finite element program, ABAQUS/ Standard (v.6.12), was
employed to conduct 3-D nonlinear FE simulations for the parametric studies. 206
models with different connection configurations; varying dimensions of column

sizes, beam sections and channel types were modeled in this study.

This study is a basic step towards establishing the requirements for the design of
semi-rigid/partial-strength I-beam to tubular column connections and it is also trying
to contribute to the development of a simple and accurate moment-rotation (M-¢)

relationship for the purpose of structural design and elastic-plastic analysis.

1.4 Outline of Thesis

This thesis contains seven chapters’ the details of which are given below:

e Chapter 2: Literature Review. In this chapter, literature survey gives a general
introduction to the connection classification according to Eurocode 3 (1993)
Annex J, followed by an overview about beam to tubular column connections
and highlight on the research done on the behaviour of such joints. Finally,
moment-rotation models of semi-rigid connections are highlighted.

e Chapter 3: Numerical Modelling of Reverse Channel Connections (RCC) to
Tubular Columns. This chapter presents a brief description of five RCC tests
recently conducted by Wang and Xue (2013) and presents the methodology
employing the general finite element software ABAQUS for numerical

modeling of the monotonic behaviour of reverse channel flush end-plate



connections. Since this model is subsequently used as the tool for further
analyses in this research, this chapter includes the results of sensitivity studies
on the mesh size, the effect of friction and the effect of loading speed on
moment-rotation response.

Chapter 4: Effect of Geometrical parameters on M-¢ Characteristics of RCC.
This chapter attempts to give a qualitative view of the influence of the
geometrical configurations of reverse channel connections (RCC) on the
moment-rotation (M-¢) response. These geometric parameters include; the
thickness of flush end-plate, the wall thickness of reverse channel cut from
hot-rolled square hollow sections (SHS), the ratio of flush end-plate thickness
to the wall thickness of reverse channel, the width of hot-rolled reverse
channels, the ratio of reverse channel depth to SHS width for different types
of channel, the nominal bolt diameter and the gage distance. For this purpose,
ABAQUS (v.6.12) software is used to develop three-dimensional (3-D) FE
models for thirty specimens.

Chapter 5: Effect of Materials Strength on M-¢ Characteristics of RCC. This
chapter reports on the possible achievements on moment-rotation (M-¢)
characteristics of reverse channel flush end-plate connections (RCC) by using
HSS reverse channel under monotonic loading. It also introduces a double
reverse channel connection (DRCC), where the reverse channel is split into
two pieces, by leaving a gap in between, for better access to bolts. Subsequent
sections of this chapter describe the specimens considered in parametric
study. The effect of material properties of DRCC and the variation of clear
distance between the split reverse channels; and then the results are compared

with those of RCC.



Chapter 6: Mathematical Modeling of M-¢ Relationship of RCC.

The sections of this chapter describe the methodology used for selecting the
modeling function; which will be adopted in this study to represent the
moment-rotation (M-¢) relationship of RCC. The characteristics of the
standardized function and the procedures for deriving its parameters, in terms
of geometric RCC parameters, are also illustrated. Finally, the suitability of
Eurocode 3-Annex J representation for moment-rotation curve for RCC is
discussed.

Chapter 7: Conclusions and Recommendations for Future Work

This chapter presents the conclusions drawn from this particular research and
recommends further future works to investigate the behaviour of RCC and

DRCC.



Chapter 2

LITERATURE REVIEW

2.1 Connection Classification

In construction of steel framed buildings, beam-to-column connections are widely
used. Depending on the moment-rotation characteristic connections between |- and
H-sections can be classified as rigid connections; which transmit full moment from
beam to column, simple or shear connections; which transmit shear from beam to
column, or semi-rigid connections; which are known to have finite stiffness and

strength and therefore transmit some moments from the beams to the columns.

The Eurocode 3 (CEN, 2005) Annex J Clause 2.2.2 classifies connections in terms
of strength and stiffness. The stiffness classification is performed by simply
comparing the initial design joint stiffness, S;i, , with the two stiffness boundaries
(Figure 2.a). On the other hand, the strength classification consists of the comparison
of the joint design moment resistance, Mjrq, With the "full-strength” and "pinned"
boundaries (Figure 2.b). For the sake of simplicity, the Eurocode (2005) Annex J
Clause 2.1.1 provides a direct mathematical comparison with both the initial design
joint stiffness, Sjin, and the joint design moment resistance, Mjrq for the joint

classification.
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Figure 2: Classification boundaries according to Eurocode 3 for: (a) stiffness and (b)
strength (CEN, 2005)

The stiffness and strength boundaries for the joint classification are given as follows:

Classification by stiffness

e rigid joint

Sjin=25 El/L (unbraced frames)

Sin =8 EI/L (braced frames)

e semi-rigid joint

0,5EI/L<S;;, <25EI/L (unbraced frames)

0,5EI/L<S;;, <8EI/L (braced frames)

e pinned joint S;in <O5EI/L

Classification by strength

o full-strength joint
e partial strength joint

e pinned joint

10

0’25M full-strength <M j,Rd <M full—

full-strength

strength

M j,Rd < 0125M full-strength



However, all this information is not yet widely available for tubular beam-to-column
connections (Kurobane, Packer, Wardenier, & Yeomans, 2004). On the other hand,
depending on the stiffness, the connections can be classified as (nearly) rigid or

(nearly) pinned.
2.2 Types of Beam to Tubular Column Connections

As already stated in Section 1.1, tubular columns are increasingly used as structural
members since they offer high capacities coupled with relatively high bending
stiffness. Additionally, they have superior resistance to axial compression loads,
which is important for axially loaded members subject to reversal of loads (Gorenc,
Tinyou , & Syam, 2005). However, the connections between such columns and
beams need careful attention with their detailing and assembly, particularly when
traditional bolts and nuts are fastened to the face of column. The restricted access to
the internal face of the column is considered as a potential problem. In consequence,
various kinds of connections were proposed in literature to connect beams to tubular
columns to overcome this problem. Possible solutions can be obtained either by fully
welding a structural section, such as, longitudinal plate, double angle, tee, reverse
channel and top and bottom angle to the tubular column face or by employing blind-

bolts with sleeves that expand inside the tube.

The design guidelines provided by CIDECT (Kurobane, Packer, Wardenier, &
Yeomans, 2004) classifies the types of beam to tubular column connections under
two title; simple shear connections and rigid or moment connections. In this section,

the most common types of simple or shear connections are briefly presented.
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2.2.1 Double-Angle Shear Connections

Double-angle shear connections are among the most commonly used simple
connections in steel construction. It provides the strength of bolts in double shear
combined with excellent connection flexibility. A double-angle connection is made
with two angles (Figure 3), one on each side of the web of the supported beam. The
leg of the angles connected to the web of the supported beam is called the web-
framing leg, while the other leg connected to the support is called the outstanding leg

(Gong, 2008).

%
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Section A-A
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Figure 3: Double-angle shear connection (Kurobane, Packer, Wardenier, &
Yeomans, 2004)

Many previous studies were carried out on the behavior of double angle connections,
particularly, when the angles are welded to the H-section column, (McMullin &
Astaneh , 1988), (De Stefano & Astaneh, 1991), (Sherman, 1995), (Guravich &
Dawe, 1998), (Yang, Murray, & Plaut, 2000), (Hong, Yang, & Lee, 2001), (Hong,
Yang, & Lee, 2002), (Gong & Gillies, 2008), etc.. Most of them were focused on the
moment-rotation relationship under shear loads. Various analytical models and

design formulas were also proposed to describe this relationship.
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A lot of experiments have been carried out to investigate the parameters that affect
the behavior of double angle connections. It was found that there are various
parameters, including the thickness, length and material properties of the angles, the
gage distances, the type and size of the fasteners, the depth and length of the beam

and the properties of the column (Yang, Murray, & Plaut, 2000).

Yang et al. (2000) studied the responses of double angle connections welded to the
beam web and bolted to the column flange for monotonically-applied shear loads,
axial loads and combined loads with three different thicknesses of steel angles. A
three-dimensional finite element analysis using ABAQUS has been developed and an
experimental test program was carried out to study this response. Load—displacement
curves, moment—rotation curves and stress distributions were obtained. The results
showed that the angle thickness has significant effect on the behavior of the
connection; the initial stiffness (i.e. the initial slope of the curves) increases and the
level of the load or moment required to produce a given displacement or rotation
increases greatly as the thickness of the angle increased. A conclusion was drawn
that the behavior of double angle connections under axial and/or shear loading is
complex, due to inelastic behavior, prying forces, loss of contact between

components and the actions of bolts (e.g. prestressing, slip, and contact forces).

On the other hand, Hong et al. (2001, 2002) considered the effect of bolt gage
distance and angle thickness on the moment-rotation relationship of double angle
connections welded to the beam web and bolted to the column flange. To establish
this effect, the 3D nonlinear finite element analysis and the actual tests were carried
out, where the connections were loaded monotonically-applied shear loads. The

results demonstrated that the initial stiffness of the moment—rotation curves increases
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as the gage distance gets shorter or the angle grows thicker. However, tests proved
that an excessive reduction of gage distance and increase of angle thickness caused

an earlier failure because of stress concentration.

Considering the researchers that investigated the rotation capacity of double-angle
shear connections, Gong (2008) studied the behavior of double-angle shear
connections with small-size structural hollow section columns (Figure 4). He
conducted an experimental study, which consisted of 12 full-scale connection tests.
In his study, the connections were loaded simultaneously under a shear load and a
target rotational demand of 0.04 rad. The connection specimens were brought to their
theoretical shear failure strengths without any premature failure. The tested

connections had a rotational capacity of at least 0.037 rad.

Figure 4: Double-angle shear connection with small hollow structural section column
(Gong, 2008)

2.2.2 Shear Tab Connections

The shear tab connection consists of a plate welded to the supporting column and

typically bolted to the supported beam (Figure 5). It is highly popular due to its ease

of fabrication and cost-efficiency in terms of construction and material. Through

14



experimental investigations of nine types of simple framing connections between I-
section beams and RHS columns subjected shear force, Sherman (1995) proved that
the shear tab connection was the cheapest among the others connections in terms of
the cost of the connecting materials and the fabrication. With such connections, the
plate is typically shop welded to the column and then, for erection convenience, field

bolted to the end of the beam.
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Figure 5: Shear tab connection (Kurobane, Packer, Wardenier, & Yeomans, 2004)
The work done by White and Fang (1966) can be considered as one of the earliest
experimental studies on simple connections. Five different types of connections
between I-section beams and square and rectangular structural steel tubular columns
were tested. Shear tab was one of the connection types tested. The results indicated
that, when longitudinal plate was welded to the tubular column section and subject to
a shear load, the tube wall had tendency to induce excessive local deformation and
weakening of the tubular column section. Thereafter, the research on this topic

indicated one more possible failure mode for the connection which was warping of
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the tab (longitudinal plate) due to twisting of the beam end. In the latter case, it was

recommended to provide lateral support in the vicinity of the connection.

For the hollow section column in a shear tab connection, tests have shown that
flexural failure associated with connection rotation was never a critical limit state for
the connection. This is due to the restraint on the distortion of the column face and
the limit on the end slope of the simply-supported beam. It has also shown that if a
thick shear tab is joined to a relatively thin column then this may lead to a punching
shear failure of the column connection face (Jarmai & Farkas, 1998).

2.2.3 Through-Plate Connections

This connection consists of a vertical plate passing through the column, welded in
shop to the column flanges and the beam is connected to the plate called Through
Plate (Figure 6). The through-plate connection is more than twice as expensive as the
shear tab connection in terms of the cost of the connecting materials and the
fabrication. Furthermore, it may be considered as the most expensive simple
connection (Sherman, 1995). Consequently, the usage of this connection may be
limited when single plate is preferred and the column is a “slender’” section

(Kurobane, Packer, Wardenier, & Yeomans, 2004).
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Figure 6: Through-plate connection (Kurobane, Packer, Wardenier, & Yeomans,

2004)
Limited numbers of studies were done on this type of connection due to its high cost
of material and fabrication. However, a remarkable number of these tests tried to
capture and monitor the connection seismic behavior in terms of ductility. For
instance, Keshavarzi et al. (2008) investigated the seismic behavior of through-plate
moment connections to box columns and the results established the effectiveness of
the through plate in mitigating local stress concentrations and forming the plastic
hinge zone in the beam away from the beam to column interface. On the other hand,
Mirghaderi et al. (2010) proposed a new through plate moment connection to
eliminate the continuity plates and facilitate the connection construction (Figure 7).
This connection consists of a vertical plate (through plate) that passes through two
aligned slots on the column flanges and is connected to them. The beam connection
to the through plate is provided by the longitudinal connection of the flanges to both
sides of the through plate, after trimming the beam web in this region and also the

two web connection plates on both sides of the through plate.
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Figure 7: The through plate moment connection: (a) Planar-form configuration, (b)
Planar-form assembly (Mirghaderi, Torabian, & Keshavarzi, 2010)

They conducted an experimental study, which consisted of the test of two relatively
identical cyclically loaded connections. Consequently, the results showed that the
specimens reached at least 0.06 rad total story drift before experiencing strength
degradation which was more than 0.04 story drift criterion specified by AISC seismic
provisions for qualifying connections for seismic use.

2.2.4 End-Plate Connections

In recent years, the end-plate connection has gained popularity in steel building
construction due to its economy, simplicity of fabrication and good performance. A
simple end-plate connection consists of a rectangular steel plate welded in shop to
the beam end, then bolted to the column flange on site. Adjustments can be made to a
simple end-plate connection to meet the requirements of different situations. For
example, stiffeners can be added to maintain the stiffness of a connection while
reducing the end-plate thickness. The family of end-plate connections can be
classified into two basic categories: flush end-plate connections and extended end-
plate connections. A flush end-plate connection comprises of an end-plate of nearly
the same height as the beam depth, while the extended end-plate connection has an

end-plate with its height beyond the beam depth and utilizes the space above and

18



below the beam for additional rows of bolts. Some popular types of extended
endplate connections without the column-side are shown in Figure 8. These
connections are commonly classified by the number of bolts in the tension flange
region. Among them, the four-bolt connections (Figure 8 (a-b)) are generally limited
by bolt strength and are designed to use less than one-half of the available beam
strength. If a connection with higher capacity is desired, the eight-bolt connection
should be used. The first alternative shown in Figure 8 (c) is suitable for beams and
columns with relatively wide flanges to accommodate four bolts in a row with the
benefit that all bolts contribute equally in defining the strength of the connection. On
the other hand, the second alternative shown in Figure 8 (d) requires a lesser flange
width of beams and columns, and is more practical (Gorenc, Tinyou , & Syam,

2005).

Due to lack of access inside the hollow section column to tighten the conventional
bolts, blind bolts or purpose-designed bolts, which can be installed from one side,
gives a choice to overcome this problem. Flowdrill and Hollo-Bolt (Lindapter) are
well-established blind-bolting technologies suitable for structural jointing

applications (British Steel, 1997).
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Figure 8: Typical extended ndplate connections: (a) 4-bolt unstiffened, (b) 4-bolt
stiffened, (c) 8-bolt unstiffened, and (d) 8-bolt stiffened
Figure 9(a) illustrates the main parts of Hollo-Bolt. The installation process of Hollo-
Bolt required two spanners; one is used to hold the collar and another to tighten the
central bolt. On the other hand; the flowdrill process is demonstrated in Figure 9(b).
This process allows a thread to be incorporated into relatively thin steel by locally
displacing the metal and increasing the thickness of the thread in the first stage and
then permit tapping of a thread into the steel in the second stage (France, Davison, &

Kirby, 1999).

A considerable amount of literature has been published on the behavior of end-plate
connections; (Korol, Ghobarah, & Mourad, 1993), (France, Davison, & Kirby,

1999), (France, Davison, & Kirby, 1999a).
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(British Steel, 1997)
As part of an extensive research, France et al. (1999) tested fourteen specimens of
partial depth and flush endplate connections with various details bolted to tubular
columns using flowdrill connectors. The influences of connection details on the
moment capacity and rotational stiffness of the connections were investigated. In
addition, the effect of column axial load on the joint moment-rotation characteristic
was examined. The specimens included different connection details, such as,
endplate type (partial depth or flush), beam size, column tube thickness and bolt
cross-centres. Tests results confirmed that these connections satisfy the EC3 criteria
for pinned connections. From the moment-rotation characteristic of the end-plate
connections it was concluded that the stiffness and strength enhanced significantly

with the increase in endplate thickness, column wall thickness and beam depth.
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Consequently, the designer may control the stiffness and strength of such joints by
varying the end plate depth, end plate width, end plate thickness, bolt locations and

column wall thickness.

Similarly, France et al. (1999a) reported on another series of tests of moment-
resisting connections bolted to tubular columns. The specimens included details of
various extended endplates, flush endplates and wall thicknesses of tubular column
sections. The results indicated that this connections type is semi-rigid and it is in line
with the design methods suggested by EC3.

2.2.5 Top- and Seat-Angle Connections

Top and seat angle connection consists of a seat angle and a top angle, as
demonstrated in Figure 10. Top and seat angles can be fully bolted or bolted to the

beam and welded to the face of column.

The AISC Specifications (1997) describe top- and seat-angle connection as follows:
(1) the top-angle is used to provide lateral support for the compression flange of the
beam; and (2) the seat-angle transfers only the vertical reaction of the beam to the
column and should not be given a significant restraining moment at the end of the
beam. However, according to the experimental results, this connection can transfer

vertical reaction as well as some end moment from the beam to the column.
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Figure 10: Top- and seat-angle connection (Kurobane, Packer, Wardenier, &
Yeomans, 2004)

Based on the experiments done by Yang et al. (1999) on the unstiffened seated angle
connections, the seat angle strength is significantly influenced by beam setback,
angle thickness and the bolts that connect the angle to the flange of the supporting
beam. Moreover, the thickness of the angle and the distance from the heel of the

angle to the column flange bolts cause the most significant effect on (M-¢) behavior

for top and seat angle connections.

Elghazouli et al. (2009) studied the experimental behaviour of top and seat angles
connections bolted to tubular columns using blind connectors. A series of connection
tests with different geometric arrangements and bolt properties were selected. The
stiffness, strength, energy dissipation and failure mechanism were monitored and
captured to assess the monotonic and cyclic response of such connections. They
found that this form of connection is suitable for secondary or primary frame
systems, depending on the specific structural configuration and loading conditions

under consideration.
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Méalaga-Chuquitaype et al. (2010) proposed a new analytical model to evaluate the
monotonic and cyclic response of top and seat angles connections bolted to tubular
columns using blind connectors. The component method was used to estimate the
initial stiffness and moment capacity of such connection. Moreover, the experimental
study carried out by Elghazouli et al. (2009) was used to verify the analytical results.
Based on the tests results, they conclude that the blind-bolt grade, angle thickness,
column face slenderness and gauge distance can be considered as the key factors
influencing the behaviour of semi-rigid blind-bolted connections.

2.2.6 Reverse Channel Connections (RCC)

As already stated in Section 1.1, the RCC can be considered as one of the most
reliable solution to overcome the difficulty of access to the internal face of tubular
columns by giving access from inside of the channel. Consequently, a considerable
amount of literature has been published which were mainly concentrated on the fire
and earthquake resistance of RCC and very limited research on its basic structural

behaviour.

Experimental and numerical studies of RCC behaviour during fire were carried out
by a number of researchers. For example, Ding and Wang (2007) conducted fire tests
and reported that RCC has the potential to be developed into a robust connection
characterized by high stiffness, strength, rotational capacity and ductility. Elsawaf et
al. (2011) and Elsawaf and Wang (2012) (2013) used finite element modeling to
study the behaviour of restrained structural subassemblies of RCC in fire. A series of
experimental tests at elevated temperatures were carried out by Huang et al. (2013a)
(2013). They confirmed that RCC not only provide a practical solution for
connecting steel beams to composite columns but they also possess high ductility and

strength. On the other hand, the structural behaviour of RCC under monotonic and
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cyclic load was investigated by a number of researchers, such as, Elghazouli et al.

(2009), Mélaga-Chuquitaype and Elghazouli (2010a), Liu et al. (2012a) (2012) .

As a part of an extended experimental work, Liu et al. (2012a) conducted three tests
on combined channel/angle configurations to examine the stiffness and capacity of
their response under predominant shear loading conditions. The three tests comprised
of two reverse channel connections with top and seat angles, which one of these with
double web angels. Two different reverse channels cut from hot-rolled SHS tubes
and different angle dimensions were also used. The test results show that the wall
thickness of the reverse channel has significant effect on the connection stiffness and
capacity. In addition, there was a great enhancement in stiffness and resistance of the
reverse channel connections with double web angels compared with those of the
connections with top and seat angles only. Similarly, Liu et al. (2012) also monitored
the stiffness and capacity of combined channel/angle configurations under axial
loading conditions. The results indicate that increasing the wall thickness of reverse
channel gave a remarkable increase in both the initial stiffness and the stiffness and
capacity of RCC. Moreover, the occurrence of inelastic axial mechanisms is
proportional to the ratio of the relative widths of the column/reverse channel and

beam/angle components.

In contrast, the recent research by Wang and Xue (2013) and AlHendi and Celikag
(2015) appear to be the only publications to have included the influence of the
geometrical configurations of reverse channel connections (RCC) on the moment-
rotation (M-¢) relationship. Wang and Xue (2013) carried out a limited number of
experiments on RCC where all the tested connections were able to reach a rotational

capacity of at least 0.03 rad, commonly found to be sufficient for plastic design.
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They considered a number of parameters, such as, connection type (extended or flush
endplate), reverse channel dimensions (thickness, width), orientation of the
rectangular tube with or without concrete infill and their effect on the moment-
rotation response of RCC. The mentioned parameters found to have significant effect
on the connection stiffness, moment resistance and the rotational capacity. It was
concluded that these connections can be designed to achieve semi-rigid/partial
strength connections. Nevertheless, AlHendi and Celikag (2015) carried out an
extensive parametric study which further investigated the above mentioned
parameters and additional geometrical parameters. These geometric parameters
include; the thickness of flush end-plate, the wall thickness of reverse channel cut
from hot-rolled square hollow sections (SHS), the ratio of flush end-plate thickness
to the wall thickness of reverse channel, the width of hot-rolled reverse channels, the
ratio of reverse channel depth to SHS width for different types of channel, the
nominal bolt diameter and the gage distance.

2.3 Moment-Rotation Models of Semi-rigid Connections
Beam-to-column connections have been the focus of research since the 1930°s when
the first major investigation was carried out to understand their behaviour. A
significant amount of experimental research has been performed on semi-rigid
connections where most of the steel beam-to-column connections act as semi-rigid
connections (Jarmai & Farkas, 1998). Generally, the flexural behavior of a
connection is best described by the moment-rotation (M-¢) curve. The moment-
rotation curve can be defined as a curve expressing the moment transmitted by the
connection as a function of the relative rotation of the elastic lines of the connected

members at their point of interaction. Figure 11 shows the typical moment-rotation
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curves of most commonly used connections where rotational deformation of the

connections are due to flexural action.

"Rigid" Extended end-plate

Flush end-plate

Top- and seat-angle
with double web-angle

column

oy / Top- and seat-angle

Header plate

Double web-angle

Single web-angle

"Pinned"

P
>

Or
Figure 11: Typical moment-rotation curves of common connections (Chen, Kishi, &
Komuro, 2011)

As illustrated in Figure 11, the extended end-plate connection behaves as a rigid
connection and is considered to be the stiffest type of joint connection. The single
web-angle behaves as a flexible connection and it is found to be the most flexible
type of connection. In general, all (M-¢) curves for the connections are nonlinear

over the entire range of loadings.

In general, much effort has been focused in recent years toward determining

connection (M-¢) relationships experimentally and using the results to model the
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connection behavior to be incorporated into the frame analysis computer program.
There are several models which can be used for predicting the behaviour of beam-to-
column joints, these are: empirical, analytical, mechanical, numerical and
experimental.

2.3.1 Empirical Models

Empirical models are mainly based on empirical formulations which are used to
express the parameters of the mathematical representation of the moment—rotation
curve in terms of the geometrical and mechanical properties of beam-to-column
joints. These formulations can be obtained using regression analyses of data which
can be derived in different ways, such as: experimental testing, parametric analyses
developed by means of Finite Element (FE) models, analytical models or mechanical

models (Faella, Piluso, & Rizzano, 2000).

The early attempts; which used this approach to determine the effects of different
connection geometries on moment-rotation behavior; have been made by Sommer
(1969), Frye and Morris (1975), Picard et al. (1976), Altman et al. (1982), Ang and
Morris (1984) and Goverdhan (1984). These attempts were made to fit standardized
functions to the available experimental data. Frye-Morris model (1975) and
Attiogbe-Morris model (1991) can be considered as examples about empirical

models based on experimental results.

On the other hand, empirical formulations based on wide parametric studies by
means of the FE Method (FEM) have been adopted by Krishnamurthy (1978a) and
(1978), Krishnamurthy and Graddy (1976), Krishnamurthyet al. (1979), Kukreti et al.

(1987).
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As example of developing empirical models, based on a mechanical model, Faella et
al. (1997) predicted both the flexural resistance and rotational stiffness of extended
end-plate beam-to-column joints using component approach. In their study, more
than 110,000 different configurations of extended end-plate joint were analyzed to
provide the data required for regression analysis. The resulted empirical models were

adopted by Eurocode 3 (CEN, 2005).

Recently, remarkable number of studies have been adopted empirical models to
investigate the effect of semi-rigid joints on steel frame structures; such as,
(Kameshki & Saka, 2001), (Hadianfard, 2003), (Hayalioglu MS, 2005), (Prabha ,

Marimuthu, Saravanan, & Jayachandran, 2010).

The empirical functions have proven to be applicable only to joints configurations
used in deriving them (Attiogbe & Morris, 1991). This drawback has limited the
pool of data that can be used in deriving the functions. It was shown also that the
contribution of each parameter in the empirical model on the overall behaviour is
obscure.

2.3.2 Analytical Models

Analytical models are constructed and used by several authors to obtain the initial
stiffness and the ultimate moment capacity by means of the basic concepts of elastic
structural analysis and limit design. On the basis of experimental observations, the
sources of deformability and failure mechanisms of the connections are required to
be identified as starting point. Then, the elastic analysis is used to predict the initial
stiffness while the ultimate moment capacity is predicted by the method of virtual
work; which depends on the balance between the internal and external work. Finally,

the formulation of (M-¢) relationships is provided based on the predicted initial
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stiffness and ultimate moment capacity (Faella, Piluso, & Rizzano, 2000). Example
of adopting this approach include Yee and Melchers (1985) model for bolted
extended end-plate connections and Kishi and Chen model (1987) for top and seat
angles with double web angles connections.

2.3.3 Mechanical Models

Mechanical or spring models conceive the joint by using a set of rigid and
deformable components representing the behaviour of single elements. Each one is
represented by an elastic spring characterized by a specific stiffness and strength
which obtained from empirical relationships. The appropriate coupling of these

springs in parallel and series provides the global stiffness of the connection.

Three main steps are required in order to develop a mechanical model; (1) identify
the components of the joint that will provide significant deformation and failure of
the joint; (2) determine the constitutive laws for each component of the joint using
analytical, experimental or numerical means, and (3) assemble all of the components
together to produce the moment—rotation curve for complete joint (Diaz, Marti,

Victoria, & Querin, 2011).

Comparing with analytical model, mechanical model has the ability to simulate the
curvilinear of the knee region of M-¢ curve, while the modeling of such a region
using analytical model required a curve fitting which in turn limited to the calibration

of a shape factor (Faella, Piluso, & Rizzano, 2000).

The early attempts of adopting this model include Wales and Rossow (1983) for
double web angle connections, Kennedy and Hafez (1984) for header-plate

connections, and Chmielowiec and Richard (1987) for all types of cleated
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connection. Since then, worthy research has been carried out to study the behaviour
of joints and to introduce their effect in the analysis of structure; such as, Pucinotti
(2001), Simdes da Silva and Girdo Coelho (2001), and Urbonas and Daniunas
(2006).

2.3.4 Numerical Models

Numerical simulation started being used as a way to overcome the lack of
experimental results; The use of FEM to study connection behaviour started in early
1970s, as the application of computers in solving structural problems became

evident.

Since experimental research is lengthy and expensive process for understanding the
connection behaviour then the availability of powerful computer facilities can be a
suitable alternative for modeling structural behaviour of complex and lengthy
parametric studies. Therefore, the finite element modeling was used to carry out
several parametric studies based on computer simulation. Examples include Bose et
al. (1972), Krishnamurthy and Graddy (1976), Chasten et al. (1992), Gebbeken et al.
(1994), Sherbourne and Bahaari (1996), Troup et al. (1998), Yu et al. (2008), and
Diaz et al. (2011).

2.3.5 Experimental Models

Since the aim of the experimental tests of beam-to-column joints is to account for
their rotational behaviour, it is proven that experimental approach, despite being
lenghty and expensive, provides the most accurate knowledge about this issue.
Several researchers have tried to overcome these drawbacks by using different
techniques, such as; empirical, analytical, mechanical, numerical models and then
verify their reliability with existing experimental results. Consequently, there was a

need to exploit and make real use of the available experimental data on beam-to-
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column joints, so that researchers and designers are able to employ realistic

representation of connections behaviour into the analysis and design of steel frame.

In 1984, Goverdhan collected the moment-rotation curves of 230 test results from the
USA. These tests were carried out between 1950 and 1983 which were digitized to
form Goverdhan data bank (1984). It includes tests on double web angle connections,
single web angle/plate connections, header-plate connections, endplate connections

and top and seat angle connections with or without web angles.

The first European data bank on steel connections was developed in 1985. Nethercot
(1985) conducted a literature survey for more than 70 experimental studies between
1951 and 1985. Nethercot data bank includes those examined by Goverdhan as well

as T-stub connections with and without web angles.

In the USA, Kishi and Chen (1986) developed Steel connection data bank (SCDB)
which collected over 303 experimental tests from all over the world carried out from
1936 to 1986. Various connection typologies, such as; single angle web cleat/plate
connections, double angle web cleat connections, top and seat angle cleats
connections with or without web angles, extended and flush end-plate connections

and header-plate connections are included in the SCDB data bank.

In 1992, the second European data bank on steel connections was developed by
Arbed Recherches (1991) and Aachen University (1992). They developed SERICON

data bank which covered only the European test results including single joint
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Chapter 3

NUMERICAL MODELLING OF REVERSE CHANNEL
CONNECTIONS (RCC) TO TUBULAR COLUMNS

3.1 Introduction

The aim of this research is to gain a qualitative understanding of the influence of
geometrical configurations and materials properties of reverse channel connections
(RCC) on the moment-rotation (M-¢) response. Therefore, this chapter will employ
the general finite element software ABAQUS (v.6.12) to numerically model the
monotonic behaviour of reverse channel flush end-plate connections. The
simulations were conducted using 3-D brick elements to enable detailed structural
behaviour to be obtained. For validation, this research compared the simulation and
test results for five RCC tests recently conducted by Wang and Xue (2013). As part
of the validation study, sensitivity studies on the mesh size, the effect of friction and
the effect of loading speed on moment-rotation response were performed and their

results will be presented in this chapter.
3.2 A Brief Summary of Previous Experimental Work

The tests on RCC conducted by Wang and Xue (2013) were aimed to study the
moment-rotation characteristics of reverse channel connections to tubular columns.
They considered a number of parameters, such as, connection type (extended or flush
endplate), reverse channel dimensions (thickness, width), orientation of the
rectangular tube with or without concrete infill and their effect on the moment-
rotation response of RCC. Table 1 and 2 summarize the measured dimensions and

material properties of test connections. The test setup is well explained in reference
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(Xue, 2012) where all the tests were arranged in a double-sided joint configuration,
as shown in Figure 12. The ends of the beams were set on roller supports while a
displacement-controlled loading was applied at the central stub column. The
following parameters were used to investigate the effects of different geometric
parameters on moment-rotation responses of RCC: the flush end-plate thickness (ty),

height (hgp) and the reverse channel leg length (m), web width (w;) and thickness

(tw).
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Figure 12: Reverse channel connection geometries

Among all test specimens, five connections were selected where flush end-plate was
connected to the narrow side of column. These specimens were used in the
verification denoted as Test 1-5. The beam and column sections used were UB
406x178x74 and RHS 400x200x10, respectively, for all tests. Three different
reverse channel sections of 180x90x26, 180x75x20 and 150x90x24 and different

flush end-plate dimensions were also used (Table 1). The mechanical properties of
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different steel components of RCC were obtained from tensile coupon tests. The
details of yield and ultimate stress, Young’s modulus and ultimate strain are given in
Table 2. The steel grade used for beams and columns was S355 and for flush end-
plates and channel sections was S275. Grade 8.8 M20 (20 mm diameter) standard
bolts were employed in all tests. All of these bolts were hand tightened without any

preloads.
3.3 Finite Element Modeling

The general-purpose finite element explicit solver, ABAQUS/ Standard (2012), was
employed to conduct 3-D nonlinear FE simulations. This solver is beneficial for
solving not only the complicated contact problems but also the model with large
rotations and large deformations without generating numerical convergence
difficulties (Yu, Burgess, Davison, & Plank, 2008). In order to capture the large
deformation and local instability effects in the 3-D FE models, both material and
geometric non-linearities were considered. The solid element C3D8R available in the
ABAQUS (2012) element library was used to model the reverse channel connection

components.
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Table 1: Schedule of test specimens (Wang & Xue, 2013)

Test Channel Endplate Number Dimensions (mm) (Figure 12)

Section dimensions of bolts

(5275) (mm) Licw  he W m te ty hpp wg t €&  P1 P2 & e g
1 180 x90x 26 500x10x 170 12 810 500 180 90 125 65 500 170 10 70 300 90 40 75 90
2 180 x90x 26 500x 5x170 12 600 500 180 90 125 65 500 170 5 70 300 90 40 75 90
3 180 x 75x 20 500 x 10 x 170 12 825 500 180 75 105 6.0 500 170 10 70 300 90 40 75 90
4 150 x 90 x 24 500 x 10 x 170 12 810 500 150 90 120 65 500 170 10 70 300 90 40 75 90
5 180 x 90 x 26 440 x 10 x 170 8 600 440 180 90 125 65 440 170 10 70 300 70 15 90

Note: Beam Section (Grade S355, UB 406 x 178 x 74 (flange width 179.5 mm, overall depth 412.8 mm, flange thickness 16 mm, web thickness 9.5 mm));
Column Section (Grade S355, Rectangular Hollow Section (RHS) 400 x 200 x 10 mm) were used for all specimens.

Table 2: Materials properties of reverse channel connection specimens (Wang & Xue, 2013)

Coupon Test involved Young's modulus Yield stress Ultimate stress Ultimate strain
(MPa) (MPa) (MPa) (%)
Beam web Test 1-5 218,660 389 611 20.00
Beam flange Test 1-5 218,123 389 612 18.30
Column tube Test 1-5 192,415 425 656 19.80
Channel web (180 x 90 x 26) Test1,2,5 220,054 352 625 17.69
Channel flange (180 x 90 x 26) Test1,2,5 214,524 315 637 20.25
Channel (180 x 75 x 20) Test 3 215917 311 599 19.63
Endplate (10 mm thk) Test 1, 3-5 202,538 300 689 21.00
Endplate (5 mm thk) Test 2 232,373 346 630 27.05




Figure 13 shows a typical finite element mesh for the structural assembly. There are
three parameters that control the generation of the FE; the number of elements
through the thickness (ne), the length of elements close to the connection (len) and the
length of the elements far from the connection (l¢r). The mesh used has net =3, len = 7
mm and les = 25 mm. The analysis was continued until the ratio of the kinetic energy
to the internal energy increased to more than 10% or the reaction force at the support

suddenly dropped (Yu, Burgess, Davison, & Plank, 2008).

Y

xed

Figure 13: Typical finite element mesh of RCC assembly

3.3.1 Boundary Conditions and Contact

The boundary conditions of the FE models were in line with those in the tests. Since
the beams were supported on two rollers, which allowed the beams to rotate about Z-
direction (Figure 14), the bottom faces of these rollers were fixed in all three
directions. Moreover, the top and bottom flanges of the beams over the roller
supports were restrained against lateral movement of the beams in Z-direction, which

simulated lateral bracing supports in tests.
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The contact interaction of the RCC components was defined as surface-to-surface
contact, with a small sliding option. ‘Hard contact’ was used for the normal contact
behaviour with a friction coefficient of 0.33 in the tangential direction. The contact
pairs between the bolt shanks-to-bolt holes, bolt heads-to-interior channel web, nuts-
to-flush end-plate, end-plate-to-channel web and roller support-to-lower flange of
beam were assigned. No prestressing to the bolts was considered. To represent the
welded connection of the flush end-plate-to-the beam and the channel flanges-to-the
column face, the tie constraints available in the ABAQUS (2012) constraints library

were applied to all nodal degrees of freedom along the weld lines.

The test load
(in -Y direction)

Lateral bracing
(in Z direction)

Lateral bracing
(in Z direction)

R

The bottom of roller
is fixed in all three

directions X
z
The bottom of roller
Note: DT2-DT5 are at the face of reverse is fixed in all three
channel, DT6 and DT7 are at the beam. directions

R
Figure 14: Boundary conditions, reference points used to measure the vertical
displacements, and loading direction of RCC assembly

3.3.2 Material Properties
The material behavior used for joint (beam, column, channel, flush end-plate, and

bolts) was modeled by means of the quadrilinear stress—strain curve as given by
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Mohamadi-shooreh and Mofid (2008) in Figure 15. This stress—strain model was
adopted with measured values of the yield stress and ultimate stress obtained from
coupon tests (Table 2). For the materials of steel sections, the tangential stiffness
beyond the yield point was defined as 2% of the initial modulus of elasticity up to
11g,. The relevant strain for the ultimate stress was 120, (Figure 15(a)). For the bolt
material, including shank and head, the proof strain was considered to occur at a

strain of 3 followed by its related ultimate stress at 8. The flat line up to the strain

1.05 g, was considered (Figure 15 (b)) (Mohamadi-shooreh & Mofid, 2008).

(a) (b)

Figure 15: Idealized material behavior used in the FEM analysis for: (a) Beam,
column, channel, and end plate (b) High-strength bolts (Mohamadi-shooreh &
Mofid, 2008)

In order to represent the material nonlinear effects, the isotropic elastic-plastic multi-
linear properties combined with the von Mises yield criterion were used. The
classical metal plasticity model in ABAQUS (ABAQUS, 2012) was used to define
the non-linear behavior of materials. The nominal stress and nominal strain in the

stress—strain curve of the coupon tests were converted into the multi-linear curve of

true stress (o) and true plastic strain (gp). The *ELASTIC option was used to assign
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the value of the Young’s modulus and the Poisson’s ratio. The *PLASTIC option
was also used for defining the plastic part of the stress—strain curve.

3.3.3 Moment-Rotation Curves

The flexural behavior of RCC is best described by the moment-rotation (M-¢) curve
where the applied bending moment, M, is a function of the relative rotation of the
connected members, ¢. For verification process, the beam rotation was assumed to be
equal to the connection rotation. Hence, the difference between the vertical
displacements at beam location (DT6) and at the face of reverse channel (average of
DT2-DT3) divided by the horizontal distance between the two points were used to
calculate the connection rotation (Figure 14). Connection moment was calculated by
multiplying the beam end reaction with its distance to the face of the reverse channel.
These data were used to obtain the moment-rotation curves. The main parameters
that were used to define the moment-rotation relationship in this study are given in

Figure 16 and the characteristics are defined as follows:

a. Stiffness: the initial stiffness of the joint, S;in, the post-yield stiffness, Sjp,
the secant stiffness, S;, which is equal to one-third of the initial stiffness
(CEN, 2005).

b. Resistance: the plastic flexural resistance of the joint, Mg, the design
moment resistance of the joint, M;rq, the ultimate flexural resistance of the
joint, Mj k.

c. Rotation: the rotation corresponding to the plastic flexural resistance, ¢,
the rotation at which the moment resistance first reaches the design moment
resistance of the joint, ¢« the rotation corresponding to the ultimate

flexural resistance, @ ux.
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Figure 16: Main characteristics of the moment-rotation curves
3.3.4 Sensitivity Study Results
The calculation time and accuracy of numerical simulation results are significantly
affected by many factors, such as, the mesh size, friction, loading speed, etc. 268 FE
joint models were used for sensitivity analysis. The RCC in Test 1 is a reference test
used by Wang and Xue (2013). Therefore, it is used as an example to show how the
sensitivity study was performed on the mesh size, the effect of friction and the effect
of loading speed on moment-rotation response.
3.3.4.1 Mesh Sensitivity
Since explicit solver was used for numerical simulations, this may raise serious
concern about the mesh size (Yu, Burgess, Davison, & Plank, 2008). On the other
hand, the use of refined mesh will increase the number of degrees of freedom which
in consequence consume too much computer time. Hence, a mesh sensitivity study
was carried out to choose an optimal mesh. Four mesh sizes were considered; coarse,
regular, fine and extra-fine. The characteristics of these mesh sizes are as given by

Diaz et al. (2011). The results of this sensitivity study are presented in Figure 17,
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where the ordinates represent the calculation time required in hours on right side and
the ratio of the design moment resistance values (M;rdre / Mjrdexp) ON the left side

and the abscissa gives the number of elements in the mesh.

Coarse Regular Fine Extra-Fine
1.50 1 30

—— Mj,Rd,FE / Mj,Rd,Exp
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Elements (x103)
Figure 17: Effect of number of elements in the mesh on the calculation time and the
RCC response of Test 1

It can be seen that the fine mesh produced an error of 0.4% in 7.8 h whereas the
regular mesh took 4 h to produce an error of 0.7% (Figure 5). On the other hand, the
extra-fine mesh took 24.2 h to produce an error of 0.3%. Since the fine mesh uses
three elements across all thicknesses, which is minimum recommended number of
elements by Yu et al. (2008), then it was accepted as an optimal mesh size and
selected for this study. The mesh selected has net = 3, len = 7mm and lgs = 25mm.
3.3.4.2 Effect of Friction

The friction between components can substantially affect the moment-rotation
relationship of steel connection, especially with higher moments and stiffer
connecting elements (Citipitioglu, Haj-Ali, & White, 2002). To evaluate this effect, a

model is used to study the effect of friction on the response of the RCC by varying
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the friction coefficient from 0.25 to 0.6. Compared with the experimental results of
reference (Wang & Xue, 2013), the errors in predicting initial rotational stiffness
(Sjinre) and the design moment resistance value (Mjrqre) With different friction

coefficients are demonstrated in Figure 18.
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Figure 18: Effect of friction on the RCC response of Test 1

As shown in Figure 18, the friction coefficient value of 0.33 produced an error of
0.4% in the value of initial rotational stiffness and 0.03% in the design moment
resistance value, where less predicted error than other coefficient values were
produced. It may be concluded that the results were particularly sensitive to the
magnitude of the friction coefficient and the value of 0.33 is suggested for numerical
analysis.

3.3.4.3 Load Speed Sensitivity

For simulations of RCC, it is proposed to control the loading speed because this
allows accurate response without generating numerical convergence difficulties. For
this purpose, as suggested by Yu et al. (2008), different loading durations varied

from 0.1 to 1 second were used to assess the maximum viable loading speed. The
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results of this sensitivity study suggested that the appropriate loading time would be
0.16 second for simulations of RCC hence it provides a satisfactory solution if

accuracy is required (Figure 19).
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Figure 19: Effect of loading speed on the RCC response of Test 1

3.4 Verification of Finite Element Simulations

The finite element model of RCC developed in this study was verified against the
aforementioned tests in section 3.2 by Wang and Xue (2013). The test results
included the failure modes, initial stiffness, S;in, the design moment resistance, M;rq,
and the ultimate flexural resistance, M;u, of the joint. There were variations in the
results of Tests 2 and 4 owing to the lack of data given for material properties of
bolts and channel, as stated in reference (Wang & Xue, 2013). Furthermore, the
slippage observed at the ends of beams, between the beam and the roller supports,
could potentially cause reduction in reaction values and therefore abrupt decrease in
the stiffness and moment capacity. Consequently, Tests 2 and 4 were not included in
the comparison between the tests and finite element analysis summarized in Table 3.

Figure 20 compares the M-¢ behaviour of the FE simulations of RCC with
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experimental RCC Tests 1, 3 and 5. The FE simulations consider both the idealized
curve and the stress-strain relationships of the coupon tests (Xue, 2012). According
to Figure 20, the M-¢ curve obtained by using stress-strain relationship of the coupon
tests is in very good agreement with the experimental M- ¢ curves. This indicates that

the FE modeling is satisfactory.

Table 3: Comparison between test and finite element results

Test  Test (Wang & Xue, 2013) FE

SjinExp M;rpExp M ueExp Failure mode S;jinFE M;rore Mjugre Failure mode SiinExp MjrDExp MjultExp

(kN.m/rad) (kN.m) (kN.m) (kN.m/rad) (kN.m) (kN.m) Siinfe Mjrore  Mjure
1 17908 108.50 136.01 CWF 17775 113.00 153.86 CWF 099 1.04 1.13
3 20076 7910 141.03 BPO 18807 8398 14849 BPO 094 1.06 1.05
5 7498 80.17 9518 CWF 7622 85.59 105.16 CWF 1.02  1.07 1.10
Mean - - - - - - - - 098 1.06 1.10
cov - - - - - - - - 0.04 0.01 0.04

Note: CWF denotes Channel Web Fracture, BPO denotes Bolt Pull-Out
CWF evaluated by fracture index (PEEQ Index in ABAQUS)
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Y at maximum
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Figure 20: Moment-rotation curves from experimental and FE models for RCC
connections of: (a) Test 1, (b) Test 3 and (c) Test 5

On the other hand, it can also be seen from Table 3 that the tests results and the FE
simulations with idealized stress-strain curve are in very good agreement. The
predicted failure modes are agreed well with the observed failure modes for all test
specimens. Moreover, the mean values of Sjinexp /SjinFe, Mjrdexp/Mjrdre and

M;uitexp/Mjuiere ratios are 0.98, 1.06 and 1.10 and the coefficient of variation (COV)
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values are 0.04, 0.01 and 0.04, respectively (Table 3).
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Chapter 4

EFFECT OF GEOMETRICAL PARAMETERS ON M-¢
CHARACTERISTICS OF RCC

4.1 Introduction

The effect of geometrical configurations of reverse channel flush end-plate
connections on the moment-rotation (M-¢) relationship under monotonic loading are
presented in this chapter. The results of this numerical study were obtained by using
ABAQUS. For this purpose, the following geometric parameters were considered,;
the thickness of flush end-plate, the wall thickness of reverse channel cut from hot-
rolled square hollow sections (SHS), the ratio of flush end-plate thickness to the wall
thickness of reverse channel, the width of hot-rolled reverse channels, the ratio of
reverse channel depth to SHS width for different types of channel, the nominal bolt
diameter and the gage distance. Therefore, thirty reverse-channel joints with different
connection configurations; varying dimensions of column sizes, beam sections and

channel types were investigated.
4.2 Parametric Study

Following the successful verification process in the previous chapter, a new 3D finite
element model was developed by using ABAQUS (v.6.12) to investigate the effects
of reverse channel geometry and thickness of flush end-plate on the behavior and
strength of RCCs. In order to avoid possible reduction in stiffness and moment
capacity due to slippage and also to facilitate the direct monitoring of the
deformation of the column web panel zone, a cantilever arrangement as suggested by

Diaz et al. (2011) (Figure 21), was used for the new 3-D FEM. The height of the
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column, Hco, and the length of the beam were set to be equal to 3625 mm and 1550
mm, respectively. In addition, the stiffener thickness of the beam under the applied
load was considered to be equal to that of the flange thickness of the beam (Diaz,

Victoria, Marti, & Querin, 2011).
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Figure 21: The cantilever arramlnt and locations of the reference points that are
used to measure the displacement
Table 4 summarizes the dimensions of the 30 reverse-channel joints considered in
this study. All tests were divided into five groups (G1 to G5). The first group of
connections (G1) had varied flush end-plate thicknesses from 12 to 25 mm so the
effect of flush end-plate thickness on the joint behaviour can be assessed. The groups
G2-G4 were formed to investigate the influence of reverse-channel geometry; in G2,

reverse channels of five different sizes, cut from hot-rolled SHS tubes, were modeled

to investigate the effect of wall thickness of channel.

48



Table 4: Schedule of test specimens in the parametric study

Group Specimen Column Section Beam Section Channel (S355) Endplate (S355)
(S355) (S355) Section h¢ we mo ot ty hgpp wg f, e g
Gl S SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 12 72 90
S2 SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 6.5 400 180 15 72 90
S3 SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 18 72 90
S4 SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 20 72 90
S5 SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 22 72 90
S6 SHS180 x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 6.5 400 180 25 72 90
G2 7 SHS200 x 10 ~ UKB305x165x40  cutfrom SHS200x63 339 200 90 63 63 339 200 18 67 100
S8 SHS200x 10 ~ UKB305x165x40  cutfrom SHS200x8 339 200 90 80 80 339 200 18 67 100
S9 SHS200 x 10 ~ UKB305x165x40  cutfrom SHS200x 10 339 200 90 10.0 100 339 200 18 67 100
S10 SHS200 x 10 ~ UKB305x165x40  cutfrom SHS200 x 125 339 200 90 125 125 339 200 18 67 100
S11 SHS200 x 10 ~ UKB305x165x40  cutfrom SHS200x 16 339 200 90 160 160 339 200 18 67 100
G3  S12 SHS260 x 10~ UKB533x210x92  cutfrom SHS260 x 10 583 260 50 100 100 583 259 25 75 100
§13 SHS260 x 10~ UKB533x210x92  cutfrom SHS260 x 10 583 260 75 100 100 583 259 25 75 100
S14 SHS260 x 10 UKB533x210x92  cutfrom SHS260 x 10 583 260 90 10.0 100 583 259 25 75 100
S15 SHS260 x 10 ~ UKB533x210x92  cutfrom SHS260 x 10 583 260 100 10.0 100 583 259 25 75 100
S16 SHS260 x 10~ UKB533x210x92  cutfrom SHS260 x 10 583 260 125 10.0 100 583 259 25 75 100
S17 SHS260 x 10 ~ UKB533x210x92  cutfrom SHS260 x 10 583 260 130 10.0 100 583 259 25 75 100
S18 SHS260 x 10~ UKB533x210x92  cutfrom SHS260 x 10 583 260 150 10.0 100 583 259 25 75 100
G4 S19 SHS200x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 6.5 400 180 15 72 90
S20 SHS250 x 10~ UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 15 72 90
S21 SHS300x 10  UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 15 72 90
S22 SHS400 x 10 ~ UKB356x127x33 UKPFC180x90x26 400 180 90 125 65 400 180 15 72 90
23 SHS250 x 10~ UKB305x165x40  cutfrom SHS200 x 10 339 200 90 10.0 100 339 200 18 67 100
S24 SHS400 x 10 ~ UKB305x165x40  cutfrom SHS200x 10 339 200 90 10.0 100 339 200 18 67 100
G5 S25% SHS260 x 10 UKB457x191x106 UKPFC260x90x35 513 260 90 140 80 513 238 22 82 140
S26* SHS260 x 10  UKB457x191x106 UKPFC260x90x35 513 260 90 140 80 513 238 22 82 140
S27* SHS260 x 10 UKB457x191x 106 UKPFC260x90x35 513 260 90 140 80 513 238 22 82 140
S28 SHS250 x 10~ UKB457x191x 106 cut from SHS250 x 125 513 250 100 125 125 513 238 22 72 140
29 SHS250 x 10~ UKB457 x191x 106 cut from SHS250 x 125 513 250 100 125 125 513 238 22 72 120
S30 SHS250 x 10~ UKB457 x 191x 106 cut from SHS250 x 125 513 250 100 125 125 513 238 22 72 100

*Note: $25-527 had varied bolt diameter from 16,20 and 24 mm, respectively.

In G3, hot-rolled reverse channels of seven different widths were used to examine

the influence of width of channel. Two different sizes of reverse channels, hot rolled

standard section and cut from hot-rolled SHS tubes, were also used to examine the
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influence of the ratio of channel depth to SHS width in G4. The remaining group G5
is formed to investigate the influence of the diameter of bolt and the gage distance;
the first series (S25-S27) had varied bolt diameter of 16, 20 and 24 mm, respectively
and the second series (S28-S30) had varied gage distance of 100, 120 and 140 mm,

respectively.

The finite element models for all joints were prepared according to section 3.3. The
steel grade used for beams, columns, flush end-plates and channel sections was S355
and Grade 8.8 was used for standard bolts. The quadri-linear stress—strain curve
(Figure 15) was adopted with the values of the yield stress and ultimate stress
obtained from Eurocode 3 Part 1-1 (CEN, 2005). The typical FE mesh for the

cantilever arrangement is given in Figure 22.

Y

4

Figure 22: The typical FE mesh for the cantilever arrangement

According to Eurocode 3 Part 1-8 (CEN, 2005), the main sources of deformability

for single-sided joint are the connection and the column web panel. The deformation
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of the connection is related to its components while for the column web it is
associated with the compressive and tensile forces acting on the column web. The
shear force acting on column web panel is responsible for the shear deformation in
that region. Therefore, the rotational deformation of this joint, ¢, is equal to the sum
of the connection rotational deformation, &., and the shear deformation of the column
web panel zone, v, (Diaz, Victoria, Marti, & Querin, 2011). The bending moment is
produced by multiplying the applied load, P, with the distance between the load
application point and the face of the reverse channel, Ljag (Figure 21), and it is given

by Equation 1.

M =Px Lload (1)

The displacement values of the reference points B; to Bz, C; and C, (Figure 21) are
used to determine the rotational deformation of the joint as proposed by Diaz et al.
(2011) and Girao Coelho and Bijlaard (2007). The relevant equations are given in
Equations (2 to 5):
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Vg, Vg, andV, are the vertical displacements at reference points By, B, and Bs,
respectively. H and H_ are the horizontal displacements corresponding to reference
points C; and C,. xg andxg are the distances measured from point By to points B

and Bs, respectively. D and D are the depths of beam and column, respectively.
Hco and Ic correspond to the length and the second moment of area of the column.
Girao Coelho and Bijlaard (2007) approach is used to evaluate the elastic deflection

of beam, &, 4., , (Equation 5).

P (XBi )3 _ Lload(XBi )2
®)

beel(xg) = Eblb 6 2

4.3 Finite Element Results and Observations

The main parameters and failure modes obtained from finite element models are
summarized in Table 5. These parameters are given in terms of resistance, stiffness
and rotation, as defined in section 3.3.3. The initial stiffness, Sjinre, and the post
yield stiffness, S;pre, values are computed by means of regression analysis of the
elasto-plastic branches before and after the knee range (Figure 16). Moreover, the
graphs in Figure 23 give the moment-rotation comparison for the same joint
configuration from five different groups, as detailed in section 4.2. The general

response of the joints before and after the failure can be seen in Figure 24.
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Table 5: Main parameters of the moment-rotation curves and the observed failure

modes
Group Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode
Mirre Mirpre M juers S inFE S rE Spre b e PBixre  Piuicre

G1 S1 388 566 86.2 103518 3450.6 13186  0.0037 0.0059 0.0649 BPO
S2 391 57.6 88.3 12170.0 4056.7 16374 0.0032 0.0051 0.0548 BPO
S3 398 581 921 132089 4403.0 17854  0.0030 0.0048 0.0548 BPO
S4 408 60.7 93.5 13663.3 45544 18573 0.0030 0.0049 0.0511 BPO
S5 394 602 94.9 14086.5 46955 2058.0 0.0028 0.0044 0.0511 BPO
S6 394 597 96.6 14517.1 48390 21387  0.0027 0.0043 0.0472 BPO

G2 S7 208 336 60.4 41581 1386.0 644.8 0.0050 0.0075 0.1071 BPO
S8 346 436 78.6 60105 20035 5742 0.0058 0.0106 0.1304 BPO
S9 533 557 98.3 84174 28058 4628 0.0063 0.0159 0.1382 BPO
S10 708 734 1138 11180.1 3726.7 4879 0.0063 0.0165 0.1175 EPO
S11 746 734 1209 142038 47346 9145 0.0053 0.0112 0.0813 EPO

G3 S12 634 1008 2086 233134 77711 36050  0.0027 0.0038 0.0639 BPO
S13 589 899 2093 213575 71192 30978 0.0028 0.0037 0.0703 BPO
S14 593 913 2075 20505.6 68352 29732 0.0029 0.0040 0.0665 BPO
S15 59.8 882 208.7 201763 67254 28919  0.0030 0.0064 0.0728 BPO
S16 596 925 2052 19152.1 6384.0 27984 0.0031 0.0043 0.0674 BPO
S17 595 889 205.0 189159 63053 2747.7  0.0031 0.0043 0.0693 BPO
S18 592 913 2045 184218 61406 27253 0.0032 0.0044 0.0759 BPO

G4 S19 391 57.6 88.8 119583 3986.1 16588 0.0033 0.0052 0.0549 BPO
S20 391 62.7 884 10499.1 3499.7 1630.3 0.0037 0.0056 0.0504 BPO
S21 39.2 68.8 88.2 74082 24694 13769 0.0053 0.0074 0.0605 BPO
S22 386 734 878 37009 12336 8513 0.0104 0.0141 0.0827 EPO
S23 546 595 100.0 78923 26308 4492 0.0069 0.0169 0.1384 EPO
S24 453 66.7 94.6 28759 9586 4052 0.0158 0.0244 0.1690 EPO

G5 S25 488 721 128.7 19408.1 64694 27917 0.0025 0.0038 0.0415 BPO
S26 553 841 146.8 206144 68715 30959  0.0027 0.0044 0.0505 BPO
S27 633 944 163.8 23496.1 78320 32852 0.0027 0.0042 0.0548 BPO
528 91.0 1104 1508 23580.6 78602 18733  0.0039 0.0072 0.0531 BF
S29 948 1228 1520 26989.0 89963 2690.1 0.0035 0.0056 0.0332 BF
S30 107.6 1402 1521 30261.5 100872 31679  0.0036 0.0056 0.0301 BF

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Figure 23: Moment-rotation curves for: (a) G1, (b) G2, (c) G3, (d) G5, (e) First series
of G4 and (f) Second series of G4
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Figure 24: Joint general response before and after failure: (a) Bolt’s head pull-out

from reverse channel (BPO) of S7 and (b) End-plate pulled outwards (EPO) of S11

The deformability of the reverse channel is quantified in terms of the strain

measurements, between tension bolts, in x and y-directions, as illustrated in Figure

25.
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Figure 25: Strain measurements, between tension bolts, in x and y-directions;
extreme specimens in each group
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4.3.1 Effect of Flush End-Plate Thickness (G1)

In this section, the parametric study results will be presented by considering the
effect of the geometric parameters mentioned in section 4.2: the flush end-plate
thickness, the wall thickness of channel, the width of channel, the ratio of channel

depth to SHS width and the nominal bolt diameter and the gage distance.

The moment-rotation (M-¢) curves for the first group G1 are compared in Figure 23
(a). For the thick flush end-plate, generally the results indicate that, the higher the
moment resistance, the higher the initial stiffness is and the lower the rotational
capacity of the connection will be. When the flush end-plate’s thickness increased

from 12 mm (S1) to 25 mm (S6), more load needs to be applied to develop high



moment resistance, which results in notable increased in the ultimate flexural
resistance and the initial stiffness values of the connection, up to 12% and 40%,
respectively. Furthermore, the reverse channel became the weak part, with respect to
the flush end-plate and the bolts, which caused a reduction in the rotational capacity

of the connection by up to 27% (Table 5).

The failure modes of this group were identical, irrespective of the variation in flush
end-plate thickness. One example from the failed connections is shown in Figure 24
(@), where the web of the reverse channel was pulled outwards by the bolts at the top.
In all cases, the webs of the hot-rolled channel sections are significantly thinner than
the flush end-plates, which resulted in the reverse channels controlling the failure and
having experienced large deformations. On the other hand, there was no sign of
deformation in the face of the SHS columns or in the steel beams.

4.3.2 Effect of the Wall Thickness of Reverse Channel (G2)

The effect of wall thickness of reverse channel on the moment-rotation (M-¢)
response for group G2 is illustrated in Figure 23(b). In the simulations of G2, the
reverse channels were cut from hot-rolled SHS tubes in order to get varied wall
thicknesses. According to the results in Table 5, increasing the wall thickness of
reverse channel gave remarkable increase in both the initial stiffness and ultimate
flexural resistance values of RCC. When the wall thickness of reverse channel
increased from 6.3 mm (S7) to 16 mm (S11), there were 2.0 and 3.4 times increase in
ultimate flexural resistance and the initial stiffness values of the RCC, respectively.
On the other hand, the increase in the wall thickness of the reverse channel has led to
discrepancies in the rotational capacity values. This may be explained by the change

in the ratio of wall thickness of reverse channel to the thickness of flush end-plate
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(Figure 23(b)). The maximum rotational capacity was achieved when the ratio was
equal to one. When this ratio is less than or equal to one, this might have caused the
bolt heads to punch through bolt holes of reverse channel (Figure 24(a)). On the
contrary, the deformation of the flush end-plate became more severe once this ratio
was more than one. This might have caused the failure mode shown in Figure 24 (b),
where the flush end-plate was pulled out from the tension bolts (EPO).

4.3.3 Effect of the Width of Reverse Channel (G3)

The influence of the width of channel on RCC response is given in Figure 23(c). It
compares the moment-rotation (M-¢) response for reverse channel cut from hot-
rolled SHS tube with seven different widths: 50, 75, 90, 100, 125, 130 and 150 mm.
The ductility contributed by RCC lead to noticeable variations in the rotational
capacity without compromise to ultimate flexural resistance. The web and flanges of
the tube-cut channels exhibit more deformations with the increase in channel width.
In addition, by increasing the width of reverse channel twice and thrice, exhibits
13.9% and 18.8% higher rotational capacity, respectively. This can be seen when the
results of specimens S15 and S18 are compared with those of S12 in Table 5. In all
cases, the failure modes of the tests were the bolt pull-out (BPO) from reverse
channel (Figure 24(a)).

4.3.4 Effect of the Ratio of Reverse Channel Depth to SHS Width (G4)

Figure 23(e) and (f) elucidates the effect of the ratio of channel depth to SHS width
on the moment-rotation (M-¢) response of RCC. Two different RCC configurations
with six different ratios were investigated: 0.90, 0.80, 0.72, 0.60, 0.50 and 0.45. The
results indicate that the deformation of the face of SHS columns is proportional to
the ratio of channel depth to SHS width. When the SHS width was wider than the

reverse channel depth, the face of SHS column was pulled outwards at the top while
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at the bottom it was pushed inwards due to the bending deformation of the web of
reverse channel. As this ratio decreased to less than 0.72, the initial stiffness value
reduced without sacrificing the ultimate strength and the deformations of the face of
SHS columns became noticeable. On the other hand, there was an increase in the
rotational capacity. As a result, the ratio of 0.72 can be considered as threshold ratio
and it is suggested to keep this ratio more than or equal to 0.72 in order to prevent the
column face deformation.

4.3.5 Effect of the Nominal Bolt Diameter and the Gage Distance (G5)

The effect of the nominal bolt diameter and gage distance on the moment-rotation
(M-¢) response for group G5 is illustrated in Figure 23(d). According to the results in
Table 5, increasing the nominal bolt diameter gave remarkable increase in all
characteristics of moment-rotation (M-¢) values of RCC. When the nominal bolt
diameter increased from 16 mm (S25) to 24 mm (S27), there was a notable increase
in the ultimate flexural resistance, the initial stiffness and rotational capacity values
of the connection, up to 27%, 21% and 32%, respectively. On the other hand,
generally the results indicate that increase in the gage distance causes increase in the
initial stiffness and decrease in the rotational capacity of the connection.
Furthermore, it was noted that the failure modes of the tests (S28-S30) were bolt
failure (BF) which shows that the bolts became the weak part with respect to the
flush end-plate and the reverse channel.

4.3.6 Sensitivity Chart

To sum up the effect of the geometrical configurations of reverse channel flush end-
plate connections on the moment-rotation (M-¢) relationship, a sensitivity chart was
developed as shown in Figure 26. In this figure, the correlation coefficients with the

characteristics of M-¢ are illustrated as horizontal bars with percentile values. The
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positive value implies that there is proportional relationship while the negative means
inverse relationship. It should be noted that the flush end-plate thickness and the
nominal bolt diameter have the greatest effect on the ultimate flexural resistance. On
the other hand, the rotational capacity is strongly sensitive against the gage distance,

the nominal bolt diameter and the flush end-plate thickness.
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Figure 26: The sensitivity chart on the characteristics of moment-rotation of RCC
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Chapter 5

EFFECT OF MATERIALS STRENGTH ON M-¢
CHARACTERISTICS OF RCC

5.1 Introduction

During the last two decades there has been increase in the usage of High Strength
Steels (HSS). This was partly due to the increase in the demand for constructing tall
structures and also the problems encountered with the steel beam-to-column
connections during Northridge and Kobe earthquakes (Wilkinson, Hurdman, &
Crowther, 2006), (Scawthorn & Yanev, 1995). This increased demand for HSS
encouraged researchers to embark on research into moment connections employing
HSS columns (Gao, Sun, Jin, & Fan, 2009), (Coelho, Bijlaard, & Kolstein, 2009),
(Ban, Shi, Shi, & Bradford, 2013), (Shi, Ban, & Bijlaard, 2012), (Ban, Shi, Shi, &
Wang, 2012), (Wang, Li, Su-Wen, & Fei-Fei, 2014) beams (Ban & Bradford, 2013),
end plates (Coelho, Bijlaard, & Silva, 2004), (Qiang, Bijlaard, Kolstein, & Jiang,
2014a), (Qiang, Bijlaard, Kolstein, & Jiang, 2014), (Coelho & Bijlaard, 2007) and

bolts (Coelho & Bijlaard, 2007).

The parametric study mentioned in the previous chapter were illustrated the effect of
the geometrical configurations of RCC on the moment-rotation (M-¢) relationship
and the results indicate that the main source of deformability of RCC is the reverse
channel. Therefore, there is need to do more investigation with the objective of
understanding the behaviour of RCC connections particularly with HSS reverse

channels. On the other hand, reverse channel was introduced mainly to provide a
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medium for connecting beams to hollow sections with traditional bolts. However,
even this approach may provide limited access for tightening bolts, particularly when
deep beams are connected to reverse channel. This brought up the idea of splitting
the reverse channel into two pieces by leaving a gap in between which will allow for
better access for bolt tightening. From now on this split reverse channel connection

will be named as Double Reverse Channel Connection (DRCC) (Figure 27).

Double Reverse
Channel
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Figure 27: Double reverse channel connection (DRCC)

The effects of the material properties of reverse channel flush end-plate connections
on the moment-rotation (M-¢) relationship under monotonic loading are introduced
in this chapter. Moreover, the behaviour of newly introduced DRCC will also
investigate; the effects of material properties and the variation of clear distance
between the split reverse channels; and then the results will compare with those of
RCC. For this purpose, thirty five reverse channel joints with five different
connection configurations; varying dimensions of column sizes, beam sections and

channel types were investigated. Subsequent sections of this chapter describe the
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specimens considered in parametric study. The main results of this parametric study

are then presented and the observations related to the response are discussed.
5.2 Parametric Study

Based on the previous procedure of FEM mentioned in chapter 3, a new 3D finite
element model was developed by using ABAQUS (v.6.12) to investigate the effects
of reverse channel material property on the behaviour and strength of RCCs as well
as to validate the behaviour of newly introduced DRCC, which give more access to
inside of the reverse channel to tighten conventional bolts, particularly with deep
beam connection. Table 6 summarizes the dimensions of seventeen reverse-channel
joints and fourteen double-reverse-channel joints which were considered in this
study. All tests are divided into four groups (2-G1 to 2-G4). The first group of
connections (2-G1) is formed by selecting different specimens from previous
parametric study carried out in chapter 4. Five beam sections UB 305%165x40, UB
356%127x33, UB 406x178x60, UB 457x191x106 and UB 533x210x92 , five
column sections and reverse channels of two different sizes and four cut from
different hot-rolled SHS tubes were used. The steel grade for beams, columns, flush
end-plates and channel sections was S355 and Grade 8.8 standard M20 bolts were
used. The group 2 (2-G2) is formed to investigate the influence of reverse-channel
material property on the behaviour and strength of RCC; the steel grade used for
beams, columns, and flush end-plates was S355 and for reverse-channel it was S690.
The remaining groups (2-G3 and 2-G4) were allocated to compare the behaviour of
DRCC with RCC; in group 3 (2-G3), the steel grade used for all joints components

was S355 and the clear distance between double reverse channels, h, was calculated
by h=h,—4e, (Figure 27). The steel grade of S355 was used for beams, columns and

flush end-plates and S690 were used for reverse-channel to examine the influence of
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material property of reverse channel on the behaviour and strength of DRCC in
group 4 (2-G4).
5.3 FE results and Discussions

The main parameters and failure modes obtained from finite element models are
summarized in Table 7. These parameters are given in terms of resistance, stiffness
and rotation, as defined in section 3.3.3. The initial stiffness, Sjinre, and the post
yield stiffness, Sjpre, values are computed by means of regression analysis of the
elasto-plastic branches before and after the knee range (Figure 16). Moreover, the
graphs in Figure 28 give the moment-rotation comparison between RCC and DRCC
for the same joint configuration extracted from four different groups, as detailed in
section 5.2 and Table 7. The deformability of the reverse channel is quantified in
terms of the strain measurements, between tension bolts, in x and y-directions; an
example is illustrated in Figure 29. The general response of the joints before the
failure can be seen in Figures 30 and 31.

In this section, the parametric study results will be presented by considering: the
effect of the material properties of reverse channel on the moment-rotation (M-¢)
relationship of RCC and DRCC under monotonic loading; comparison between the
behaviour of RCC and DRCC for the same connection; and the effect of the variation

of clear distance between the split reverse channels on the behaviour of DRCC.
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Table 6: Schedule of test specimens in the parametric study

Group Specimen Column Section Beam Section Channel Endplate (S355)
(S355) (S355) Section Steel Grade h* h¢ we m tg twe hp Wp th e 8
2-G1 s1 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 - 400 180 90 125 65 400 180 12 72 90
S2 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 - 400 180 90 125 6.5 400 180 15 72 90
S6 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 - 400 180 90 125 65 400 180 25 72 90
S11 SHS200 x 10  UKB305 x 165 x 40 cut from SHS200 x 16  S355 - 3394 200 90 16 16 339 200 18 67 100
S12 SHS260 x 10  UKB533x210x92 cut from SHS260 x 10  S355 - 583.1 260 50 10 10 583.1 2593 25 75 100
S15 SHS260 x 10  UKB533x210x92 cut from SHS260 x 10  S355 - 583.1 260 100 10 10 583.1 2593 25 75 100
S18 SHS260 x 10  UKB533 x210x92 cut from SHS260 x 10  S355 - 583.1 260 150 10 10 583.1 2593 25 75 100
S21 SHS300 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 - 400 180 90 125 6.5 400 180 15 72 90
S31 SHS250 x 10  UKB457 x 191 x 106 cut from SHS250 x 10  S355 - 513.2 250 90 10 10 513.2 238 22 82 80
S32 SHS250 x 10  UKB406 x 178 x 60 UKPFC230 x 75 x 26 S355 - 4462 230 75 125 6.5 4462 2179 20 65 100
2-G2  HSS-S1 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 - 400 180 90 125 6.5 400 180 12 72 90
HSS-S2 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 - 400 180 90 125 65 400 180 15 72 90
HSS-S6 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 - 400 180 90 125 65 400 180 25 72 90
HSS-S11 SHS200 x 10  UKB305 x 165 x 40 cut from SHS200 x 16  S690 - 3394 200 90 16 16 339 200 18 67 100
HSS-S12 SHS260 x 10 UKB533 x 210 x 92 cut from SHS260 x 10  S690 - 583.1 260 50 10 10 583.1 2593 25 75 100
HSS-S18 SHS260 x 10  UKB533 x210x92 cut from SHS260 x 10  S690 - 583.1 260 150 10 10 583.1 2593 25 75 100
HSS-S21 SHS300 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 - 400 180 90 125 6.5 400 180 15 72 90
2-G3 DR-S1 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 112 400 180 90 125 65 400 180 12 72 90
DR-S2 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 112 400 180 90 125 65 400 180 15 72 90
DR-S6 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 112 400 180 90 125 6.5 400 180 25 72 90
DR-S11 SHS200 x 10  UKB305 x 165 x 40 cut from SHS200 x 16  S355 714 3394 200 90 16 16 339 200 18 67 100
DR-S12 SHS260 x 10  UKB533 x210x92 cut from SHS260 x 10  S355 283.1 5831 260 50 10 10 583.1 2593 25 75 100
DR-S18 SHS260 x 10  UKB533 x210x92 cut from SHS260 x 10  S355 2831 5831 260 150 10 10 583.1 2593 25 75 100
DR-S21 SHS300 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S355 112 400 180 90 125 65 400 180 15 72 90
2-G4 DRHSS-S1 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 112 400 180 90 125 6.5 400 180 12 72 90
DRHSS-S2  SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 112 400 180 90 125 6.5 400 180 15 72 90
DRHSS-S6 SHS180 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 112 400 180 90 125 6.5 400 180 25 72 90
DRHSS-S11 SHS200 x 10  UKB305 x 165 x 40 cut from SHS200 x 16  S690 714 3394 200 90 16 16 339 200 18 67 100
DRHSS-S12 SHS260 x 10  UKB533 x 210 x 92 cut from SHS260 x 10  S690 283.1 5831 260 50 10 10 583.1 2593 25 75 100
DRHSS-S18 SHS260 x 10  UKB533 x210 x 92 cut from SHS260 x 10  S690 283.1 5831 260 150 10 10 583.1 2593 25 75 100
DRHSS-S21 SHS300 x 10  UKB356 x 127 x 33 UKPFC180 x 90 x 26 S690 112 400 180 90 125 6.5 400 180 15 72 90

Note: All specimens in Group 2-G1, except S31 and S32, were selected from the previous parametric study carried out in chapter 4

* h is the clear distance between the split reverce channels in DRCC
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Table 7: Main parameters of the moment-rotation curves and the observed failure

modes
Group Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mod
M J,R,FE M Jj,Rd,FE M Jjult, FE S Jj,in,FE S JFE S JPFE ¢]’,R,FE ¢j,x,FE ¢j,u1t,FE

2-G1  S1 38.8 56.6 86.2 10351.8 3450.6 1318.6 0.0037 0.0059 0.0649 BPO
S2 39.1 57.6 88.3 12170.0 4056.7 1637.4 0.0032 0.0051 0.0548 BPO
S6 394 59.7 96.6 14517.1 4839.0 2138.7 0.0027 0.0043 0.0472 BPO
S11 74.6 73.4 1209 14203.8 4734.6 9145 0.0053 0.0112 0.0813 EPO
S12 63.4 1008 208.6 233134 77711 3605.0 0.0027 0.0038 0.0639 BPO
S15 59.8 88.2 208.7 201763 67254 28919 0.0030 0.0064 0.0728 BPO
S18 59.2 91.3 204.5 184218 6140.6 27253 0.0032 0.0044 0.0759 BPO
S21 39.2 68.8 88.2 74082 24694 13769 0.0053 0.0074 0.0605 BPO
S31 52.8 80.4 173.9 144949 4831.6 2081.5 0.0036 0.0052 0.0838 BPO
S32 238 53.8 96.0 9266.3 3088.8 2058.7 0.0026 0.0030 0.0557 BPO

2-G2  HSS-S1 679 91.7 1339 9996.7 3332.2 1107.2 0.0068 0.0114 0.0914 BPO+DE
HSS-S2 68.3 102.2 1339 11211.8 3737.3 15483 0.0061 0.0095 0.0661 BPO+DE
HSS-S6 719 1221 1453 12968.0 4322.7 2201.7 0.0055 0.0079 0.0632 BPO
HSS-S11 735 89.1 1236 13173.0 4391.0 11544 0.0056 0.0108 0.0686 EPO
HSS-S12 1213 2532 2638 23388.0 7796.0 4917.1 0.0052 0.0064 0.0432 BF+DC
HSS-S18 116.0 230.6 2575 182264 6075.5 3636.0 0.0064 0.0079 0.0545 BF+DC
HSS-S21 69.2 95.1 1314 7247.6 24159 853.7 0.0095 0.0155 0.1020 BPO

2-G3  DR-S1 38.8 54.2 771 8711.7 29039 10919 0.0045 0.0070 0.0647 BPO
DR-S2 39.0 54.8 80.0 10387.5 3462.5 1347.1 0.0037 0.0061 0.0527 BPO
DR-S6 39.1 59.1 849 11893.0 3964.3 1771.7 0.0033 0.0051 0.0496 BPO
DR-S11 78.1 85.7 119.3 124604 4153.5 708.6 0.0063 0.0144 0.0783 EPO
DR-S12 211 * 201.7 10224.3 3408.1 42255 0.0021 0.0021 0.0572 BPO
DR-S18 23.0 * 185.1 9067.5 3022.5 3056.2 0.0025 0.0026 0.0815 BPO
DR-S21 39.8 65.1 77.6 6858.3 2286.1 1061.2 0.0058 0.0089 0.0623 BPO

2-G4 DRHSS-S1 674 86.0 119.5 9050.6 30169 847.0 0.0074 0.0138 0.0898 BPO
DRHSS-S2 632 96.3 120.5 103954 3465.1 1481.8 0.0061 0.0089 0.0663 BPO
DRHSS-S6  68.0 1111 130.0 12159.1 4053.0 19529 0.0056 0.0081 0.0582 BPO
DRHSS-S11 69.9 88.6 1219 12632.1 4210.7 1230.7 0.0055 0.0099 0.0673 EPO
DRHSS-S12 33.3 * 259.0 104544 3484.8 5902.7 0.0032 0.0021 0.0477 BF+DC
DRHSS-S18 46.2 * 2394 9500.1 3166.7 3886.0 0.0049 0.0052 0.0608 BF+DC
DRHSS-S21 65.2 89.9 117.5 68519 2284.0 800.4 0.0095 0.0153 0.0927 BPO

Note: BPO, EPO, BF, DC and DE denote Bolt Pull-Out, End plate Pulled Outwards, Bolt Failure, Deformation in Channel

and Deformation in End plate, respectively.

* M;jrq cannot be found; this moment is corresponding to the secant stiffness, S;, which is equal to one-third of

the initial stiffness
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Figure 28: Comparison of moment-rotation curves from FE models between RCC
and DRCC with and without HSS.
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5.3.1 Effect of Reverse-Channel Material Property on the Response of RCC and
DRCC
The effect of the material property of reverse channel on RCC and DRCC response is
given in Figure 28. This figure includes seven cases ((a) to (g)) and each case
compares the moment-rotation (M-¢) responses of the same connection from four
different groups mentioned in section 5.2 (RCC and DRCC with mild steel and HSS
channel). The steel grade of reverse channel was varied from S355 to S690. Based on
comparison of Figure 28 (a) to (c) and (h), the results indicate that the use of HSS
(S690) reverse channel as part of the joint; compared to mild steel (S355), produced
remarkable increase in both ultimate flexural resistance and the rotational capacity
without compromise to the initial stiffness. From Table 7, it was also noted that the
increase in ultimate flexural resistance for RCC and DRCC was within the ranges of
48.9% to 55.3% and 50.7% to 54.9%, respectively. Nevertheless, the increase in the
rotational capacity for RCC and DRCC was within the ranges of 20.6% to 68.4% and
17.4% to 48.8%, respectively. On the other hand, the failure modes of these joints
were almost identical, irrespective of the variation in steel grade of reverse channel.

One example from the failed connections is shown in Figure 30, where the web of
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the reverse channel was pulled outwards by the bolts at the top (BPO). The webs of
the hot-rolled channel sections are significantly thinner than the flush end-plates (tyc/
t, = 0.542). In case of using mild steel reverse channel (S355), (Figure 30 (a) and
(c)), the reverse channels experienced large deformations and controlled the failure
of connections, due to tyc/ t, ratio. On the other hand, the change of steel grade of
reverse channel to HSS (S690) led channel require more load to deform, thereby
making the connection stiffer and develop high moment resistance. Consequently,

noticeable deformation of the flush end-plate was noted.

Figure 30: Joint general response prior to failure: Bolt’s head pull-out from reverse
channel (BPO) of (a) S1, (b) HSS-S1, (c) DR-S1 and (d) DRHSS-S1
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In Figure 28 (d), the situation is quite different when HSS (S690) is used for reverse
channel; the value of rotational capacity is reduced without sacrificing the initial
stiffness and the ultimate strength values. By comparing the results of specimens S11
and DR-S11 with those of HSS-S11 and DRHSS-S11 in Table 7, the reductions in
the rotational capacity values were up to 15.6% and 14%, respectively. Regarding the
failure modes of these joints, Figure 31 shows that the deformation of the flush end-
plate was more severe in all cases, which in turn caused the failure mode of EPO,
where the flush end-plate was pulled out from the tension bolts. In all cases the ratio
of twc/ tp was quite high (0.88) which resulted in the flush end-plates being the weak
parts, with respect to the reverse channels and the bolts, and controlling the failure
with large deformations. So the use of HSS reverse channel for these joints did not

provide the structural behaviour envisaged.

Similarly, the introduction of S690 steel grade for reverse channel significantly
increased the ultimate flexural resistance value and also reduced the rotational
capacity value (Figure 28 (e) and (f)). The increase in ultimate flexural resistance for
RCC and DRCC was about 26% and 29%, respectively; while the reductions in the
rotational capacity values for RCC and DRCC were within ranges of 28.2% to 32.4%
and 16.6% to 25.4%, respectively. It should be noted that the thickness of flush end-
plate was quite high when compared to the wall thickness of reverse channel (twc/ t,
= 0.40). The failure modes of the tests with mild reverse channels were the bolt pull-
out (BPO) from reverse channel while the tests with HSS reverse channels were bolt
failure with significant deformation in reverse channel. Herein the beam depth may
have a direct influence on the rotational capacity values for RCC and DRCC. Past
research carried out on Northridge steel beam to column connections indicated that

shallow beam connections often show a high plastic rotational capacity than deep
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beam connections. For example, the tested specimens of SAC3, SAC5 and SAC7 in
Phase 1 of SAC Steel Projects (SAC, 1996) and the parametric study carried out on
modified post-Northridge connections (Hedayat & Celikag, 2009) also shown that

the beam depth may have significant effect on connection rotational capacity.
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Figure 31: Joint general response prior to failure: End-plate pulled outwards (EPO)
of (a) S11, (b) HSS-S11, (c) DR-S11 and (d) DRHSS-S11
5.3.2 Comparison between the Behaviour of RCC and DRCC
When the moment-rotation (M-¢) curves of RCC and DRCC are compared, it can be
seen in Figure 28 that in all cases, except (e) and (f), using DRCC produced less
ultimate flexural resistance than the RCC. Moreover, the initial stiffness and the

deformation capacity for DRCC were very similar to those of RCC. In contrast,
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Figure 28 (e) and (f) show a sudden reduction in the initial stiffness for DRCC. This
reduction may be owing to either the effect of depth of beam and/or the clear
distance between the split reverse channels (h). The beam sections used for these
connections were UKB 533x210x92 and the clear distance (h) was 283 mm. This is
the deepest beam considered for this parametric study and the highest clear distance
for DRCC. Therefore, there is need for further investigation of these parameters

which may affect the behaviour of DRCC.

When moment-rotation (M-¢) curves for all the cases are compared in Figure 28 it
becomes clear that the main improvements in moment capacity and rotation capacity
are due to the use of DRCC with HSS channel as opposed to RCC. For example, the
results in Figure 28 (a) to (c) and (h) indicate that the use of DRCC with HSS (S690)
reverse channel produced 33.2% to 38.7% increase in ultimate flexural resistance and
20.9% to 53.1% increase in rotational capacity, without compromise to the initial
stiffness (Table 7).

5.3.3 Effect of the Variation of Clear Distance between the Split Reverse
Channels on the Behaviour of DRCC

In addition to beam depth, the clear distance between the split reverse channels (h) is
another parameter which may have noticeable effect on the DRCC behaviour under
monotonic loading. A number of simulations were performed to investigate the
effects of this parameter on DRCC with varied beam sizes. Three RCC specimens;
S15, S31 and S32, were used for this investigation. The beam sections used were
UKB 533x210%x92, UKB 457x191x106 and UKB 406x178x60 for S15, S31 and
S32, respectively. The values of h were taken as 20, 30, 40 and 50 percentage of the

beam depth. The specimens were labeled as DR20-S15 where DR is double reverse
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channel connection; numbers are the percentage of the beam depth taken for h.

Figure 32 compares the results of changing clear distance (h) on the moment-rotation
(M-¢) curves of DRCC for different beam sizes. Comparing the moment-rotation (M-
@) relationship for the original RCC with DRCC it is clear that the deformation of
DRCC is more than the corresponding RCC, particularly, for the knee and post yield
zone (Figure 32). But as far as the initial stiffness is concerned the DRCC with UKB
533x210x92 and UKB 457x191x106 beams is not capable of achieving similar
initial stiffness as those of RCC. It was noted that there were sudden reduction in the
initial stiffness values, up to 51% (Table 8). For the same beam size the changes in
initial stiffness of DRCC is inversly proportional to the clear distance h (Table 8).
For DRCC with UKB 457x191x106 beam there is 13.3% drop in initial stiffness as
the clear distance h increased from 20 to 50 % of the beam depth. On the other hand,
with the increase in distance h there is reduction in moment capacity values and
fluctuations in values of rotational capacity. Few of the M-¢ curves from Figure 32
are presented in Figure 32 to clearly highlight the possible effect of change in beam
depth on the DRCC M-¢ response for two constant percentage values of h, 20% and
50%. For these percentages, the M-¢ behaviour appears to be similar, whilst the
general behaviour of M-¢ curves may indicate that there is a contribution of beam
depth to the variation in rotation capacity and moment capacity. Therefore, there is
need for further investigation of these types of connections with even deeper beams
to clarify the possible effects of increase in beam depth to M-¢ behaviour of such

connections.
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Table 8: Comparison of RCC and DRCC with varied clear distance (h) between the split
reverse channels in terms of M; uitre, Sjinre, @.urre and the observed failure modes

Specimen M ;g SjinrE B it Fe Failure mode
S15 208.7 20176.3 0.0728 BPO
DR20-S15 2045 103319 0.0631 BPO
DR30-S15 201.1 9905.5 0.0647 BPO
DR40-S15 202.0 9373.6 0.0671 BPO
DR50-S15 2003 84989 0.0631 BPO
S31 1739 144949 0.0838 BPO
DR20-S31 169.7 7181.0 0.0776 BPO
DR30-S31 1669 69644 0.0788 BPO
DR40-S31 165.6 6420.7 0.0838 BPO
DR50-S31 1603 6226.3 0.0811 BPO
S32 96.0 9266.3 0.0557 BPO
DR20-S32 94.9 9203.1 0.0579 BPO
DR30-S32 92.3 9069.2 0.0549 BPO
DR40-S32 90.7 9124.0 0.0573 BPO
DR50-S32 88.3 8674.7 0.0603 BPO

Note: BPO denotes Bolt Pull-Out.
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Chapter 6

MATHEMATICAL MODELING OF M-¢
RELATIONSHIP OF RCC

6.1 General

Connections need to be strong enough with adequate rotation capacity in order to be
cable of successfully transferring the forces and undergoing any required
deformation without distress. Hence, there are rules already established for
connection adequacy under statics or dynamic loading and further rules are needed
for newly proposed connections. Since early 1930, the beam-column connections
research had been focused on the moment-rotation characteristics, which correspond
to its actual behavior. The experiments done have clearly demonstrated that all joints
exhibit a certain degree of flexibility to an applied loading and they behave in
nonlinearly manner. This proves that most of the beam-column connections in
practice are semi-rigid. In recent years, much effort has been focused on determining
the moment-rotation (M-¢) relationships of various semi-rigid connections. For the
purposes of either predicting the connection behavior or incorporate the behavior into
a frame analysis computer program, the results of moment-rotation (M-¢) curves
were then modeled by using mathematical representation. In this chapter, the
methods of modeling moment-rotation curves and several commonly used

connection models are described.
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6.2 Mathematical Modeling of Moment-Rotation Curve

Since the early studies, the mathematical modeling of moment-rotation curves for
semi-rigid connections have been developed by using different relationships, which
was dependent on the degree of accuracy required in the semi-rigid frame analysis.
Table 9 shows numerous past attempts to represent the moment-rotation curve in
mathematical form. Through this table, a comparison of these forms along with their
advantages and drawbacks are demonstrated. It should be noted that the non-linear
model efficiently agree with the dotted line which implies that it adequately

represents the moment-rotation collected from test data.

6.2.1 The Non-linear Moment-Rotation Models

The non-linear representation of the connection M-¢ relationship shows sufficient
reliable representation of the key parts of the connection behaviour. As reflected in
the available literature, a number of models were proposed on this basis to model M-
¢ curves. Namely, they are the polynomial model, the cube B-spline model, the
bounding line model, the power model and the exponential model. In addition, for
design purpose, the Eurocode 3-(revised) Annex J (CEN, 1997) suggested a non-
linear M-¢ curve, which is very close to tri-linear behaviour, with plastic rotational
stiffness equal to zero. Table 10 briefly elucidates on some of these models along
with the relevant equations. Only a few of these models are close to demonstrating
the characteristics of moment-rotation behaviour through the full range of
loading/rotation (Chisala, 1999). For example; the polynomial model may vyield
negative tangent stiffness at some value of connection moment. In addition, the
parameters implemented in this model have very little physical meaning (Mohamadi-

shooreh & Mofid, 2008). Despite the high level of accuracy of the multi-parameters
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exponential function in curve-fitting process, they need a large domain date which
makes them difficult to use. As a rule of thumb, a good mathematical function should
be simple with few parameters, easy in determination of these parameters, capable of
representing a wide range of connection types, physically meaningful, numerically
stable and containing no negative first-derivative (Chan & Chui, 2000).

6.2.2 Modelling Functions

Based on literature survey (Table 10), it is clear that some models are better than
others in terms of accuracy and convenience. Therefore, there is necessity to select
adequate and accurate function to represent RCC behavior in order to be used in
computerized structural analysis. The selection of the adequate model has to be based
on the comparison of the curve fitting results with the available experimental ones.
Hence, six models; Ang-Morris (1984), Kishi-Chen (1987), Yee-Melchers (1985),
Chisala (1999), Richard-Abbott (1975) and Wu-Chen (1990); were fitted to the
dimensionless forms of experimental results by Wang and Xue (2013). The
optimization toolbox (solver add-in) implemented in Excel was adapted to fit the
experimental data. The method used in this tool is the GRG (Generalized Reduced
Gradient) algorithm which considered as one of the most robust nonlinear
programming. The objective function was to minimize the square of residuals of the
data points relative to the fitted function. In order to measure the goodness and
accuracy of the fit, the coefficient of determination (R?) and standard error of

estimate (Sym or Su.4) were measured. On the basis of these values, the best fitted

formulation is the one having bigger R? with less SM.g
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Table 9: Comparison of different mathematical representations for the (M-¢) curve

(Chan & Chui, 2000, Faella, Piluso, & Rizzano, 2000)

Type of Model Name References Advantages Drawbacks
Batho and co-workers The simplest - Inaccurate in
M _ (1931,1934,1936) model. the large
.7 Baker (1934) One parameter is deflection
e Rathbun (1936) required; the range.
,’/ Linear Monforton and Wu initial stiffness.
4 (1963)
Arbabi (1982)
Chan (1994)
¢
Lionberger and Simple to use. - The change of
Weaver (1967) Shows significant stiffness in
M Romstad and improvement the knee
Subramanian (1970) than linear region of (M-
oid Maxwell et al. (1981) model. @) curve not
K . Bi-linear Melchers and Kaur Three parameter being able to
) (1982) are required; the account.
Sugimoto and Chen initial stiffness,
. (1982) post-yield
¢ Lui and Chen (1983) stiffness and
plastic flexural
resistance.
M Moncarz and Gerstle Shows significant |- Required
(1981) improvement many
Vinnakota (1983) than bi-linear parameters.
% Multi- Razzaq (1983) model.
linear Stelmack et al. (1986) Have a very clear
Gerstle (1988) physical
meaning.
¢
Frye and Morris Very high degree |- Some
(1975) of accuracy. proposed
Krishnamurthy et.al Some proposed models
(1979) models have a contain
M Jones et al. (1980) very clear negative first-
Colson and Louveau physical derivative and
(1983) meaning. they are
Non- Ang and Morris The change in numerically
linear (1984) stiffness is clearly unstable.
Lui and chen (1986) accounted.
Yee and Melchers
> (1986)
¢ Kishi and Chen
(1987)

King and Chen (1993)
etc....
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Table 10: Different non-linear M-¢ models (Chan & Chui, 2000, Faella, Piluso, & Rizzano, 2000, Mohamadi-Shoore & Mofid, 2011)

Type of Model Model Name Year Function No. of Remarks
Parameters
) 5 s Cy, C,and C; can be determined from curve —fitting.
Frye-Morries | 1975 ¢ =C(KM)+C,(KM)” +C3(KM) 4 K is a standardization parameter depending on the
Polynomial Model geometr_lcal and mechanical properties of the
. . ) 5 connection. _ . _
Picard-Giroux | 1976 ¢ =C1(KM)—-C,(KM)~ +C;(KM) 4 The tangent connection stiffness may become negative
at some value of connection moment M.
1936 C and « are two curve-fitting parameters
Two- t = “ 2
wo-parameter | -0 $=CM (C>0anda >0)
Colson-L 1983 ¢ = M__1 3
orson-Louvead K; 1_||v|/|v|u|” Ki is the initial connection stiffness.
v 1 M, is the ultimate moment capacity.
Kishi and Chen | 1987 b= ¥ 3 " Is the shape factor.
i [1_ (M/M u) ]L/
Ramberg- _ M 1+ K(M/K )"t K is expressed by means of the bending moment giving
Power Model Osgood 1943 ¢ K, ( (M/K)™) 3 rise, after unloading, to a permanent rotation.
¢, and (KM), are constants defining the position of
Ang-Morris 1984 9 _ |KM | 1+( |KM | )yt 3 intersection point on the curve.
¢, (KM), (KM), K is a dimensionless factor dependent on the connection
type and geometry.
(Ki —K,)lg|
M= : : TR +K p|¢| K, is the strain-hardening stiffness.
Richard-Abbott | 1975 L (K —K,)lg| 4 M, is a reference moment.
+ [, L .
M,
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Table 10: (Continued)

No. of

Type of Model Model Name Year Function Parameters Remarks
|¢| - M, isthe initial moment.
. 19861 -« s the scaling factor.
M=M, l-ex K
Luirand Chen 988 +JZ:C { ¢ p( )} - "|¢| 4 - C;is the curve-fitting coefficient.
- n is the number of terms considered.
Yee and _ ¢ - Cis constant controlling the slope of the
Exponential Melchers 1986 M = |\/|“(1_e)(p(_|\/|_(Ki ~Kp+Co)+K,y ¢ 4 curve.
Model u
M _ o Kid | | -~
Wu and Chen | 1990 =n(In ) 3 - nis determined empirically from test data
u M u
Chisala 1999 =(M, +K, #)1- exp(——= '¢)) 3 - M, is the intercept-constant.

Table 11: Coefficient of determination and standard error of estimate: comparison between fitted models of RCC

Test Ang-Morris Model Kishi-Chen Model Yee-Melcher Model Chisala Model Richard-Abbott Model =~ Wu-Chen Model
R S, RY Sy, RY Sy, R s,, R s, RY Sy,

1 0.848  1.429 0.978 0.052 0.732 0.184 0.732 0.184 0957 0.074 0.584 0.229

2 0930 0.709 0.965 0.097 0919 0.147 0918 0.148 0971  0.088 0.909 0.156

3 0914 1.800 0.927 0.130 0910 0.144 0910 0.144 0972  0.080 0.872 0.171

4 0.803  1.829 0.968 0.060 0.701 0.184 0.701 0.184 0941  0.082 0.538 0.229

5 0.781  1.240 0.959 0.065 0.493 0.229 0.492 0.229 0926  0.087 0.596 0.205

Note: S, y denotes standard error of estimate of ¢/@;, on M/M g, S, , denotes standard error of estimate of M/M ;z on ¢/4; .
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The comparison between fitted models is summarized in Table 11. In addition, the
normalized moment-rotation (M-¢) curves for Test 1-5 with fitted models are also
given in Appendix C, Figures C1 to C5. It can be seen from Table 11 that the Kishi-
Chen function has the best agreement with the data when compared to other
functions, since it has bigger R? with less Sm.¢ While, the Richard-Abbott model has
the second rank with its satisfactory fit. Therefore, Kishi-Chen and Richard-Abbott
models are adopted in this study to represent the M—¢ characteristics of RCC.

6.2.3 The Kishi and Chen Model (Three-Parameter Power Model)

The model developed by Kishi and Chen (1987) depends on three main parameters:
the initial stiffness (Sjin), the ultimate moment capacity (M;u:) and the shape
parameter (n). This model is found suitable and adjustable for representing the
realistic behaviour of semi-rigid connections, especially for single and double web-
angle connections and top- and seat angle connections with or without double web
angle (Chen & Kishi, 1989). Later, Abolmaali et al. (2005) found out that Kishi and
Chen model is also adequate to use for flush end-plate connections with one row of

bolts.

The three-power model can be expressed as:

M = Sj,in ¢
[1_ (Sj,in ¢/M j’un)n]l/n (6)

Bahaari and Sherbourne (1997) suggested that, for design purposes, in order to
eliminate the dimensional effect, it is desirable to represent the function in
normalized manner. Therefore, the plastic flexural resistance of the joint, Mg, and
the corresponding rotation, ¢ g, (Figure 16) are selected to normalize the moment

and rotation axes, respectively. Equation (6) can be rewritten in normalized form as:
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#
M, = -
[1_(¢n /M j,ult,n)n]]/ (7)

where, M,=M/M;r and ¢=¢/@r: are normalized moment and normalized rotation,
respectively. M;uen= M;jut /Mjr is normalized ultimate moment capacity.

6.2.4 The Richard-Abbott Model

The model proposed by Richard-Abbott (1975) requires four parameters: the initial
stiffness (S;in), the post-yield stiffness (Sjp), the intercept-constant or the plastic
flexural resistance of the joint (M;r) and the shape parameter (n). Despite the fact
that this model needs four parameters, it always provides a positive stiffness and
gives good fit to the knee region due to the fitted curve being forced to pass through
the points before and after the knee region (Bahaari & Sherbourne, 1997).
Furthermore, it was found adequate and applicable to predict the key parameters of
semi-rigid connections bi-linear behaviour, especially those with a strain-softening

behavior (Chan & Chui, 2000). The model can be represented as:

(Sjin—Sjp)d
M = M S o ®)
[1+ (Sj,in_sj,P)¢ ]

M i.R

Similar to Equation (7), the normalized form of equation (8) can be expressed as:

1-S::.)0,
Ivln = ( LP. )¢ +Sj,P,n¢n (9)

[1+\(1—sj‘p,n)¢n “T/n

where S;pn= Sjp.4r /Mg is the strain-hardening stiffness of dimensionless curve.
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6.2.5 Model Suggested by Eurocode-3

The moment-rotation curve offered in Eurocode 3-(revised) Annex J (CEN, 1997) is
characterized by three behavioural ranges: the linear elastic region, the transition
(non-linear) region and perfectly plastic region. As illustrated in Figure 34, the
suggested curve is very close to tri-linear behaviour with plastic rotational stiffness
equal to zero. The first region is valid when the bending moment experienced by the
connection is less than the maximum elastic joint moment resistance defined as 2/3
Mird. The slope in this case is taken equal to the initial stiffness S;;,. In the second

region, non-linear part, the behaviour can be described as:

jini 2
M=—"2 4 for IMing <M <Mjpg (10)

Where, the parameter  is the shape factor which is mainly dependent on the
connection geometry. It is suggested to be equal to 2.7 for the welded connections
and end-plate connections, while for top and seat angle connections the value of 3.1
is recommended (Faella, Piluso, & Rizzano, 2000). Finally, the third region defined
by the secant rotation, S;, which is equal to 1/3 of S;;, for y = 2.7 and 1/3.5 of S;;;, for
vy = 3.1. In this case, the bending moment is equal to the design resistance M;grg. It
should be noted that the change of stiffness in the knee region of M-¢ curve is

characterized by post-yield rotational stiffness, Sjp, as follows:

Sjini
Sip=——"5" (11)
35" )

producing Sjp equal to 1/7 of S;;, for y = 2.7 and 1/8.5 of §;;i, for y = 3.1.
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¢ ¢

Figure 34: The Eurocode 3 representation of the moment-rotation curve (Faella,
Piluso, & Rizzano, 2000)

In order to examine the EC3 Annex J model for RCC, a comparison between the
EC3 Annex J model and experimental results by Wang and Xue (2013) was carried
out to evaluate this model in terms of accuracy and convenience. The results of this
comparison are depicted in Figure 35, where the design moment resistance of the
joint, Mjrq, is evaluated by means of the secant rotation, S;, which is equal to one-
third of the initial stiffness. This implies that the shape factor () is equal to 2.7,
which is recommended for end-plate connections. According to Figure 35 (a), (c) and
(d), which are for Tests 1, 3 and 4, respectively, it should be noted that the suggested
formulation of Eurocode 3-(revised) Annex J leads to satisfactory agreement with
experimental M—¢ curves. While, the Eurocode 3 formulations of Test 2 and 5
(Figure 35 (b) and (e)) resulted in a significant overestimation of the knee region
behaviour. This raises the necessity for more investigation on the suitability of shape
factor value of 2.7 and the equation for finding the secant rotation, Sj, which

correspond to M rq for RCC.
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6.3 Mathematical Function of RCC

6.3.1 Selection of Parametric Study Cases

In order to develop the standardized moment-rotation function for RCC, different
ranges of geometric parameters were selected based on recommendations of
handbooks and practical details of flush end-plate connections. According to the
work done by Bahaari and Sherbourne (1997), the geometrical parameters could be
selected in non-dimensional form with respect to particular parameters; such as beam
depth (Krishnamurthy, Huang, Jeffrey, & Avery, 1979) or end-plate width (Kukreti,
Ghassemieh, & Murray, 1990) so that the standardized equations do not depend on
unit. It is also possible to choose ranges of geometrical parameters and then the
standardized equations could be presented in non-dimensional form. The following

ranges of geometrical parameters for RCC components were selected (Figure 36):

1. Six standard column sections: SHS 260x10, SHS 250%x10, SHS 200%x10, SHS
180x10, SHS 160%10 and SHS 140x%10.

2. Five standard beam sections: UKB 457x191x106, UKB 406x178x60, UKB
356%127x33, UKB 305%165x40 and UKB 254x102x28.

3. Six flush end-plate thicknesses (t): 12, 15, 18, 20, 22 and 25 mm.

4. Six gage distances (g): 70, 80, 90, 100, 120 and 140 mm.

5. Six bolt pitches (ps): 40, 45, 50, 60, 80 and 100 mm.

6. Six channel flange thicknesses (t): 8, 10, 10.5, 12, 12.5 and 14 mm.

7. Seven channel web thicknesses (twc): 6, 6.5, 7, 7.5, 8, 10 and 12 mm.

8. Four values of channel width (m): 75, 90, 100 and 120 mm.

9. Three bolt diameters (dpor): 16, 20 and 24 mm
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Figure 36: General description of the geometrical parameters used in parametric
study

The width and the height of flush end-plate were taken according to the assumptions
given by Mohamadi-shooreh and Mofid (2008); these assumptions were based on the

results of an industrial survey and the steel structures design handbooks.

W, =W, + max{30mm, 2tp} (12)
h =h somm 2z, ot
p =My + max mm, p,m (13)

For the sake of simplicity, it was assumed that the heights of channel and flush end-
plate were equal, the ratio of flush end-plate width to channel width was kept to a
minimum value of 0.89 and the minimum value of the ratio of reverse channel depth

to SHS width was kept equal to 0.72 (AlHendi & Celikag, 2015).
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Since the steel grade of the beam and end-plate has no effect on the initial stiffness
(Mohamadi-Shoore & Mofid, 2011), S355 steel grade was used for beams, columns,
flush end-plates and channel sections and Grade 8.8 was used for standard M20

bolts.

It was found that 18,144 separate RCC combinations would correspond to the
selected ranges of aforementioned parameters. A part of this huge number of
combinations could be eliminated due to not being practical. For this reason,
practical instructions and limitations suggested by Mohamadi-shooreh and Mofid

(2008) were applied as follows:

w, —g

1. For gage distance (g): tu + 20,0 +30mm< g and1.5d,,, <

i h, — 2t
2. For bolt pitch (p): dpor +20mm< p; and 1.5d,,, < — > ®_p,

3. For flush end-plate thickness (tp): 0.71<2.5t,\/z/Z, <2 and 1.17<d,,,/t, <1.96

where, z is the vertical distance between the tension bolt center and centerline of

compression flange, Z;, is the beam plastic modulus.

Consequently, 140 specimens of RCC were considered in the parametric study, since
they were the most practical specimens. Tables A.1-A.5 (Appendix A) summarizes
the dimensions of these joints. Based on the beam sections, all joints were divided
into sets (Setl to Set5). The finite element models for all sets were prepared
according to section 3.3. The main parameters, as defined in section 3.3.3, and failure

modes obtained from finite element models are given in Tables A.6-A.10 (Appendix
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A). Moreover, Von Mises stress contour of selected joints prior to failure are
illustrated in Figures B1-B8 (Appendix B).

6.3.2 Normalized Moment-Rotation Function

The graphs in Figure 37 illustrate the moment-rotation curves for Setl to Set5. As
already stated in section 6.2.3, it is desirable to represent the moment-rotation curves
in normalized manner in order to eliminate the dimensional effect. Therefore, the
moment and rotation axes of Figure 37 are normalized by the plastic flexural
resistance of the joint, M;r, and the corresponding rotation, ¢, for each curve,
respectively. As an example, the normalized form of the moment-rotation curves for
Set4 (Figure 37 (d)) is shown in Figure 38.

6.3.3 Standardized Function of RCC

On the basis of the derivation of a standardized moment-rotation function for RCC,
the Kishi-Chen (1987) and Richard-Abbott (1975) functions were fitted to the
dimensionless forms of numerically measured moment-rotation curves of Figure 37.
With the objective function of minimizing the square of residuals, the goodness and
accuracy of the fit were computed by measuring the coefficient of determination (R?)
and standard error of estimate (Sw.4). The results indicated that the coefficient of
determination (R?) of the Kishi-Chen and Richard-Abbott functions fits were within
the ranges of 0.897 to 0.999 and 0.980 to 0.999, respectively, while the standard
error of estimate (Su.,) were within the ranges of 0.010 to 0.495 and 0.009 to 0.176,
respectively. By considering these ranges, it is asserted that the Richard-Abbott
function is capable of achieving accuracy when compared to that of the Kishi-Chen
function. Further comparison of the Kishi-Chen and Richard-Abbott functions is also

illustrated in Figure 39; where three RCC, with low, medium and high initial
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stiffness, were selected from each set. It can be seen that the Richard-Abbott fits

were better than those of Kishi-Chen in all cases.
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Figure 37: Moment-rotation curves from FE models for RCC: (a) Setl, (b) Set2, (c)
Set3, (d) Set4 and (e) Setb

91



4.5 6
(@) (b)
4 4
5 .
3.5 A
3 4 -
o« 3
E"‘ 2.5 4 E 3
~ 5 ~
S S
1.5 4 2
1 -
- 14
05 4 Beam Section Beam Section
UKB457x191x106 UKB406x178x60
0 T T ‘ T T 0 ‘ T ‘ T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
¢/ br b/ bir
3 4.5
(c) (d)
4 .
2.5
3.5 4
2 3
& «
3 S 25 A
-..S\ 1.5 s
~ 5
S =
1 1.5 A
1 4
0.5 -
0 UKB356x127x33 UKB305x165x40
T T T 0 T T T T
0 5 10 15 20 0 10 15 20 25
¢/ bir ¢/ ir
1.8
1.6
1.4
1.2
il
s 1
~
lé 0.8
0.6
0.4
0 UKB254x102x28
0 10 15 20 25
¢/ br

Figure 38: Normalized form of moment-rotation curves: (a) Setl, (b) Set2, (c) Set3,
(d) Set4 and (e) Sets

92



{4/~ Fitted Kishi-Chen Model

/" ——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of S30

g 12 20
¢/ 9r

‘ff‘;/—-- Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of S74

20
¢/ b

1(Medium S,

Setl el

j,in

# — Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model

—FE simulation of $S49

fffff Eurocode 3-(revised) Annex J

8 12 16
¢/ br

20

1Set2 P

(Medium S; ;) o

AT
7/~ Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model

----- Eurocode 3-(revised) Annex |

—FE simulation of S68

16

g 12
¢/ b,

93

20

- Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
T Eurocode 3-(revised) AnnexJ
—FE simulation of S27B

0 2

4 6
¢/ b

10

—-- Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
--—-Eurocode 3-(revised) AnnexJ

—FE simulation of S58

2

8 1
¢/ br



M;
o
wu

" —Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of S91

T

5 10
¢/ br

15 20

I 7. Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of $125

5 15

10
¢/ b

20

M/MLjri

2.5

[

0.5

1(Medium S; ;) -

Set3

,”‘;l’
7 Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model

----- Eurocode 3-(revised) Annex J
—FE simulation of S100
T T

5 10 15
¢/ br

1(Medium S, ) a

Set4d e

—-- Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of 5142

5 15 20

10
¢/ br

94

—-- Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model
----- Eurocode 3-(revised) Annex J
—FE simulation of S107

5 10
¢/ br

15

— - Fitted Kishi-Chen Model
——Fitted Richard-Abbott Model

----- Eurocode 3-(revised) Annex J

—FE simulation of S137

5 15

10
¢/ br

20



1.8 1.8
Set5 1.8 {Set5 Set5
1.5 i - 1.5 :
15 (Medium S; ;) e (High S, ;,)
= 1.2 ) x1.2
3 S 1.2 s
~ ~
0.9 S 09 - S 0.9
0.6 — . Fitted Kishi-Chen Model 0.6 - —- Fitted Kishi-Chen Model 0.6 —- Fitted Kishi-Chen Model
0.3 ——Fitted Richard-Abbott Model ——Fitted Richard-Abbott Model ——Fitted Richard-Abbott Model
=~ - Eurocode 3-(revised) Annex J 03 4  — Eurocode 3-(revised) Annex 031/ Eurocode 3-(revised) Annex J
0 —FE simulation of 5149 0 —FE simulation of S157 0 —FE simulation of $163
T T T T T T T 1 I I I
5 10 15 20 5 10 15 20 25 4 6 10
¢/ br P/ br ¢/ br
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In order to derive the standardized moment-rotation function for RCC, it was
required to express the normalized form of Kishi-Chen parameters (Mjuitn, Mjr, ¢ir,
and n) and the Richard-Abbott parameters (Sjpn, Mjr, @r, and n) in terms of

geometrical properties of a connection as follows:

m

Mjr=]]a?: ¢1,R:Hq?j (14)
J:

j=1
= . = dj

Mj,ult,nZquJ’ n=quJ (15)
j=1 j=1

Sien=][af n=]]a} (16)
=1 j=1

i

In Egs. (14-16), g; is | size parameter; a;, b, ¢j, d;, € and f; are exponents that
indicate the effect of the j" geometric parameter and m is the number of connection
geometric parameters considered. The coefficients (a;-fj) can be obtained by multiple

linear regression analysis after taking logarithms of both sides of Egs. (14-16).

Regarding the independent variables involved in the empirical formulations of RCC,
these variables (Figure 36) were identified as follows: h, = overall depth of beam; ts,,
tr. = flange thickness of beam and channel, respectively; ty, twc = web thickness of
beam and channel, respectively; m = width of channel; t, = flush end-plate thickness;

g = gage distance; ps = bolt pitch and dpo: = nominal bolt diameter.

The following expressions were derived for the Kishi-Chen and Richard-Abbott

functions parameters:
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Nkishi-chen =

o LB7BxL0° (dyor) () 20ty /1) (M) O /10) (9 )
j.p.n (twb/hb)2'634(twc)0'836(pf /dbon)o.na (21)

Ne. _ 18'822(db0|t)70'187(hb)70'296(t " /hb)*0-422(tp /twc)o_lsz
I (tuo /1) %0t ) %0 (22)

The ability of the proposed equations (Eqgs. 17-22) to represent the normalized form
of Kishi-Chen and Richard-Abbott parameters are demonstrated in Figure 40, where
the results obtained from these predicted functions compared to the actual results
obtained from the finite element analyses. The bold line drawn with a slope of 1:1
and the values on this line is defined as a perfect fit. In this figure, two lines showing
the £20% error limits are also indicated. Moreover, the coefficient of determination
(R?) and standard error of estimate of predicted values on those of actual (Sp.4) were

measured.
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Equations 17, 19 and 21 show very good predications as the R? values were close to
unity (Figure 40 (a), (c) and (e)). On the other hand, the coefficient of determination
of Eq. (18) was R? =0.635 (Figure 40 (b)) since the rotation corresponding to plastic
flexural resistance of the joint, 4gr, is a very sensitive parameter. Even for,
presumably, identical connections, experimental results of ¢r may vary considerably
depending on the loading technique and material differences. Therefore, this
correlation factor was deemed acceptable. The poor distribution of ¢r affects the
normalized shape parameters, Nkisni-chen @Nd NRichard-abbott, O Which the coefficient of
determination was also relatively low.

6.3.4 Comparison between Numerical M—¢ Curves and the Model Suggested by
Eurocode-3

The suitability of model suggested by Eurocode 3-(revised) Annex J (CEN, 1997)
and mentioned in section 6.2.5, with shape factor value of 2.7, was examined with
the dimensionless forms of numerically measured moment-rotation curves of Figure
37. The design moment resistance of the joint, Mjrq, is evaluated by means of the
secant rotation, S, which is equal to one-third of the initial stiffness. The results of
this comparison shows that the suggested formulation of Eurocode 3-(revised) Annex
J leads to satisfactory agreement with the numerical M—¢ curves in 53 out of the 140
cases and significant overestimation of the knee region behaviour in 87 out of the
140 cases. Figure 39 illustrates part of this comparison for three RCC with, low,
medium and high initial stiffness selected from each set. It should be noted that the
variation in the knee region occurs for RCC with low initial stiffness which in turn
resulted in higher design moment resistance of the joint, Mjrq. Therefore, there is

need for further investigation to describe the behaviour of RCC, particularly for the
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knee region, in order to codify the equation for the secant rotation, S;, which

correspond to Mjgg.
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Chapter 7

CONCLUSION AND RECOMMENDATIONS FOR
FUTURE WORK

7.1 Summary

The significance of this parametric study initiates from the need for further
understanding of the behaviour of semi-rigid/partial-strength I-beam to tubular
column connections. This research attempted to gain a qualitative understanding of
the influence of the geometrical configurations of reverse channel connections
(RCC) on the moment-rotation (M-¢) response. These geometric parameters include;
the thickness of flush end-plate, the wall thickness of reverse channel cut from hot-
rolled square hollow sections (SHS), the ratio of flush end-plate thickness to the wall
thickness of reverse channel, the width of hot-rolled reverse channels, the ratio of
reverse channel depth to SHS width for different types of channel, the nominal bolt
diameter and the gage distance. Furthermore, this study reported the possible
achievements on moment-rotation (M-¢) characteristics of reverse channel flush end-
plate connections (RCC) by using HSS reverse channel under monotonic loading. It
also introduced a double reverse channel connection (DRCC), where the reverse
channel is split into two pieces, by leaving a gap in between, for better access to
bolts. On the other hand, a standardized moment-rotation functions for reverse
channel flush end-plate connection (RCC) were developed for the purposes of either
predicting the RCC behavior or incorporating the behavior into a frame analysis

computer program.
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ABAQUS (v.6.12) software was used to develop three-dimensional (3-D) FE
models for 200 specimens. The FE models developed were validated against the
experimental results available from literature where 268 FE models were used for
sensitivity analysis. The main emphasis of this research was on the stiffness,
strength, sources of deformability, rotational capacity and failure mechanisms of the

RCC.
7.2 Conclusion

Based on the results of this study, the following are the conclusions:

1. RCC joint is subjected to large rotation and deformation and the contacts
between components are complicated which generate numerical convergence
difficulties. Therefore, the use of explicit dynamic solver, implemented by
ABAQUS, to analyze the behaviour of RCC joints can be considered as an
efficient tool. For verification of finite element simulations, attention should
be paid to loading duration in order to ensure a quasi-static response, the
mesh size and the friction coefficient. In addition, the failure mode and the
main characteristics, which define the moment-rotation (M-¢) relationship,
such as, the initial stiffness, the ultimate flexural resistance and the rotational

capacity have to be in good agreement with the experiments.

2. The ultimate flexural resistance and the initial stiffness of RCC joint increase
with the flush end-plate thickness while the rotational capacity dramatically

decrease.

3. The ratio of wall thickness of channel to the thickness of flush end-plate is the
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key for the rotational capacity of RCC connection. It is recommended to keep

this ratio equal to 1.0 in order to achieve sufficient ductility.

For the same configuration of RCC, as the width of reverse channel increase

the rotational capacity will also notably increase.

. The ratio of channel depth to SHS width controls the deformability of the
column face and also the rotational capacity of RCC connection. The
deformations of the face of SHS columns became more severe with decrease
in the ratio of channel depth to SHS width to less than 0.72. Therefore, the
minimum value of this ratio is recommended to be kept equal to 0.72 in order

to prevent the excessive deformation of the column face.

Having achieved high stiffness, strength, rotational capacity and ductility, the
RCC had proven itself as a robust connection, particularly in terms of
rotational capacity and ductility. All tests were able to achieve a rotational
capacity beyond the minimum 0.03 rad, which is considered sufficient for full
plastic design. In most cases it achieved a rotation of more than 0.06 rad and

in one case 0.16 rad.

. The failure of RCC can occur at the reverse channel, bolt or flush end plate.
The key for the failure of RCC was the ratio of wall thickness of channel to
the thickness of flush end-plate (t.c/ tp). For RCC with beam serial size of up
to UKB406x176 the tyc/ t, ratio was up to 0.542 and the failure observed at
reverse channel. When HSS (S690) reverse channel was used as part of the

joint, this lead to remarkable increase in both ultimate flexural resistance and
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11.

the rotational capacity, without compromise to the initial stiffness.
Consequently, the reverse channel and flush end plate experienced large

deformations and they controlled the failure of the connection.

DRCC was introduced instead of RCC with the intention of providing better
access for tightening bolts, particularly when deep beams are connected to
reverse channel. Two tension bolts flush end plate connection was used
throughout this study hence the beam depth was limited to serial size
UKB533x210. The results indicate that for the DRCC using beams of up to
UKB406x176 size had produced less ultimate flexural resistance and very
similar initial stiffness and deformation capacity when compared to those of

RCC.

The use of DRCC with HSS (S690) reverse channel, as opposed to RCC,
resulted in increase in ultimate flexural resistance and rotational capacity of
up to 38.7% and 53.1% respectively, without compromise to the initial

stiffness.

As the clear distance between the split reverse channels (h) increased the
deformation of DRCC also increased. This can be observed from the change
in the knee and post yield zone in moment-rotation (M-¢) response.
Therefore, it is recommended that h should be kept at a minimum 20% of the
beam depth, as considered in this study, and at the same time h should be

practically adequate for bolt accessibility.

Among the currently available functions, the Kishi-Chen and Richard-Abbott
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models are proved appropriate for fitting experimental moment-rotation data
for RCC. The two functions were successfully used in this parametric study
to express the M-¢ relationships for 140 specimens, where the analytical and
predicted data are in very good agreement. Comparisons were presented
between the fitted functions and the results indicated that the Richard-Abbott
function, in dimensionless form, provides more accuracy than Kishi-Chen

function.

With the aim of examining the suitability of the representation of moment-
rotation curve suggested by Eurocode 3 in its Annex J for RCC, the
comparison of this model with numerical M-¢ curves illustrated a significant
overestimation of the knee region behaviour for most of the cases,

particularly for RCC with low initial stiffness.

7.2 Recommendations for Future Work

This thesis was step towards establishing the requirements for the design of semi-
rigid/partial-strength 1-beam to tubular column connections and it was also trying to
contribute to the development of a simple and accurate moment-rotation (M-¢)
relationship for the purpose of structural design and elastic-plastic analysis.
Following the above concluding remarks the author would like to highlight the fact

that more research is needed towards for:

Investigating the behaviour of RCC and DRCC under cyclic loading, since
the outcomes indicate that these types of connections have good potential to

achieve sufficient strength and ductility.
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Examining the behaviour of RCC and DRCC with beams deeper than the
ones considered in this study. So that a more general approach for the design

guidelines of RCC and DRCC can be established.

Developing moment-rotation (M-¢) model for RCC by considering the effects
of different steel grades for the purpose of structural design and elastic-plastic

analysis.

Examining the suitability of the representation of moment-rotation curve
suggested by Eurocode 3 in its Annex J for RCC in order to codify the

equation for the secant rotation, S;, corresponding to M; .
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Table A.1: Schedule of RCC dimensions of Setl in the parametric study

Set  dpoe Specimen Column Section Beam Section Channel Endplate
No. (S355) (S355) Section h¢ Wc m e twe h, wp tp pr g
S27B SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 140.0
S28B SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 140.0
S29B SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 120.0
S30B SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 12.0 7.0 519.2 244.0 25.0 100.0 120.0
16 S31 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 120.0
S32 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 100.0
S33 SHS250 x 10 UKB457 x 191 x 106 cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 100.0
S34 SHS250 x 10 UKB457 x 191 x 106 cut from SHS250 x 12.5 513.2 250.0 100.0 125 125 513.2 238.0 22.0 50.0 100.0
S35 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 120 7.0 519.2 244.0 25.0 100.0 90.0
S36 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 90.0
S37 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 140.0
S38 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 140.0
S39 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 120.0
S40 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 120 7.0 519.2 244.0 25.0 100.0 120.0
Setl 20 S41 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 120.0
S42 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 100.0
S43 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 100.0
S44 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 100.0
S45 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 12.0 7.0 519.2 244.0 25.0 100.0 90.0
S46 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 90.0
S47 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 140.0
S48 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 140.0
S49 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 140.0
S50 SHS250 x 10 UKB457 x 191 x 106 cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 120.0
24 S51 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 120 7.0 519.2 244.0 25.0 100.0 120.0
S52 SHS250 x 10 UKB457 x 191 x 106  cut from SHS250 x 12.5 513.2 250.0 100.0 12.5 125 513.2 238.0 22.0 50.0 120.0
S53 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 90 x 35 513.2 260.0 90.0 14.0 8.0 513.2 238.0 22.0 60.0 100.0
S54 SHS250 x 10 UKB457 x 191 x 106 cut from SHS250 x 10  519.2 250.0 120.0 10.0 10.0 519.2 244.0 25.0 80.0 100.0
S55 SHS250 x 10 UKB457 x 191 x 106 cut from SHS250 x 12.5 513.2 250.0 100.0 125 125 513.2 238.0 220 50.0 100.0
S56 SHS260 x 10 UKB457 x 191 x 106 UKPFC260 x 75 x 28 519.2 260.0 75.0 12.0 7.0 519.2 244.0 25.0 100.0 100.0
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Table A.2: Schedule of RCC dimensions of Set2 in the parametric study

Set  dpoe Specimen Column Section Beam Section Channel Endplate
No. (S355) (S355) Section h¢ Wc m e twe h, Wy tp pr g
S57 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4424 230.0 90.0 14.0 7.5 4424 2139 18.0 50.0 120.0
S58 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 75 x 26 4464 230.0 75.0 125 6.5 4464 2179 20.0 60.0 120.0
S59 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4504 230.0 75.0 125 6.5 4504 2219 22.0 80.0 120.0
S60 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 75 4504 2219 22.0 80.0 100.0
16 S61 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4464 230.0 75.0 125 6.5 4464 2179 20.0 60.0 100.0
S62 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x90 x 32 4424 230.0 90.0 14.0 75 4424 2139 180 50.0 100.0
S63 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4564 230.0 75.0 125 6.5 4564 2279 25.0 100.0 90.0
S64 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4424 230.0 75.0 125 6.5 4424 2139 18.0 50.0 90.0
S65 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 22.0 80.0 90.0
S66 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 20.0 80.0 120.0
S67 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4424 230.0 90.0 14.0 7.5 4424 2139 18.0 50.0 100.0
S68 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 75 x 26 4464 2300 75.0 125 6.5 4464 2179 20.0 60.0 100.0
S69 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4504 230.0 75.0 125 6.5 4504 2219 22.0 80.0 100.0
S70 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 22.0 80.0 90.0
Set2 20 S71 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4464 230.0 75.0 125 6.5 4464 2179 20.0 60.0 90.0
S72 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4424 230.0 90.0 14.0 7.5 4424 2139 18.0 50.0 90.0
S73 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4564 230.0 75.0 125 6.5 4564 2279 25.0 100.0 70.0
S74 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4424 230.0 75.0 125 6.5 4424 2139 18.0 50.0 70.0
S75 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x90 x 32 4504 230.0 90.0 14.0 75 4504 2219 22.0 80.0 70.0
S76 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 20.0 80.0 70.0
S77 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4424 230.0 90.0 14.0 7.5 4424 2139 18.0 50.0 100.0
S78 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4464 230.0 75.0 125 6.5 4464 2179 20.0 60.0 100.0
S79 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4504 230.0 75.0 125 6.5 4504 2219 22.0 80.0 100.0
S80 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 22.0 80.0 90.0
24 S81 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 75 x 26 4464 230.0 75.0 125 6.5 4464 2179 20.0 60.0 90.0
S82 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4424 230.0 90.0 14.0 7.5 4424 2139 18.0 50.0 90.0
S83 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 456.4 2300 75.0 125 6.5 456.4 2279 25.0 100.0 70.0
S84 SHS250 x 10 UKB406 x 178 x 60 UKPFC230x 75 x 26 4424 230.0 75.0 125 6.5 4424 2139 18.0 50.0 70.0
sS85 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 22.0 80.0 70.0
S86 SHS250 x 10 UKB406 x 178 x 60 UKPFC230 x 90 x 32 4504 230.0 90.0 14.0 7.5 4504 2219 20.0 80.0 70.0
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Table A.3: Schedule of RCC dimensions of Set3 in the parametric study

Set  dpoe Specimen Column Section Beam Section Channel Endplate
No. (S355) (S355) Section h¢ Wc m e twe h, Wy tp pr g
s87 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 12.5 379.0 160.0 120.0 125 125 379.0 1554 15.0 50.0 90.0
S88 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 10  379.0 160.0 100.0 10.0 10.0 379.0 1554 15.0 60.0 80.0
S89 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 8 379.0 160.0 900 8.0 8.0 379.0 1554 15.0 80.0 80.0
S90 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 385.0 180.0 90.0 125 6.5 385.0 1614 18.0 50.0 90.0
16 S91 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 385.0 180.0 75.0 105 6.0 385.0 1614 18.0 60.0 80.0
S92 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 389.0 180.0 750 105 6.0 389.0 1654 20.0 60.0 90.0
S93 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 389.0 180.0 120.0 12.5 125 389.0 1654 20.0 80.0 80.0
S94 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 393.0 180.0 100.0 12.5 125 393.0 1694 22.0 80.0 80.0
S95 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 393.0 180.0 90.0 125 6.5 393.0 1694 22.0 50.0 80.0
S96 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 10  399.0 180.0 120.0 10.0 10.0 399.0 1754 25.0 100.0 80.0
S97 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 12.5 379.0 160.0 120.0 125 125 379.0 1554 15.0 50.0 90.0
S98 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 10 379.0 160.0 100.0 10.0 10.0 379.0 1554 15.0 60.0 80.0
S99 SHS160 x 10 UKB356 x 127 x 33 cut from SHS160 x 8 379.0 160.0 900 8.0 8.0 379.0 1554 15.0 80.0 80.0
S100 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 385.0 180.0 90.0 125 6.5 385.0 1614 18.0 50.0 90.0
Set3 20 S101 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 385.0 180.0 750 105 6.0 385.0 1614 18.0 60.0 80.0
S102 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 389.0 180.0 750 105 6.0 389.0 1654 20.0 60.0 90.0
S103 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 389.0 180.0 120.0 12.5 125 389.0 1654 20.0 80.0 80.0
S104 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 393.0 180.0 100.0 12.5 12.5 393.0 1694 22.0 80.0 80.0
S105 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 393.0 180.0 90.0 125 6.5 393.0 1694 22.0 50.0 80.0
S106 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 10  399.0 180.0 120.0 10.0 10.0 399.0 1754 25.0 100.0 80.0
S107 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 379.0 180.0 120.0 125 125 379.0 180.0 15.0 50.0 90.0
S108 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 10  379.0 180.0 100.0 10.0 10.0 379.0 180.0 15.0 60.0 90.0
S109 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 8 379.0 180.0 900 8.0 8.0 379.0 180.0 15.0 80.0 90.0
S110 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 385.0 180.0 90.0 125 6.5 385.0 180.0 18.0 50.0 90.0
24 S111 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 385.0 180.0 75.0 10.5 6.0 385.0 180.0 18.0 60.0 90.0
S112 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 75 x 20 389.0 180.0 75.0 105 6.0 389.0 180.0 20.0 60.0 90.0
S113 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 389.0 180.0 120.0 12.5 125 389.0 180.0 20.0 80.0 90.0
S114 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 12.5 393.0 180.0 100.0 12.5 125 393.0 180.0 22.0 80.0 90.0
S115 SHS180 x 10 UKB356 x 127 x 33 UKPFC180 x 90 x 26 393.0 180.0 900 125 65 393.0 180.0 22.0 50.0 90.0
S116 SHS180 x 10 UKB356 x 127 x 33 cut from SHS180 x 10  399.0 180.0 120.0 10.0 10.0 399.0 180.0 25.0 100.0 90.0
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Table A.4: Schedule of RCC dimensions of Set4 in the parametric study

Set  dpoe Specimen Column Section Beam Section Channel Endplate
No. (S355) (S355) Section h¢ Wc m e twe h, Wy tp pr g
S117 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 333.4 200.0 90.0 125 125 3334 1950 150 50.0 120.0
S118 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 10  339.4 200.0 120.0 10.0 10.0 3394 200.0 18.0 60.0 100.0
S119 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3434 230.0 900 14.0 7.5 3434 205.0 20.0 80.0 100.0
S120 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3474 230.0 90.0 14.0 7.5 3474 209.0 22.0 100.0 100.0
16 S121 SHS250 x 10 UKB305 x 165 x 40 UKPFC230x 75 x 26 3434 2300 750 125 6.5 3434 205.0 20.0 80.0 90.0
S122 SHS200 x 10 UKB305 x 165 x 40 UKPFC200 x 90 x30 3334 200.0 90.0 14.0 7.0 3334 195.0 15.0 50.0 90.0
S123 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 8 3394 200.0 100.0 80 8.0 3394 200.0 18.0 60.0 90.0
S124 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x 32 3474 230.0 900 14.0 75 3474 209.0 22.0 100.0 80.0
S125 SHS250 x 10 UKB305 x 165 x 40 UKPFC230x 75 x 26 3534 2300 750 125 6.5 3534 215.0 25.0 100.0 80.0
S126 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 339.4 200.0 75.0 125 125 339.4 200.0 18.0 60.0 80.0
S127 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 333.4 200.0 90.0 125 125 3334 1950 150 50.0 120.0
S128 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 10  339.4 200.0 120.0 10.0 10.0 3394 200.0 18.0 60.0 100.0
S129 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3434 230.0 900 14.0 7.5 3434 205.0 20.0 80.0 100.0
S130 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3474 230.0 900 14.0 75 3474 209.0 22.0 100.0 100.0
Setd 20 S131 SHS250 x 10 UKB305 x 165 x 40 UKPFC230x 75 x 26 3434 2300 750 125 6.5 3434 205.0 20.0 80.0 90.0
S132 SHS200 x 10 UKB305 x 165 x 40 UKPFC200 x 90 x30 3334 200.0 900 14.0 7.0 3334 1950 15.0 50.0 90.0
S133 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 8 3394 200.0 100.0 80 8.0 3394 200.0 18.0 60.0 90.0
S134 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x 32 3474 230.0 900 14.0 7.5 3474 209.0 22.0 100.0 80.0
S135 SHS250 x 10 UKB305 x 165 x 40 UKPFC230x 75 x 26 3534 2300 750 125 6.5 3534 215.0 25.0 100.0 80.0
S136 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 339.4 200.0 75.0 125 125 339.4 200.0 18.0 60.0 80.0
S137 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 333.4 200.0 90.0 125 125 3334 1950 15.0 50.0 120.0
S138 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 10  339.4 200.0 120.0 10.0 10.0 339.4 200.0 18.0 60.0 100.0
S139 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3434 230.0 900 14.0 7.5 3434 205.0 20.0 80.0 100.0
S140 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x32 3474 230.0 90.0 14.0 75 3474 209.0 22.0 100.0 100.0
24 S141 SHS250 x 10 UKB305 x 165 x 40 UKPFC230x 75 x 26 3434 2300 750 125 6.5 3434 205.0 20.0 80.0 90.0
S142 SHS200 x 10 UKB305 x 165 x 40 UKPFC200 x 90 x30 3334 200.0 90.0 14.0 7.0 3334 1950 15.0 50.0 90.0
S143 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 8 3394 200.0 100.0 80 8.0 3394 200.0 18.0 60.0 90.0
S144 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 90 x 32 3474 230.0 90.0 14.0 7.5 3474 209.0 22.0 100.0 120.0
S145 SHS250 x 10 UKB305 x 165 x 40 UKPFC230 x 75 x 26 3534 2300 750 125 65 3534 215.0 25.0 100.0 100.0
S146 SHS200 x 10 UKB305 x 165 x 40 cut from SHS200 x 12.5 3394 200.0 75.0 125 125 3394 200.0 18.0 60.0 90.0
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Table A.5: Schedule of RCC dimensions of Set5 in the parametric study

Set  dpor Specimen Column Section Beam Section Channel Endplate

No. (S355) (S355) Section h¢ We m tie twe h, Wy ty ps g
S147 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 10 2904 140.0 100.0 10.0 10.0 2904 132.2 12.0 40.0 80.0
S148 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 12.5 2904 140.0 75.0 125 125 2904 132.2 120 60.0 80.0
S149 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 10 2904 140.0 90.0 10.0 10.0 2904 132.2 12.0 80.0 80.0
S150 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 8 2904 140.0 900 8.0 8.0 2904 132.2 15.0 50.0 80.0

16 S151 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x12.5 2904 140.0 120.0 125 12.5 2904 132.2 15.0 80.0 80.0

S152 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x10 2904 140.0 120.0 10.0 10.0 2904 132.2 15.0 40.0 80.0
S153 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 12.5 296.4 140.0 75.0 125 125 2964 138.2 18.0 60.0 80.0
S154 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 8 2964 140.0 900 8.0 8.0 2964 138.2 18.0 60.0 80.0
S155 SHS160 x 10 UKB254 x 102 x 28 cut from SHS160 x 12.5 300.4 160.0 120.0 125 125 3004 142.2 20.0 80.0 90.0
S156 SHS160 x 10 UKB254 x 102 x 28 cut from SHS160 x 10  300.4 160.0 90.0 10.0 10.0 3004 1422 20.0 40.0 90.0

Set5
S157 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 10  290.4 140.0 100.0 10.0 10.0 2904 132.2 12.0 40.0 80.0
S158 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 12.5 2904 140.0 75.0 125 125 2904 132.2 12.0 60.0 80.0
S159 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 10 2904 140.0 90.0 10.0 10.0 2904 132.2 12.0 80.0 80.0
S160 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 8 2904 1400 900 8.0 8.0 2904 132.2 15.0 50.0 80.0

20 S161 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x12.5 2904 140.0 120.0 125 125 2904 132.2 15.0 80.0 80.0

S162 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x10 2904 140.0 120.0 10.0 10.0 2904 132.2 15.0 40.0 80.0
S163 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 12.5 296.4 140.0 75.0 125 125 2964 138.2 18.0 60.0 80.0
S164 SHS140 x 10 UKB254 x 102 x 28 cut from SHS140 x 8 2964 140.0 900 8.0 8.0 2964 138.2 18.0 60.0 80.0
S165 SHS160 x 10 UKB254 x 102 x 28 cut from SHS160 x 12.5 300.4 160.0 120.0 125 125 3004 142.2 20.0 80.0 80.0
S166 SHS160 x 10 UKB254 x 102 x 28 cut from SHS160 x 10 3004 160.0 90.0 10.0 10.0 3004 142.2 20.0 40.0 80.0
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Table A.6: Main parameters of the moment-rotation curves and the observed failure modes of Setl

Set Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode

No. M rre M irire M jugre S jinFE SFE SipFE iR FE B rE Bl
S27 107.6 140.2 152.1 30261.5 10087.2 3167.9 0.0036 0.0056 0.0301 BF
S28 48.8 72.1 128.7 19408.1 64694 27917 0.0025 0.0038 0.0415 BPO
S29 69.9 98.0 146.4 13964.0 4654.7 17324 0.0050 0.0080 0.0652 BF
S30 355 794 1059 8264.8 27549 1801.0 0.0043 0.0057 0.0601 BPO
S31 94.8 122.8 152.0 26989.0 89963 2690.1 0.0035 0.0056 0.0332 BF
S32 334 61.4 121.6 9991.0 33303 18715 0.0033 0.0043 0.0615 BPO
S33 62.2 91.9 146.4 11526.0 3842.0 15777 0.0054 0.0082 0.0770 BF
S34 91.0 1104 150.8 23580.6 7860.2 18733 0.0039 0.0072 0.0531 BF
S35 30.2 92.6 101.3 5849.8 19499 1503.2 0.0052 0.0065 0.0711 BPO
S36 30.1 58.7 119.7 9023.1 3007.7 1817.7 0.0033 0.0040 0.0674 BPO
S37 1234 1555 2199 25981.0 8660.3 23833 0.0048 0.0081 0.0564 BF
S38 55.3 84.1 146.8 20614.4 68715 30959 0.0027 0.0044 0.0505 BPO
S39 75.6 107.0 180.7 14799.2 4933.1 1907.1 0.0051 0.0083 0.0890 BPO
S40 40.4 107.0 1219 9129.3 3043.1 1960.7 0.0044 0.0058 0.0613 BPO

Setl S41 106.3 1354 220.7 22724.2 7574.7 21749 0.0047 0.0078 0.0690 BF
S42 36.1 64.9 140.2 111829 3727.6 2091.2 0.0032 0.0042 0.0757 BPO
S43 66.3 98.6 174.3 124275 41425 17282 0.0053 0.0081 0.0905 BPO
S44 93.3 1225 221.6 19659.7 6553.2 2018.0 0.0047 0.0076 0.0837 BF
S45 32.0 90.2 117.6 6873.1 2291.0 1660.2 0.0046 0.0059 0.0755 BPO
S46 339 65.9 1385 9590.9 3197.0 1967.1 0.0035 0.0045 0.0769 BPO
S47 136.8 2179 272.7 147899 4930.0 2305.0 0.0093 0.0123 0.1055 BPO
S48 63.3 94.4 163.8 23496.1 7832.0 32852 0.0027 0.0042 0.0548 BPO
S49 94.5 1343 203.0 18979.7 6326.6 23479 0.0050 0.0079 0.0854 BPO
S50 82.2 118.1 197.0 15882.5 5294.2 2039.0 0.0052 0.0081 0.0975 BPO
S51 44 .4 92.0 135.0 9970.6 33235 20444 0.0045 0.0061 0.0710 BPO
S52 1184 149.7 259.7 24070.8 8023.6 22523 0.0049 0.0086 0.1035 BPO
S53 40.6 72.2 155.5 12040.6 4013.5 22246 0.0034 0.0044 0.0827 BPO
S54 714 105.3 189.5 135228 4507.6 18152 0.0053 0.0081 0.1104 BPO
S55 101.4 129.7 252.2 20888.2 6962.7 21337 0.0049 0.0084 0.0955 BPO
S56 374 90.2 132.7 8245.0 27483 1860.5 0.0045 0.0060 0.0878 BPO

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Table A.7: Main parameters of the moment-rotation curves and the observed failure modes of Set2

Set Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode

No. M rre M rare M jusre S jinFE S e SipFE PirFE B Bule
S57 37.7 58.2 97.8 12157.0 40523 17925 0.0031 0.0106 0.0543 BPO
S58 27.3 58.8 83.8 121764 4058.8 1676.7 0.0022 0.0025 0.0286 BPO
S59 31.8 61.8 85.6 8663.4 2887.8 1680.3 0.0037 0.0055 0.0535 BPO
S60 37.0 63.5 96.4 8914.7 2971.6 1522.0 0.0041 0.0064 0.0613 BPO
S61 22.8 46.3 80.9 7206.3 24021 1507.2 0.0032 0.0042 0.0558 BPO
S62 29.1 50.2 94.3 9524.0 3174.7 1638.7 0.0031 0.0042 0.0663 BPO
S63 259 63.0 80.0 5821.4 1940.5 13189 0.0044 0.0062 0.0689 BPO
S64 18.3 41.6 79.6 6502.3 21674 14585 0.0028 0.0034 0.0613 BPO
S65 334 60.1 95.2 7961.8 26539 14499 0.0042 0.0063 0.0670 BPO
S66 43.6 70.8 1009 10776.3 35921 1668.7 0.0040 0.0066 0.0516 BPO
S67 349 559 1129 10894.3 36314 17208 0.0032 0.0047 0.0712 BPO
S68 279 55.4 99.0 8013.7 26712 15873 0.0035 0.0048 0.0669 BPO
S69 30.7 62.4 98.6 7691.2 2563.7 1551.6 0.0040 0.0057 0.0666 BPO
S70 374 62.9 112.0 90774 3025.8 1537.38 0.0041 0.0061 0.0721 BPO

Set2 S71 25.1 55.2 98.4 7084.9 2361.6 1512.0 0.0035 0.0048 0.0780 BPO
S72 308 52.0 111.0 9414.0 3138.0 1650.1 0.0033 0.0046 0.0726 BPO
S73 25.3 83.9 92.5 4719.6 15732 122738 0.0054 0.0065 0.0788 BPO
S74 17.7 48.2 96.2 5693.2 1897.7 13854 0.0031 0.0036 0.0829 BPO
S75 31.7 61.0 107.5 7145.7 23819 1390.2 0.0044 0.0061 0.0805 BPO
S76 32.2 59.7 107.0 7064.3 2354.8 1346.2 0.0046 0.0064 0.0872 BPO
S77 41.7 65.2 1285 115169 3839.0 18349 0.0036 0.0055 0.0810 BPO
S78 324 64.7 113.1 8675.7 28919 17311 0.0037 0.0051 0.0748 BPO
S79 36.4 86.2 1129 7568.6 25229 16669 0.0048 0.0065 0.0773 BPO
S80 43.5 74.8 129.1 97144 3238.1 16482 0.0045 0.0067 0.0917 BPO
S81 28.2 61.7 111.2 7746.5 2582.2 16473 0.0036 0.0049 0.0813 BPO
S82 369 63.1 126.7 101738 33913 1760.6 0.0036 0.0051 0.0819 BPO
sS83 28.2 74.9 106.9 5633.5 18778 13227 0.0050 0.0065 0.0906 BPO
S84 20.1 63.1 110.0 6154.2 20514 1537.1 0.0033 0.0037 0.0869 BPO
sS85 36.6 64.8 118.1 7756.5 2585.5 1428.0 0.0047 0.0068 0.0882 BPO
S86 36.1 65.5 120.8 7669.1 25564 14184 0.0047 0.0067 0.0916 BPO

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Table A.8: Main parameters of the moment-rotation curves and the observed failure modes of Set3

Set Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode

No. M rre M rare M jusre S jinFE S e SipFE PirFE B Bule
s87 82.8 103.9 1039 10992.6 3664.2 1774.2 0.0075 0.0096 0.0360 BF
S88 62.2 80.5 98.1 8794.3 29314 867.6 0.0071 0.0115 0.0620 BF
S89 43.1 60.6 82.6 6403.1 21344 7775 0.0067 0.0107 0.0835 BPO
S90 309 48.0 70.3 7636.6 25455 11609 0.0040 0.0060 0.0568 BPO
S91 22.6 419 62.1 54949 1831.6 1033.7 0.0041 0.0060 0.0678 BPO
S92 27.2 49.6 65.9 6530.8 21769 11782 0.0042 0.0063 0.0492 BPO
S93 764 97.7 101.1 10065.0 3355.0 103238 0.0076 0.0114 0.0531 BF
S94 77.7 100.9 102.4 107234 35745 12275 0.0072 0.0106 0.0536 BF
S95 284 49.8 729 7233.0 2411.0 1260.0 0.0039 0.0058 0.0628 BPO
S96 57.0 79.1 99.7 7589.5 25298 9184 0.0075 0.0058 0.0723 BF
S97 109.9 126.7 150.3 111793 37264 6778 0.0098 0.0184 0.0928 BF
S98 739 90.5 127.1 9221.0 3073.7 7934 0.0080 0.0145 0.1021 BPO
S99 51.8 68.7 93.3 6726.8 22423 725.6 0.0077 0.0134 0.1064 BPO
S100 3938 57.6 85.4 8560.7 2853.6 11429 0.0047 0.0074 0.0622 BPO

Set3 S101 28.7 51.1 75.6 5792.1 1930.7 10258 0.0050 0.0072 0.0841 BPO
S102 345 57.8 79.4 7255.0 24183 11773 0.0048 0.0072 0.0754 BPO
S103 90.6 108.3 1414 10228.6 34095 768.1 0.0089 0.0151 0.0890 BF
S104 94.0 113.1 1459 11270.1 3756.7 874.6 0.0083 0.0144 0.0822 BF
S105 35.3 57.1 88.5 8427.7 2809.2 13228 0.0042 0.0064 0.0630 BPO
S106 66.4 88.2 124.6 8109.3 2703.1 870.6 0.0082 0.0134 0.1100 BPO
S107 126.8 138.7 184.3 117824 39275 555.0 0.0108 0.0244 0.1446 BPO
S108 95.7 105.5 141.0 102634 34211 5582 0.0093 0.0205 0.1189 BPO
S109 73.8 82.5 1059 7973.3 2657.8 4509 0.0093 0.0214 0.1051 BPO
S110 51.7 72.8 98.3 9309.9 31033 1164.6 0.0055 0.0094 0.0731 BPO
S111 44.2 64.4 87.0 7756.6 2585.5 1001.1 0.0057 0.0096 0.0720 BPO
S112 48.0 66.5 889 8316.2 27721 10189 0.0058 0.0108 0.0782 BPO
S113 118.2 1254 1704 11100.2 3700.1 465.7 0.0106 0.0261 0.1576 BPO
S114 117.2 133.7 177.5 11434.1 38114 696.0 0.0103 0.0197 0.1430 BPO
S115 58.6 83.8 99.2 9562.1 31874 11935 0.0061 0.0103 0.0764 BPO
S116 84.2 104.0 1374 9355.9 3118.6 805.2 0.0090 0.0158 0.0989 BPO

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Table A.9: Main parameters of the moment-rotation curves and the observed failure modes of Set4

Set Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode

No. M rre M rare M jusre S jinFE S e SipFE PirFE B Bule
S117 72.2 89.9 92.6 10901.1 3633.7 1105.4 0.0066 0.0100 0.0430 BF
S118 49.9 60.8 89.3 7176.6 23922 6028 0.0069 0.0125 0.0897 BF
S119 26.3 40.0 68.4 41524 1384.1 601.6 0.0063 0.0093 0.1103 BPO
S120 26.0 40.3 68.0 3819.8 12733 569.2 0.0068 0.0105 0.1257 BPO
S121 169 34.4 56.6 2736.3 912.1 557.9 0.0062 0.0077 0.1056 BPO
S122 25.3 36.4 68.3 5781.6 19272 8206 0.0044 0.0070 0.0775 BPO
S123 303 429 72.7 4266.7 14222 5409 0.0071 0.0113 0.1121 BPO
S124 214 35.1 64.5 3181.8 1060.6 524.3 0.0067 0.0099 0.1377 BPO
S125 159 323 58.3 2558.0 852.7 539.8 0.0062 0.0075 0.1172 BPO
S126 65.4 77.7 93.7 9315.5 3105.2 675.6 0.0070 0.0130 0.0738 BF
S127 92.7 98.4 128.7 113173 37724 4753 0.0082 0.0192 0.1036 BF
$128 55.7 66.5 105.6 7569.0 2523.0 627.6 0.0074 0.0133 0.1340 BPO
S129 298 44.2 771 4505.8 15019 6439 0.0066 0.0096 0.1236 BPO
S130 304 46.8 774 4074.8 13583 5929 0.0074 0.0116 0.1380 BPO

Set4 S131 19.5 36.5 64.8 3084.5 1028.2 592.0 0.0063 0.0082 0.1149 BPO
S132 29.8 441 79.8 6205.3 20684 8779 0.0048 0.0074 0.0878 BPO
S133 328 448 81.5 4794.0 1598.0 599.1 0.0068 0.0105 0.1251 BPO
S134 46.3 60.0 88.3 5685.6 1895.2 577.7 0.0081 0.0155 0.1313 BPO
S135 17.7 358 67.4 2804.1 934.7 585.4 0.0063 0.0085 0.1322 BPO
S136 74.0 85.0 1304 9651.0 3217.0 637.6 0.0077 0.0155 0.1122 BF
S137 105.5 108.9 1535 113428 37809 409.7 0.0093 0.0260 0.1512 BPO
S138 60.6 74.1 116.0 8002.5 2667.5 7018 0.0076 0.0133 0.1235 BPO
S139 34.7 49.8 86.5 48404 16135 6524 0.0072 0.0110 0.1303 BPO
S140 349 49.8 85.5 4564.2 15214 5979 0.0077 0.0125 0.1391 BPO
S141 22.5 40.8 74.6 34758 1158.6 649.5 0.0065 0.0086 0.1324 BPO
S142 37.6 52.6 89.6 6977.3 2325.8 8894 0.0054 0.0088 0.0920 BPO
S143 37.2 50.5 89.3 52925 17642 645.7 0.0070 0.0112 0.1227 BPO
S144 47.0 60.0 88.3 5651.2 1883.7 5674 0.0083 0.0155 0.1313 BPO
S145 26.2 45.6 80.3 3946.3 13154 6973 0.0066 0.0099 0.1232 BPO
S146 86.6 97.9 1494 10768.8 3589.6 6659 0.0080 0.0161 0.1387 BPO

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Table A.10: Main parameters of the moment-rotation curves and the observed failure modes of Set5

Set Specimen Resistance (kN.m) Stifness (kN.m/rad) Rotation (rad) Failure mode

No. Mrre  Mjrare M junre S jinFE SirE SpFE P e By rE Bjuie e
S147 549 58.8 75.3 5682.0 1894.0 2488 0.0097 0.0227 0.1428 BF
$148 56.2 60.4 72.2 5948.0 1982.7 241.0 0.0094 0.0203 0.1175 BF
S149 47.1 51.2 66.9 43975 14658 188.0 0.0107 0.0241 0.1676 EPO
S150 38.7 46.3 63.0 4983.5 1661.2 399.1 0.0078 0.0141 0.1118 BPO
S151 60.1 67.1 72.0 5527.7 1842.6 246.2 0.0109 0.0206 0.1066 BF
S152 54.4 63.0 76.6 61499 2050.0 4073 0.0088 0.0162 0.0868 BF
S153 72.8 754 76.3 7229.7 24099 109.2 0.0101 0.0176 0.0527 BF
S154 40.1 50.4 65.4 5045.4 16818 452.6 0.0079 0.0134 0.1002 BPO
S155 68.7 69.4 71.8 6283.9 2094.6 52.0 0.0109 0.0297 0.0799 BF
S156 51.2 59.6 754 7023.2 23411 448.1 0.0073 0.0139 0.0847 BF

Set5
S157 60.6 65.4 85.0 5942.6 19809 251.6 0.0102 0.0246 0.1343 BPO
S158 61.3 67.4 87.6 6038.1 2012.7 289.1 0.0101 0.0205 0.1373 EPO
S159 48.2 49.2 67.1 45113 15038 157.1 0.0107 0.0287 0.1764 EPO
S160 46.1 54.0 69.9 52519 17506 3768 0.0088 0.0166 0.1159 BPO
s161 68.9 71.6 889 5608.0 1869.3 1828 0.0123 0.0307 0.1450 BF
S162 65.7 73.7 91.198 6357.1 2119.0 333.7 0.0103 0.0219 0.1251 BPO
S163 85.9 94.2 10592 7437.2 24791 3021 0.0116 0.0226 0.1103 BF
S164 47.6 59.2 71576 5440.3 18134 4525 0.0088 0.0149 0.1120 BPO
S165 69.1 74.5 93.955 6192.3 2064.1 250.2 0.0112 0.0239 0.1364 BF
S166 53.3 62.1 87.594 6832.9 2277.6 4685 0.0078 0.0149 0.1234 BPO

Note: BPO denotes Bolt Pull-Out, EPO denotes End plate Pulled Outwards, BF denotes Bolt Failure
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Appendix B: Von Mises Stress Distributions of Selected RCC and DRCC Prior to Failure
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Figure B.1: Von Mises stress distributions of RCC joints prior to failure: (a) S37, (b) S38, (c) S39, (d) S40, (e) S41 and (f) S42
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Figure B.2: Von Mises stress distributions of RCC joints prior to failure: (a) S73, (b) S74, (c) S75, (d) S76, (e) S77 and (f) S78
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Figure B.3: Von Mises stress distributions of RCC joints prior to failure: (a) S91, (b) S92, (c) S93, (d) S94, (e) S95 and (f) S96
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Figure B.4: Von Mises stress distributions of RCC joints prior to failure: (a) S133, (b) S134, (c) S135, (d) S136, (e) S137 and (f) S138
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Figure B.5: Von Mises stress distributions of RCC joints prior to failure: (a) S157, (b) S158, (c) S159, (d) S160, (e) S161 and (f) S162
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Figure B.6: Von Mises stress distributions of HSS-RC joints prior to failure: (a) HSS-S7, (b) HSS-S8, (c) HSS-S9, (d) HSS-S10, (e)
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Figure B.7: Von Mises stress distributions of BR-RC joints prior to failure: (a) BR-S1, (b) BR-S2, (c) BR-S6, (d) BR-S7, (e) BR-
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Figure B.8: Von Mises stress distributions of HSS-BR-RC joints prior to failure: (a) BRHSS-S1, (b) BRHSS-S2, (¢) BRHSS-S6, (d)
BRHSS-S7, (e) BRHSS-S11 and (f) BRHSS-S12
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Appendix C: Dimensionless Forms of Experimental Moment-Rotation Curves with Fitted Models
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Figure C.3: Normalized moment-rotation curve of Test 3 with fitted models; (a) Ang-Morris Model, (b) Kishi-Chen Model, (c) Yee-
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Figure C.5: Normalized moment-rotation curve of Test 5 with fitted models; (a) Ang-Morris Model, (b) Kishi-Chen Model, (c) Yee-
Melcher Model, (d) Chisala Model, (e) Richard-Abbut Model and (f) Wu-Chen Model
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