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ABSTRACT

Concrete filled steel tubular (CFT) columns can employ the advantages of
both materials: steel and concrete. Connection to such columns, however, is
problematic. This is especially so if the required connection is both bolted and

moment-resisting.

To address this issue, a novel blind-bolted and moment-resisting connection to
CFT column has been developed. This connection uses an innovative blind-
bolt, introduced in previous research at the University of Nottingham and is
termed the Extended Hollobolt (EHB). The EHB has been developed to
provide sufficient tensile resistance and stiffness for thé connection to develop
resistance to moment. Previoué research work has studied the performance of
this connection under monotonic loading. The performance of such connection
under cyclic loading, however, is not yet investigated. The work presented in

this thesis addresses this gap in knowledge.

This thesis reports on a series of full scale testing of joints consisting of beam
endplates connected to CFT columns using this blind bolt. The test
connections were constructed with relatively thick endplate so as to isolate the
CFT column and the blind bolt as the relatively weak elements in the
connection syétem. This study focuses on the behaviour of the connections

~ with principal failure modes attributed by the blind bolt and the CFT column.

The experiments were conducted to obtain insights into the hysteretic
moment-rotation relationship, available ductility & energy dissipation capacity,

observe typical failure modes, and develop relevant understandings of the
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Extended Hollobolt-endplate connection subjected to cyclic loading. The
selected connection details were chosen to examine the influential parameters

of the joint hysteretic moment-rotation behaviour.

From the experimental results, two representative failure modes, bolt fracture
and column face bending failure, were observed and categorized in relation to
the connection configuration. The connection behaviour are described and
compared with respect to the influences of bolt grade,- cyclic loading

procedure, tube wall thickness and concrete grade.

Based oh the experimental hysteretic moment-rotation brelationships, an
evaluation of the cyclic characteristics and an analysis of the cumulative
damage were carried out for the two representative connection categories. The
joint hysteretic moment-rotation response was assessed in term of
degradations of strength, stiffness, ductility, and energy dissipation. The use of
damage levels and stages in the interpretation of damage evolutions for the
connection behaviour is also described in this thesis. The findings of
».\cumulative damage analysis suggest that the energy based cumulative damage
index outweighs the other indices in characterizing the progressive damage
process of the connections in this study. This is especialiy the case for those

related to hysteresis loops at repeated cycles of each loading amplitude.

Following the experimental study, 3D nonlinear finite element models of the
connections were developed to analyse‘ the mechanical response of the
connection. The compariéon of the numerical and experimental moment-
rotation envelope curve is discussed with respect to related geometric and

material parameters. The connection failure modes and displacement -
iii



distributions were further examined as a supplement to the experimenial

findings that were necessarily limited by instrumentations.

This work also presents mathematical models for the hysteretic moment-
rotation relationships simulating the loading, unloading and reloading
segments of the hysteresis loops. Characterizing parameters were introduced
to allow for the softening slope, linear segment slope, and degradations of

. strength and energy dissipation.

This study concluded that the proposed finite element model simulates well
the behaviour of the connection with good prediction of the moment-rotation
envelope curves and of the failure mode. It is also concluded that the proposed
mathematical models define well the non-linear loading and unloadiﬁg paths
with reasonable accuracy. It is finally claimed that the Extended-Hollobolt
endplate connection provides a stable improvement in strength and stiffness

under cyclic loading compared with other similar connections.
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Special symbols adopted are not summarized below, but their explanations are
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beam deformation
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Q function of stress termed the plastic potential which
determines the direction of plastic straining
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C'hapter 1:Introduction

CHAPTER 1

INTRODUCTION

1.1 Background

In this research, there are three related structural engineering issues: the use of
concrete filled steel tubular (CFT) columns, the use of biind bolts for moment
resisting beam to column connection system under monotonic and cyclic
loading conditions. A brief description of these three issues will be presented

below.

In the building industry, steel moment resisting frames (also called moment
frames) are gaining popularity for the clear span and architectural freedom
they provide. The open section and closed section columns are mostly used in
the frame system. The use of circular and rectangular hollow sections as
typical closed sections has attracted more attentions in recent years due to high
strc;ngth to weight ratio and lower fire protecting costs (AISC Steel
Construction Manual, 200‘5). The éc;nérete infill into the closed section
columﬁs as CFT columns greatly enhances the load carrying capacity as
compared with bare steel columns. The merits of steel and concrete are
favourably employed as the concrete infill effectively prevents local buckling
of the steel hollow section tube and the confinement Qf the hollow section tube.
ﬂe available stiffness and compressive strength of the concrete are alsb
improved. Moreover, the material costs of composite sections will be reduced

through the use of reduced column size. Additionally, the presence of the

concrete infill acts as a heat sink enhancing the fire resistance of the composite
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section. Hence, the CFT columns combine the advantages of the ductility of
steel hollow section tube and the‘ compressive strength of concrete infill. In
steel moment resisting frames, CFT columns have been considered in design
as vertical structural elements with a high stréngth to weight ratio. The
" excellent monotonic resistance of CFT column under biaxial bending and axial

force has been recognized in reported experimental studies (Tsai et al, 2003).

The beam to column connections in steel momént resisting frames tend to
introduce welding and bolting configurations, favoured by industry and
academia in different regions. With regard to the moment resisting frames
with open section colﬁmn, most American and Japanese investigations were
concerned about the welded connections (AISC Steel Construction Manual,
2005), while the typical European practices prefer shop welding and on site
bolting to site welding so as to avoid welding errors and minimize labour costs,
The good practice of bolted connection in the construction with open section
columns hafs encountered a problem in extending its further use to hollow
section columns due to the lack. of free access, unless the connections are
located in the vicinity of the open end of a closed section member. This
problem was well recognized in the late 1990s. As a solution, blind bolts have
been developed to be used in applications where access for iﬁstallation is from
one side of the connection only, as in the case of connecting the endplate of a

beam to a hollow section (Tabsh et al, 1997; Barnett, 2001).

More recently, an innovative blind bolt have been developed on the basis of
the Lindapter Hollobolt at the University of Nottingham (Tizani & Ridley-

Ellis, 2003). The configuration of this blind bolt is featured by extended bolt
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shank and an anchorage in concrete infill, which is also labelled as ‘Extended
Hollobolt’, as shown in Figure 1.1. It was intended to provide sufficient tensile
resistance and stiffness for such connection to CFT column and allow its use
for moment resisting connections. This blind bolt is used in the connection

system studied in this thesis.

No. Components
A Bolt head
B Collar
© Rubber washer
D Sleeve
E Threaded cone
F Bolt shank
G Anchor nut

a. Before tightening b. After tightening

Figure 1.1 Components of an Extended Hollobolt

The beam-to-column connections are known as one of the most important
structural elements in a building construction system due to the fact that the
reliability and efficiency of the connections have great influence not only on
the structural components but also on the behaviour of the whole structure.
The steel moment resisting frames have advantages of good ductility and been
regarded as a type of ideal structures for construction in seismic regions.
Related evidences are available in recent design codes. The moment resisting
steel frames in Eurocode 8 (2003) are designed with the largest behaviour

factor which leads to lowest seismic design loads. As suggested by the code of
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_‘AISC (2005), the structural elements of steel moment resisting frames are
required to exhibit sufficient resistance against lateral load, with expected
plastic hinges development at critical sections. The corresponding connection
details are designed to move the plastic hinge on the beam a short distance

away from the beam-to-column connection.

A post earthquake survey during the 1980s and 1990s; reveals serious damages
of previously what is thouAght to be well-designed moment resisting steel
frames with fully welded beam to column connections, although the seismic
resistance and behaviour of these. frames were highly regarded hitherto
(Mazzolani, 2000). Also, several post earthquake reports have also shown that
the most vqlnerable points of moment resisting frames are welded components
in moment connectfons, which are unsusceptible to the fragile behaviour
(Dubina, 2002). As a consequence, the seismic design of moments resisting
connections have been adjusted and updated to reduce structural seismic
damages. Following the Northridge (1994) and Kobe (1995) earthquakes, an
issue in the code of AISC (2005) is the introduction of pre-qualified moment
connections in the design of moments resisting steel frames as to avoid beam-
to-column connections becoming vulnerable poiﬁts under cyclic loading. With
regard to the concern of structural energy dissipation, the concept of dissipated
structure has been introduced into Eurocode 8 (2003) to take into account the
inelastic material behaviour in predefined zones. As a‘solution for the poor
seismic performance of flange-welded moment connections (previously
widely used in America), endplate moment connections have been regarded as

an alternative connection of interests to engineers and researchers. Since the
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late 1990s, attempts have been made by US Federal Emergency Management
Agency (FEMA3S5E) to develop a database of behaviour curves and design

guides for bolted endplate connection (Mahin et al, 2002).

The excellent performance of CFT columns in moment resisting frames under
cyclic loading has been tested and confirmed by researchers (Beutel et al,
2002; Tsai th al, 2003). Most moment resisting connections to CFT columns
refer to typical configurations of welded connections with internal and
external diaphragm plates so as to transfer the cyclic loads from the girders
directly to 'the tube wall or to the tube wall and concrete core simultaneously,
as documented in a CIDECT publiéation (2004). To extend the use of blind
bolts for moment resisting connections, there are recent investigations reported
referring to extended endplate connections to hollow section column without
concrete infill (Léé et al, 2010) and extended/flush endplate connections to
CFT column (Wéng & Han, 2009; Al-Mughairi, 2009). It is .not possible,
however, to comment further on the behaviour of .these connections subjected

to cyclic loading as there are limited reports available in the literature.

1.2 Justification for this research

This study attempts to investigate the cyclic behaviour of an innovative blind
bolted endplate connection to CFT column by focusing on the constituent
components of the blind bolt and the CFT column. The practical relevance

will be the understanding of such connection under cyclic loading as a basis

for seismic design.
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The application of bolted simple beam to hollow section column connections
has been documented in design book published by the Steel Construction
Institute & the British Constructional Steelwork Association Limited (2005)
and Corus Tube Library PuBlication (2009). The simple connections using
blind bolts have already been used in design to resist and transmit shear and

- axial loads in beams. With regard to their use in moment resisting connections,
* there are limited feports about iheir related behaviours. As a part of a serie§ ;)f
}investigations on this innovative blind bolted endplate connection to CFT
column, the present study was based on a thorough review of previous work
related to the monotonic behaviour of the connection. This provides a basic
understanding of the connection in this study and experimental plan reported

here. In this study, the blind bolts are conn.ected‘ with a flush endplate
constituting a typical flush endplate connection. The flush endplate
connections are widely used in the UK for their ease in construction. The
moment' resisting behaviour of this innovative blind bolted endplate
connection to CFT column has been investigated monotonically in previous
research (Al-Mughairi, 2009) in which the connection is classified as rigid or
semi-rigid based on Bjorhovde’s classification. As a follow-up study, a similar
geometric configuration of the connection was adopted in the present
experiment. The failure mode of this innovative blind bolt in tension is firstly

highlighted in this study.

As mentioned earlier, the pre-qualified moment connections are required by
AISC (2005) in the design of moments resisting steel frames. This philosophy

is based on the viewpoint that the behaviour of connections under severe
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cyclic loading cannot be reliably p.redicted by analytical means alone. The °
laboratory testing ovf the connections under cyclic loads is further needed to
evaluate the performance of the connections for seismic design. This point
justifies the significance éf the use of quasi-static cyclic loading test in this
étudy for the cyclic behaviour of this innovative blind bolted endplate

connection to CFT column.

By assembling the contributions of individual components the recognized
- component method (Jaspart et al, 1995) provides a practicable éimpliﬁed
mechanical model representing the characteristics of bolted connections.
Bascd on characterizing force-deformation curves, the component method can
be further introduced for the evaluation of ? the duétility of each component,
which may be classified into three main groups: high ductility, limited
ductility, and brittle (Sim&es da Silva L et al, 2000). The cyclic behaviour of
the connection is determined by the constituent components performed
plastically. The dissipative and non-dissipative components are usually

distinguished for further assessment (Faella et al, 2000).

The components’of a traditional bolted endplate connection to open section (I
or H section) column are classified in terms of ductility group and dissipative
capacity, as indicated in Table 1.1. With >regard to ductile and dissipative
components, it can be seen that they almost related to the plate elements where
plastic yielding occurs. In order to develop an understanding of the ductile
behaviour of this innovative blind bolted endplate connection to CFT column,
it \a;/as felt that it is neéessary to incorporate similar evidences into
consideration. It is noted that the components of endplate and CFT column

7
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Qconnecting face may similarly contribute to the ductile behaviour of the
cdnnection due to the flexibility of plate elements. The flexibility of endplate
in bending is not the focus of this study as considerable resgarch work hz;ve
been reported regarding the issue in the literature (e.g. Adey, er al, 2000).
[n_stead, the test specimens were designed with relatively thick endplate so as
 to isolate the CFT column and the blind bolt as relatively weak elements in the
connection system studied herein. On the other hand, this configuration can be
used to provide practical evidence for an unlikely event study which is
involved with over-strength beam and endplate but relatively weak connection
to CFT column. It is worth exploring the cyclic behaviour of the connections
under this aspect which can be further combined wfth the current codified
design considerations of endplate and beam to give a good picture of the

- complexity of the connection system. Some more details will be given later.

Table 1.1 Classification of connection compbnents in terms of ductility and -

dissipative capacity (Faella et al, 2000)

Connection components’ Ductility group Dissipative capacity

Column flange in bending
Endplate in bending High ductile Dissipative
Column web panel in shear '
Column web in tension

Column web in compression

Bolts in tension

Bolt in shear Brittle Non dissipative
Welds fracture

Note?The connection herein refers to a bolted endplate connection to open section column.

Dissipative capacity of column web in compression also depends on local buckling

Limited ductile  Dissipative or Non dissipative"’

Due to complicated configuration of this innovative blind bolt and the
~ connection system, finite element modelling is regarded in this study as a

necessary supplement to experimental study. It provides not only more
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evidences for local stress distribution but also moment-rotation response. For
example, the bolt shank in tension is more prone to fracture at the section
between tfle bolt head and threaded cone, where are difficult to access for
instrumentation in physical test. In this case, finite element modeliing can be
used as an advantageous way to capture the stress distribution at this location
and associate with moment-rotation relatiqnship. Also, the powerful
parametric sfudy will enable a full understanding of the connection beha\;iour
within a given range. The experimental study and finite element analysis in
this study can be added together to the body of vknowledge of understanding
the cyclic characteristics of this innovative blind bolted endplate connection to :

CFT column.

1.3 Research questions

Although the behaviour of the standard bolted end;;late connections under .
monotonic loading has beeﬁ understood and applied to the study of blind
bolted connections, it is not possible to comment further on the cyclic
behayiour of this innovative blind bolted endplate connection to CFT colqmn
due to a significant gap of knowledge. As an attempt to provide basic
undelfstanding contributes fo ﬁil that gap, this reseérph programrﬁe outlined in

this thesis is intended to answer two fundamental questions:

. What are the cyclic characteristics of this innovative blind bolted endplate

connection to CFT column?

« How can we simulate the hysteretic moment-rotation relationship of this
-innovative blind bolted endplate connection to CFT column and provide
comments on main influencing parameters for the hysteretic behaviour of

such connection?
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1.4 Research aim and objectives

The intention of this research program is to test an innovative blind bolted
endplate connection to CFT column under cyclic loading with the aims of
obtaining insfghts into the hysteretic moment-rotation relationship, available
ductility & energy dissipation capacity, observing typical failure modes,
developing relevant understandings for the hystercti'c behaviour of this

connection.
The overall objectives of this research are highlighted as follows:

« To evaluate the hysteretic performance of the connection system in terms

of strength & stiffness degradation, ductility and energy dissipation
capacity.

+ To examine the progressive damage evolution of the connection systems

by introducing cumulative damage models.

« To develop a validated finite element model to trace the distinct local
damage of the connection and undertake parametric study to allow for the
dependence of connection behaviour on the relevant geometric and

mateﬁal variables.

« To establish a mathematical model for the prediction for the hysteretic

moment-rotation relationship of the connections under cyclic loading.
1.5 Research methodologies
The objectives of this research will be achieved through following steps:

- Literature review to examine previous investigations in the related areas

and comment further on the most beneficial aspects to direct the study.

» Full-scale experimental quasi-static cyclic loading test to get data of the

moment & rotation capacities and failure modes of the connection for the
10
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-first objective of this study. The hysteretic moment-rotation relationship
to be analysed for the second objective of this study, i.e. evaluate the -
cyclic characterizing pararﬁeter§ and the evolution of progressive damage
during inelastic range of cyclic loading. The highl.ighted failure modes to
be discussed covering the connection categories of strovng blind bolt &

weak CFT column and weak blind bolt & strong CFT column.

+ 3D nonlinear finite element modelling to simulate the experimental
. response in further details which serve for the third objective of this
study. The finite element model to be validéted against the experimental
moment-rotation envelope curves under positive and negative bending
moments. Parametric study to investigate the main geometric and
mechanical variables influencing the behaviour of this innovative blind

bolted endplate connection to CFT column.

+ Mathematical models to be developed and incorporated into the hysteretic
moment-rotation models for the representation of hysteretic loops for the

fourth objective of this study.

1.6 Outline of contents

This thesis consists of seven chapters including current chapter as the

introduction. A brief description of these chapters is presented as follows.

| Chapter 1: This chapter outlines research background, justification, research

questions, research aims & objectives and research methodology.

Chapter 2: This chapter contains a literature review of three closely related

topics, including the tensile behaviour of blind bolted connections, the
11
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monotonic behaviour of blind bolted beam to column moment connections and
the cyclic behaviour of bolted endpiate beam to column connections. It
includes current advances of experim'ental studies in these areas. As a
conclusion remark of this chapter, the efforts needed for further understanding

are highlighted for this innovative blind bolted endplate connection studied

herein.

Chapter 3: This chapter presents the details of experiment in this study. It
covers the objectives and design of the testing programme. The general
configuration of tested specimens, material properties, test apparatus and
instrumentation are presenfed. The quasi-static cyclic loading procedure is

described with a brief overview of the yield point determination methods,

Chapter 4: This chapter presents the experimental results including failure
modes, and hysteretic moment-rotation relationship. Using codified cyclic
characterizing parameters, the cyclic characteristics of the connection system

is evaluated in terms of ductility, energy dissipation, resistance and stiffness.

Chapter 5: This chapter demonstrates the use of cumulative damage models in
evaluating the progressive damage modes of this innovative blind bolted
endplate connection to CFT column. This analysis is presented based on the

experimental data outlined in Chapter 4.

Chapter 6: This chapter describes 3D nonlinear finite element modelling of
this innovative blind bolted endplate connection to CFT column. Related
modelling theories and techniques are reviewed. Following the validation of

finite element results with experimental data, the local damage of the

12
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“connection are fﬁrther clarified based on the analysis of stress distribution
which in turn provides further evidences for the failure modes indicated in
Chapter 4 and Chapter 5. The param'etric study is presented based on the
validated ﬁnife element model. It provides further comments on the influences
of tube wall thickness and concrete strength on the moment-rotation response

of the connections.

Chapter 7: This chapter discusses further modelling of hysteretic moment-
rotation relationship. Based on the moment-rotation envelopes predicted by
finite element analysis, the mathematical models are adopted to represent

hysteretic loops of the curves.

Chapter 8: lThis chapter highlights the main conclusions obtained from
experimental study ahd finite element analysis. It also provides general
comments and recommendations for the applicétion and further research of
this innovative blind bolted endplate connection to CFT column under cyclic

loading.

13
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CHAPTER 2

LITERATURE REVIEW
2.1 Introduction

‘In this research, an innovative blind bolt and CFT column were incorporated
in the bolted endplate connection system to resist moment. The present chapfer
is organized along distinct lines of focus and describes the previous
experimental researches relevant to this connectiori system. The respective
focus areas in bthe literature review are "directed to provide general
understanding of the behaviour of the connection componen.t or assembly. A

brief overview of the focus and related methodology of each study is presented.
The résults obtained from previous investigations are not completely listed but
selected to shed light on how the connection assembly and associated system
are investigated. This chapter also includes recent work of a series of
investigations on the behaviour of this innovative blind bolt. This chapter

concludes with comments highlighting the needs for further research of this

topic.

2.2 Previous studies on tensile behaviour of blind bolted

connections

- Several types of blind fastener ‘have been developed commercially and
.;adopted for beam-to-column connections, including the Huck High Strength
B‘lind‘ Bolt (HSBB) and Huck Blind Oversized Mechanically Locked Bolt
(BOM) (Huck - International-USA), the Flowdrill (Flowdrill B.V-The

Netherlands), the Ajax One-side (Ajax Fasteners-Australia) and the Lindapter

15
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Hollobolt (Lindapter International-UK), as indicated in Table 2.1. The

behaviour of these blind fasteners has been widely investigated in the

literature.

Table 2.1 Typical blind fasteners (Corus Tubes library, 2005)

Item

Configuration illustration Installation procedure

BOM

fastener

HSBB

fastener

Flowdrill

1* sta; ‘vz"" Ty
2e stage 3" stage

in
Primary sleeve
Second sleeve

Clamp
Washer

Collar

Tool

Flowdrill bit

Collar
|
|

1* stage 2" stage
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Table 2.1 continues

Item Configuration illustration Installation procedure
~
4
Lindapter Collar_q j@— Bolt head g‘f P J N J @;‘
Hollo- a &, >3 i
E o— Sleeve # & # '
bolt Threaded = J. LB
cone —e £ l &
S Bolt shank
S 1* stage 2" stage 3" stage
© I ®—Collapsible R ‘ 7
h - m ]
i oA IS T8

One-side

M

o— Solid washer

l
|

1% stage 2" stage

For a bolted endplate beam to column connection, the moment mechanism is
formed by tensile force developing on the beam flange and transfers to the
compression zone of the connection. The tension zone of the bolted
connection is often regarded as the major source of deformity. The equivalent
bolted T-stub originally introduced by Zoetemeijer (1974) has been
recognized as a fundamental approach for the idealization of the performance
of the tension zone of the bolted joints. Also, an understanding of the overall
connection behaviour in bending was established. For example, the bending of
the column flange and the endplate can be described using equivalent bolted
T-stub modells as illustrated in Figure 2.1. The strength and stiffness of bolted

connections is then determined using both the component method and the T-s
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tub models (Agerskov ef al, 1976, Yee et al, 1986; Jaspart et él, 1995; Shi et
al, 1996). Also, thiS simplified analytical method has been adopfed in modern
- codes, such as Eurocode 3 (2005). With regard to the blind bolted connection,
most concefn§ were given to its tensile behaviour. Although the blind bolt is
susceptible to undergo shear action, this conﬁgﬁration of assembly with large
cross-section area could be inherently strong enough to resist such action. This
is especially true for the Hollobolt, whose large cross sectional area due to the
flaring sleeves produces a great shear resistance. Accordingly, the T;stub
- connection model was adopted in literature above for the preliminary study of
strength and stiffness of the blind bolted __connection in tension. Typical
experimental studies in recent years for blind bolted T-stub connections are
listed in Table 2.2. This section will present a brief overview of relevant
experimental work on T-stub connections at the University of Nottingham and
the University of Melbourne. The main focus of review in this section is given

to the Lindapter Hollobolt and the Ajax One-side based blind bolts.

Bar;nett (2001) conducted an earlly experimentai study at the University of
Nottingham on blind bolted T-stub assemblies, as shown in }*'igure 2.1. The
ultimate pgrfonnance and failure 'modes of different t).'pes of the blind bolts
were observed and compared. The reported.stiffness of the connections with
the Lindapter Hollobolt was lower than those with the standard bolt. It wag
observed early ductile shearing of the flaring sleeve caused axial bolt
deflection prior to the preload being overcome and then this ductile shearing

continued until fracture of the flaring sleeve, as shown in Figure 2.1(b). Due to

limited number of tests, no analytical models were given to characterize the

18
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performance of the blind bolt and its connection.

Table 2.2 Representative experimental studies on blind bolted T-stub

connection subjected to tensile loading

Details of the tube

Details of the

Test

Reference  Blind bol - imitati
olt types () T- stub flange number Test limitations
(mm)
Tanaka  Huck high strength SHS300x300%12 250%250%25 4 Complicate
(1996)  one side bolt (BOM) Without concrete infill  250x302x34 installation
SHS 200%200x%8
Barnett Lindapter RMH bolt ~ SHS 200x200%10 Sleeve shearing
750x200x?2 9]
(2001)  andHollobolt ~ SHS 200x200x12.5  2>0~200%25 12 failure
Without concrete infill
Standard bolt, Without
Ellison Lindapter RMH bolt,  SHS 200%200x10 accounting for
x S = 2 Y X
(2004)  Holloboltand  Withconcreteinfill 200720030 4 (velic loading
Extended Hollobolt
Gardner . CHS' 219.1x4.8 Connecting
Ajax One-si g N 200%230x
(2005) SHC iy With concrete infill X216 : welds fracture
Yao = . CHS' 323.9x6 Connecting
A - BESECK 7280x280x?2
(2008) DK e fide With concrete infill e R0 4 welds fracture
Lee : . SHS 150%150%6 Tube wall
Ajax One- 2
(2010) s e-side Without concrete infill 270=150%10 damage

Note: CHS denotes circular hollow section

(a) Test set-up

(b) Original bolt and shear failure of sleeves

Figure 2.1 Representative tensile test of blind bolted (Lindapter Hollobolt) T-

stub assembly (Barnett, 2001)
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Blind bolt

(a) Test set-up (b) Tube faces deflecting
Figure 2.2 Representative tensile test of blind bolted (Lindapter Hollobolt) T-
stub to SHS column without concrete infill (Barnett, 2001)

The research conducted by Barnett (2001) also expanded the research of T-
stub assembly for the blind bolted T-stub connection to square hollow section
(SHS) column without concrete infill, which is similar to previous test
performed by Tanaka & Tabuchi (1996). The ductile shearing of the flaring
sleeve against the underside of the connections was again observed as the
predominant cause of damage for the blind bolt. The expansion of the
clearance hole was reduced as the stiffness of SHS column wall is increased.
More serious ductile shearing failure of the flaring sleeve was observed for the
connection with 12.5 mm thick SHS column wall than those with 8mm or
10mm. The connection failure of tested samples was also due to significant
deflection observed on the connecting face and lateral face of SHS column, ag
shown in Figure 2.2 (b). It was found in the reported tests that the T-stub
connection to thicker hollow section connecting face exhibited higher stiffness

than those to thinner ones. The flexibility of hollow section column face was
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recognized as a limiting factor for the use of the blind bolted connection to

hollow section column as moment resisting connections.

Lee et al (2010A) studied -blind bolted T-stub connections to hollow section
columns for low rise construction. As ment.ioned earlier, the blind bolt studied
af the University of Melbourne was the Ajax One-side, which was used as
fastener with T-§tub to build a moment connection. The tension test showed
that the bolt failure followed a different failure mode in which the tube face
around the bolt hole area tore open, resulting in bolt pullout as plotted in
Figure 2.3 (a). The compression test showed that the tube underneath the
endplate crushed and tﬁe sidewall bulged outwards as plotted in Figure 2.3 (b).
Besides the deformation of the blind bolt and tube face, the endplate also
deformed in a bow shape and produced plastic hinges. The numericél moment-
rotation curves were converted and compared with moment-rotation cur;'es
related to Eurocode 3 classification. This connection classification was
introduced by El, (flexural stiffness) and Ly(span of the beam); and then given
as (1) rigid-K;in>koEL/Ly, where k,=8 (braced frames) and k=25 (sway
frames); (2) nominal pinned, if K;ini<0.5El/Lp; (3) semi-rigid: for cases in
between the rigid and nominally pinned. By evéluating the stiffness properties
of the connections, it was concluded in this work that the Ajax One-side could
be used as an alternative to welded connections in residential or low rise

commercial frames.
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(a) Punching failure of bolt hole (b) Tube face crushing

Figure 2.3 Representative tensile and compression test of blind bolted (Ajax

One-side) T-stub to SHS column without concrete infill (Lee ef al, 2010)

From the work referred above, it is noted that the deformability of a bling
bolted connection to tubular column greatly depends on the flexibility of
connecting face and sidewall of hollow section column. The introduction of
concrete infill into this area of study was performed by early researchers.
France et al (1999) compared the blind bolted connection with flowdrilled
connectors and concluded that the concrete infill dramatically increased the
strength and stiffness of the blind bolted connections. Later, Tizani & Ridley-
Ellis (2003) reported a similar observation when compared with the bolted

connections with RMH (Reverse Mechanism Hollobolt).

Due to the efficient stiffening effect of concrete infill, the CFT column hag
attracted more attention for its use in moment resisting beam to column
connections. The blind bolts, on the other hand, have been improved to
employ the beneficial effect of anchorage provided by concrete infill. Early
practice at the University of Nottingham was made for the Lindapter Hollobolt
by extending the bolt shank and adding a nut at the end to be anchored in

concrete infill, which is also labelled as ‘Extended Hollobolt’. Ellison &
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Tizani (2004) conducted a practical experimental study for the blind bolted
connections to CFT column. There were four different types of blind bolts

tested for comparison.

(a) Test set-up (b) Bolt fracture

Figure 2.4 Representative tensile test of blind bolted (Standard bolt, Lindapter
Hollobolt, Extended Hollobolt) T-stub to CFT column (Ellison & Tizani, 2004)

1
-»— Standard Bolt

—a— HolloBolt 1

Load (kN)

200
.« RMH bolt et
100 —e— Extended Hollobolt gt
0 I T T L L)
0 2 4 6 8 10 12

S eparation of end plate (mm)

Figure 2.5 Load-displacement relationship of tensile pull-out tests (Ellison &
Tizani, 2004)

The test set-up reported by Ellison & Tizani (2004) is shown in Figure 2.4.

The main failure modes for all the connections were featured by bolt fracture.
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This observation is also different from previous -test on the Hollobolt
conneetion, in which the Hollobolt was partially pulled through the hole prior
to the develooment of the tensile capacity (Bameﬁ, 2001). The standard bolt
failed near the middle_. of the shank length. The Extended Hollobolt connection
showed little early deformation which was attributed to the extra anchorage
provided by the extra shank lengtﬁ. The strength and stiffness for all types of
the blind bolt were again notably improved when compared with similar tests
without concrete infill (Bamett 2001). As such, a minimum tube wall
deformatlon was observed for all tests. A representative comparison of the
load-displacement relationship of the connections with different types of the
blind bolt is shown in Figure 2.5. RMH bolt and the Extended Hollobolt
connections exhibit similar stiffness to those of the standard bolt while the
Hollobolt connection displays much lower stiffness. The improvement of
initial stiffness for the Extended Hollobolt was judged as the contribution of
concrete anchorage. The ductility of the connection was determined as the
displacement capacity in Ellison’s study. It was shown that the Hollobolt and
the Extended Hollobolt connections exhibited the highest and lowest ductility
respectively. The Hollobolt connection showed greater early deformation of
the tube wall due to limited anchorage in the concrete infill. It also displayeq
higher rate of post yield deformation in the end. Compared to the Holiobolt,
the standard bolt connection developed less early deformation. Based on the
reported test results, the connection with the Extended Hollobolt wag
suggested as a type of moment-resisting eonnections to hollow sections and a
. feasible alternative for traditionai expensive and cumbersome welded

connections.
24



Chapter 2:Literature review

tube endplate tube endplate

wall o wall g

j::slher washer spalls‘her washer

w
Yy bolt cogged ‘ bolt
TTHTHINTTITT7] T g8 77777
T a T citinsion \/_/A./..J )
nut nut

(a) Blind bolt with straight & cogged extensions  (b) Bolts bend & fracture
Figure 2.6 Representative tensile test of blind bolted (Ajax One-side with
cogged extensions) T-stub to CFT column (Gardner and Goldsworthy, 2006)

Force (kN)

350
300 -
250 =
200
150 !
100 = /
50 = 4

2 4 6  Cycle numbers

Figure 2.7 Cyclic loading history used in Gardner & Goldsworthy"s test (2005)

Another early practice at the University of Melbourne was made for the Ajax
One-side by adding reinforcing bars welded on as extensions as shown in
Figure 2.6. The idea of this improvement was derived from pivotal work of
welded beam to column connections done by Schneider & Alostaz (1998), in
which reinforcing bars ‘were welded onto the top of the flange and anchored
into the concrete solas to avoid the excessive distortion of the tube wall and
retain the plastic moment capacity of beam. In Goldsworthy & Gardner’s work

(2006), the blind bolted connections were studied with different extension
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types, such as straight and cogged, and with different length as shown in
Figure 2.6. The tension léad applied to the connections consisted of monotonic
load and unidirectiqnal cyclic loads, in which the cyclic loading history is
shown in Figure 2.7. It was found in théir tests that that the extensions lead to
an improvement in the strength and stiffness of the connections as the tensile
| loads are shared between the tube face and anchorage. The anchorage
provided by the reinforcing bar extensions prevented excessive localized
column yielding or shearing, or bolt pull-out. Although it was assumed that the
desired failure as the bolts reached their full capacity and fracturing,
obseryations were made in some tests that the failure of the welds between the

bolts and the extensions, and/or anchorage failure of the extensions.

To relate the test results to design, Goldsworthy & Gardner (2006) converted
obtained data into moment-rotation relationship by assuming the beam end
rotation axis is in line with the cdmpression force. It was found that the
calculated initial rotation stiffness lies between those of a web-side plate type
connection and a rigid endplate connection. The initial stiffness of the
connection was increased with the provision of better énchored extensions. Ag
conclusions of this work, they confirmed that effectiveness of the extensions,
especially the cogged ones, in increasing the strength and stiffness of this T-
stub connection in tension. As for the consideration of extension in design,
they suggested a limit be prescribed on the load taken by extensions to ensure

sufficient anchorage under ultimate condition.

Thereafter, Yao et al (2008) further studied the blind bolt of Ajax One-side
with extension used for moment resisting connection, as shown in Figure 2.8
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N

The tests consisted of a large scale T-stub connection with full instrumentation

tested to failure in tension and some pullout tests to study the anchorage
behaviour of cogged bars. The test was considered under monotonic and cyclic
loading, in_which the cyclic loading history was similar to the test reported by
Gardner & Goldsworthy (2005) but referred with mbre cycles. Again, it was
shown in their test that the addition of the cogged extension to the blind bolt
increased the tensile strength and stiffness of the T-stub connettion. It was
, estimatéd that 65%of the tension was carried by the cogged extensions and
35% was taken by hoop stress within the steel tube wall at the load level of
500kN. The failure mode at the maximum load was again the fracture of the
welds between the bolt head and cogéed extension at the middle bolt of the top
T-stub. The pullout tests showed that failure of cogged bars was caused by
breaking of the bar outside the steel tube other than éﬁchorage failure. The
comparison of monotonic and cyclic loading tests showed similar envelopes
which implied no significant influences of the loading history. It was deduced
that from load slip of pull out test that the tube with 6mm ﬁhickness was able

to provide sufficient confinement.

The tensile response of the blind bolted T-stub connection was later simulated
by a finite element model. The cogged bar were divided by two paﬁs: the
straight portion and the coggéd portion as the interaction between reinforcing
bar and the surrounding concrete was modelled. These two parts were

modelled with couple elements & bond element and a single spring element

respectively.
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Following the T-stub connection test, another test was conducted to validate a
strong and stiff blind bolted connection rather than ductile moment resisting
ones. Once again, the test was terminated when the weld fracture between the
blind bolt head and the cogged extension. Similar to the comment given by
Goldsworthy & Gardner (2006), Yao et al (2008) suggested an one-piece
combination of the cogged extension and the blind bolt as to avoid brittle
fracture. The connection was concluded with favourable strength and stiffness
in moment-resisting frames to resist lateral loads, however, this study was not
related with the connection ductility. The comparison of the cyclic
performance of the Extended Hollobolt and the Ajax One-side bolt will be

commented later.

Uniyersal testin ‘

| ~=—TT>stub

Figure 2.8 Representative tensile test of blind bolted (Ajax One-side with

cogged extensions) T-stub to CFT column (Yao et al, 2008)

2.3 Previous studies on monotonic behaviour of blind bolted

beam to column moment connections

Recent experimental investigations on the blind bolted moment connection to

tubular column have been carried out on a variety of connection with
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configuration parameters of tube shape, concrete infill and blind bolt, as listed

in Table 2.3. Similar to the experimental studies on T-stub connections, the

resecarch work at early stage concerns the blind bolted beam-to-column

connections with hollow section columns without concrete infill and later

expanded for the connections with CFT columns.

Table 2.3 Representative experimental studies on blind bolted beam to column

moment connections subjected to monotonic loading

Reference Bolt types Column details (mm) Beam details (mm) I\(I)l;r&l::r
SHS203x203x12.7
Ghobarah (1993) ~ Fluck BOM SHS254x254x11.13 W360x33 6
With/Without concrete infill
SHS203x203x12.7
Korol Huck BOM SHS254x254x9.53
orol (1993) Huck HSBB SHSP9Ax254x11.13 W360x33 5
A325 Without concrete infill
Tanaka (199 SHS300x300x12
: 2 (1996) Huck BOM Without concrete infill H400x200~8x13 4
' SHS200x200%8
France (1999) Flowdrill SHS200x200%10 UB356x171x67 6
' SHS200x200x12.5
Torque controlled
Harada (2002)  high strength blind w.f’;{sfso"”(:: 12 HA00x200x9x19 4
bolt (TCBB) ithout concre:
Loh(2006)  Lindapter Hollobolt  (ohocoo 03 250UB25.7 6
SHS200x200x8
Wang (2008) . Lindapter Hollobolt CHS200x8 H300x150%6.5x9 4
With concrete infill -
Al-Mughairi SHS200x200x8 ,
2009y Extended Hollobolt  SHS200x200x10 UB356x171x67 8
o _ SHS200x200x12.5
i RHS200x100%5
azouli . SHS150x150%6.3 UB305x102x25
009y ~ Lindapter Hollobolt  ‘cpyy50.150x10 UB305x165x40 'O
SHS200x200x10
Lee (2011)  Ajax One-side SHS 130x130x6 310UB32 1

Without concrete infill

Early study by Ghobarah et al (1993) and Korol et al (1993) indicated that an

appropriate use of the blind bolts in the connections to hollow section tubular

column could achieve similar moment capacity as those of the standard bolts.
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Also, the moment capacity of the blind bolted connection can be improved by
changing the bolt pitch and endplate thickness so as to reduce the blind bolt
bending and the prying action. An basic analytical model was given by
Ghobarah et al (1993) to evaluate the initial stiffness and plastic moment
capacity of .the blind connections to SHS column with and without column
infill. This study proved that initial stiffness of the blind bolted moment
connections increases with fhe effect of concrete infill. The prediction of

connection’s moment-rotation relationship was shown at various load levels.

France ‘et al (1999) investigated the moment behaviour of flowdrill
connections to tubular columns without and with concrete infill with the aim
to assess the joint’s semi-rigid behaviqur’ and acceptability of the flowdril]
connector as a method for onsite bolting of beam to the column connections,
;l'he related parameters examined in the experiment referred to tube wall
thickness, material properties, and endplate thickness. The moment tests of the
connections with no concrete filled tubular column showed that the majority
of the joint rotation occurred due to flexural action of the tube walls and the
flowdrill connector was not sufficient to restrain the column face when in
tension. The sidewallv buckled outwards in the compression zone with yielding
across the full width of tube sidewall. However, an uncertainty was expressed
if this extensive yielding inﬂuenged the response of the joint connected to the
adjacent face of the column, When compared the mc')ment behaviour of the
connections, the depth of the connections was suggested as more efficient than
that the tube wall thickness in achieving strong and stiff joint. The results from

experimental studies showed flowdrill connector was able to achieve full
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stréngth for fnoderately thick endplate connections of flush endplate details.
The later studies on the connections with tubular columns with concrete inﬁll'
indicated that the concrete provided sufficient stiffness at the corers of the
tubular column to prevent any inward deformation of the lateral face (France
et al, 1999). There were not any visible defon_nations of the column in the
compression zone. The sfrengthening effect of concrete infill caused the axis
of rotation of the joint shifting towards the compressioh of the flange of the
beam. As a result of the joint response, the increased initial stiffness and post
yield stiffness were observed for such connectiohs to tubular columns with
concrete infill than those without concrete infill. However, the ductility of the

connection was reduced with the concrete infill.

Harada et al (2002) studied the cyclic behaviour of a type of blind bolted
connections using split-T to rectangular hollow section column. The blind
bolts used in reported tests were torque controlled high st_rength blind bolt
(TCBB). The performance of the connection was assessed by experimental
load-deformation relationship curves, which showed stable spindle-shaped
hysterésis loops. This type of connection was concluded with capefcity of

possessing sufficient deformation capacity.

Loh et al (2006) tested cruciform blind bolted (Lindapter Hollobolt) composite
connections to CFT column under hogging bending, as shown in Figure 2.9 (a).
This study aimed to simulate the internal regions of a semi-continuous frame.
Comparative studies were taken for bare steel joints and composite joints with
concrete slab, in which the latter type was expldred by - examining the
influence of shear connections and reinfqrcement on the joint behaviour. The
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beneficial effect of using the concrete filled column sections was observed as
the prevention of the local tube failure. The experimental results showed that
the failure of bare steel joint was caused by excessive deformation of tube face
and pull out of the Hollobolts, as shown in Figure 2.9 (b). The failure of the
composite joints was induced by the local buckling of compressive beam
flange, which attributed to the reduction of moment resistance and rotational
capacity of the joints. However, there was no failure of the Hollobolts
although the larger clearance bolthole deformation was observed. The test
results also showed the influences of shear connection level and reinforcement
ratio on the behaviour of the composite joint. In the former case, the rotation
capacity was enhanced by a slight compromise of stiffness and resistance,
while in the latter case, a notable effect on the joint performance was observed.
As for the issue of using partial shear connection in design, suggestions were

given for appropriate shear levels and reinforcement ratios.
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(b) Failure modes
Figure 2.9 Representative test of blind-bolted (Lindapter Hollobolt) beam-to-

column moment connections under monotonic loading (Loh et al, 2006)
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Squore CFET cokumn

(b) Failure modes
Figure 2.10 Representative test set-up for blind-bolted (Lindapter Hollobolt)

beam-to-column moment connections under monotonic loading (Wang et al,
2009)

A similar experimental study was conducted by Wang et al (2009) for the
monotonic behaviour of the cruciform blind bolted connections to CFT
columns, as shown in Figure 2.10 (a). Limited number of tests was performed
taking column section type (square and circular CFT columns) and the
thickness of endplate as parameters. As the column section used in the tests
were cold-formed, the failure mode was shown as longitudinal cracks on the
corner of the square CFT column, as shown in Figure 2.10 (b). Despite
concrete crack at the ultimate state, no failure sign of the Hollobolt was

observed. A comparison was made for the influence of selected parameters on
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the strength and stiffness of the connections. The thickness of endplate was
observed having an effect on the connection behaviour, i.e.,, the increased
thickness of endplate 'produces increased strength and stiffness but decreased
rotation capacity of the connections. The connection performance was
assessed on the basis of moment-rotation relationship. According to the
Eurocode 3 classification, it was concluded that this type of connection
behaved in a partial strength and semi-rigid manner with reasonable strength

and stiffness.

Al-Mughairi (2009) investigated the monotonic behaviour of the blind bolted
endplate connection to CFT column using the Extended Hollobolt, as shown in
Figure 2.11 (a). As already mentiéned in the ﬁrst chapter, this work is a pilot
study on the beam to column moment resisting behaviour of this inno_vative
blind bolted endplate connection in this study. Hence, it was intended to
present a little more details about experimental set-up and analysis herein as a
basic reference for present study. This experimental work aimed to study the
suitability of the use of the Extended Hollbbolt for a moment resisting
connection. The parameters in this report inciude concrete strength, tube
thickness, bolt pitch and endplate type. The I-beam connected was designed
with larger capacity than the connection. As such, thick endplate with
sufficient strong welds was used to avoid any plastic deformation so that the
blind bolt failed in the end. The monotonic load was applied 1m away from
the connection with load control. It was observed in the reported test that the
failure mode for all the connections was the bolt fracture in tension rather than

pullout. From the strain gauge reading on the bolt and related experimental
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observation, the concrete gripped the anchored part of the bolt such that the
bolt was not pulled out from concrete, i.c., nothing indicates bond failure
between concrete and bolts. The deformations on the tube walls, beam section
and endplate were rarely noticeable during nearly all the tests. Similar yield

line pattern was observed at the corner of 8mm thick tubes.

Frame

Support

(b) Failure mode of bolt fracture
Figure 2.11 Representative test of blind-bolted (Extended Hollobolt) beam-to-

column moment connections under monotonic loading (Al-Mughairi, 2009)

As for the parametric study, it was found that the concrete strength had little
influence on the behaviour of the connection with Extended Hollobolt. This
point can be understood based on the fact that relatively thick tube face
(varying tube thickness from 10mm to 12.5mm) greatly restrains bolt pullout

and its interaction with concrete infill, i.e.. bolt anchorage or bond between
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bolt and concrete. The non-negligible influence of tube thickness on the
~ connection behaviour was confirmed in this report. It was found that the
increase of bolt pitch leads to an increase of moment capacity and ductility of
the connection. As for the eﬁdplate configuration, it was reported the extended
endplate thickness had more significant effect on the increase of connection

capacity than tube wall thickness.

The rigidity of the connection was analysed using secant stiffness and related
classifications. The secant stiffness was estimated from Eurocode 3 méthod
and beam line analysis to specify the connections among the categories of
rigid, semi-rigid and flexible. By using the classifications suggested by
Eurocode 3 and Bjorhovde, it was concluded that the connections with given
beam ranges (length and section) can be classified as rigid or semi-rigid (Al-
Mughairi, 2009). This classification system is based on the stiffness criteria
which can be referred to review work conducted by Chen (2000). This
indicated those .connections within the category of semi-rigid or rigid
connection, The ultimate limit state study showed tested connections were
neither fg‘ll strength nor.ﬂexible. By changing the beam section and length, jt

was found that full strength connections were achieved.

The 3D finite element models in the report were developed to validate against
test results with a great confidence. The bolt preload was found to be g
significant factor in determining the behaviour of the connectioris. It was also
reported the parametric study of the effects of relevant parameters on t.he
monotonic behaviour of the connections, including tube thickness, bolt pitch,
and bolt gauge. The stiffness of the connections was more affected by tube
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thickness than bolt pitch and bolt gauge. As a general remark in reported work,
this type of the blind bolted connection owned similar failure mode which was
comparable to that of a standard bolt. The tested connections with this
innovative blind bolt met the requirements which éan be classified as a rigid or

semi-rigid connection in moment resisting frame system.

Elghazouli et al (2009) reported an experimental study on top seat and web
angle connections blind bolted to hollow section columns under monotonic
and cyclic ldading, as shown in Figure 2.12 (a). The focus in this study was
| given to the influence of bolt grade, gauge distance, column thickness, beam
width and presence of web angles. These related paranieters were discussed in
relation with connection stiffness, capacity and failure mechanisms, and their
implication on performance & design. The deformation mode of the
connection tension zone is shown in Figure 2.12 (b). The direct tension test
displayed that he bolt axial stiffness was increased with the increase of bolt
grade. This was also shown in joint tests in which the relatively higher
stiffness and capacity of the angles were used,l i.e., the blind bolt plays direct
| roles in the response. The gauge distance showed the interrelation between the
influence of the stiffness of angle and blind bolt, in which the reducéd distance
between the blind bolts and the béam flange increased the connection stiffness
and capacity. The reduction of column wall thickness caused lower stiffness
and capacity of the connections. The beam width was found as important in
related wifh the width of column face, for which the effect of flexibility of
column face in éompression became significant when the column face is wider

than the beam. The use of web angles was found to be effective in improving
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the stiffness and capacity of the connection. This report also included an
analytical model examination and comparison with Eurocode 3 methods. This
further coupled with experimental results indicated the suitability of this

connection as semi-rigid and partial strength for secondary or primary frame

systems.

(a) Test set-up (b) Deformation mode of connections

Figure 2.12 Representative test of blind-bolted (Lindapter Hollobolt) beam-to-

column angle connections under monotonic loading (Elghazouli et al, 2009)

(b) Deformation of tube face and channels

Figure 2.13 Representative test of blind-bolted (Ajax One-side) beam-to-

column moment connections under monotonic loading (Lee ef al, 201 1)
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Lee et al (2011) examined the monotonic behaviour of a new bolted moment
connection comprising of T-stubs connecting the top and bottom flanges of the
beam to the column face and channels connecting the T-stubs to a back-plate
ai the back-face of the hollow section column, as shown in Figure 2.13 (a).
- The typical deformation mode of the connection occurr_ed at the corners of the
channels, as shown in Figure 2.13 (b). Similar to the T-stub connection test
reported before (Lee et al, 2010), Eurocode 3v classification was used for
assessing initial rotation response of the connection which can be referred to
Lee et al (2010). It was shown that this connection has the potential to be
classified as a rigid connection for a brace frame system and even stiffer than
the T-stub connection tested before (Lee et al, 2010). Finite element analysis
- was also used in the sensitivity analyses. It was found that the T-stub and
back-plate thickness were crucial for the connection stiffness. In this report, a

simplified analytical model was also developed for the study of stiffness.

2.4 Previous studies on cyclic behaviour of bolted endplate

beam to column connections

Traditionally, bearﬁ to column connections including bolted endplate
connections are often assumed to be -fully rigid to transfer moment in steel
frame design. Early studies on the cyclic behaviour of bolted endplate moment
connections followed the similar methodology adopted in the full welded
connections and focused on the stress and force distributions in the connection.
The configuration of the chnection in these studies refers to small beam
sections with un-stiffened endplates. The subsequent study revealed that the

connection may carry monotonic loads even after a significant rotation
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(Nethercot et al, 1988), which in turn have inﬂuenée on the frame stiffness
and cause an increase in the frame drift. As a result, the bolted endplate
conr;ections could undergo relatively large cyclic rotation. Concerns have been
extended for the inelastic response of such connections. Another motivatfon
for the study of bolted endplate connection under cyclic loading deﬁves from
the post earthquake survey, especially following thé Northridge (1994) and
Kobe (1995) earthquakes, relating to the poor performance of traditional
welded connections, whose fragile behaviours were identified. As g3
consequence, the bolted endplate beam to column connection was considered
as an alternative to traditional‘welded counterpart. Till now, considerable
" experimental studies have been reported in the literature on a wide range of
this type of connections under cyclic ioading. The highlights of these studies’
are related to the inelastic performance of the bolted endplate connection,

including ductility, rotation capacity, energy dissipation capacity...etc.

Most early tests involve with the bolted endplate beam to column connection
to open section column. In contrast, there are only few cyclic loading tests
reported on the blind bolted endplate connection to hollow section column,
such as Mourad (1995). The work to date are presented by Wang, et al (200§)
énd Mirza, et al (2011), which refer to the blind bolts of the Lindapter
Hoﬂobolt and the Ajax dne-side respectively. A summary of these tests ig
indicated in Table 2.4, which includeé the c;)nnection type (i.e., ﬂﬁsh or
 extended endplaté and standard bolt or blind ‘bolt), details of column & beam

and main parameters in each investigation. As a closely related topic of the

connection subjected to seismic loading, the research on the low cycle fatigue
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behaviour of the bolted endplate moment connection is also briefly outlined at
the end'of this section. The representative cyclic loading history used in these
tests is compared with codified procedures, such as ECCS (1986) and ATC-24

(1992).
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Table 2.4 Representative nxvoainsﬁ_ studies on bolted endplate moment connections subjected to cyclic loading

Reference Connection types Column details (mm) Main parameters investigated Number
_ P of test
Column details: Examination of the factors that influence the cyclic behaviour of the joint,
Korol (1990) Extended endplate W360%64, W360x79 such as end-plate thickness, bolt pre-tension forces, column flange slenderness 7
A490, M25 bolt Beam details: and column flange stiffeners. Evaluation of strength, stiffness, ductility and
© W360x45, W360x57 energy dissipation capacity. :
Column details: P s
Extended endplate W360x45 Assessment of the contribution of the individual components to the overall
Ghobarah (1990) A490. M25 bolt Beam details: response of the joint under cyclic loading. Evaluation of strength, ductility and 5
: ’ W360%64 <<.u 60x79 energy dissipation capacity.
- I ils: N «
Extended endplate @v__mzv“ﬂmﬂg__w Effort to determine the adequate bolt and endplate strength for attaining the
Tsai (1991) P o adequate ductility behaviour. Evaluation of strength, ductility and failure 3
A325 bolt Beam details: , Bom_om ty g ty
W18x40, W21 x 44 )
Column details: .ma% of the cyclic behaviour of the blind bolted extended endplate
Mourad (1995) Extended endplate  ~ RHS590 %230 x 22/19 connections for HSS (hollow structural steel) columns and investigation on 2
HSBB fastener Beam details: the effect of joint flexibility on the response of the frame when subjected to
W360x33 dynamic loading. Evaluation of stiffness and ductility.
: . Column details: L . . . . . .
. Extended endplate  H300x150x9x6.5 Investigation on the axial force-rotational stiffness nn_w:o:mr_v and cyclic
Dunai (1996) SBPR 80/105 bolt Beam details: ) behaviour of the connection zone excluding the ._o:: region. Evaluation of 3

H300%150%9x6.5 strength, ductility and failure modes.
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Table 2.4 continues

Flush  endplate Column details: Assessment of the influence of the loading history on the cyclic behaviour of the
Bernuzzi (1996) Extended endplate Rigid gmn. h joint wmwoamm.a.m with the Bmi &.8:.%: and mm_msnmw parameters. Evaluation of 16
. . Beam details: strength, ductility and energy dissipation capacity.
in one/ both sides IPE 300 ty p .
Column details: Researches undertaken fo assess the significance of some design parameters,
Adey (2000) Extended endplate 'W310x118, W310x143 including: beam size, bolt layout, endplate thickness, use of extension stiffeners, 15
y -A325/A490 bolt Beam details: W610%x125 welding process, and weld preparation. Evaluation of strength, rotation and
W360x51, W460x97 energy dissipation capacity. v
Extended endplate AW__M-%HMMWW_MVL 2 Study on the effect of a gap between the endplate and the column face on the
Yorgun (2001) MI16 & 10.9 grade L cyclic behaviour of the extended endplate connection. Evaluation of strength and 2
gl 107 g Beam details: Y :
bolt I:oxnomxw.x_o ductility.
Extended endplate Column details: Investigation on the contribution of the concrete confinement in composite
Simdes (2001) in one side HEA 220 columns to the cyclic behaviour of the joint, on internal and external nodes, 4
M20 & 8.8grade Beam details: together with an assessment of degradation of strength and stiffness in successive
bolt IPE 270 loading cycles.
m_xmﬁmmma endplate :MM_MM_% s details: Comparison made between the connections under symmetrical and anti
Dubina (2001) . symmetrical loading condition. Study on the initial stiffness, moment capacity 2
24
M20 & 10.9 grade Beam details: d plasti . ity of th .
bolt IPE 360 and plastic rotation capacity of the connection.
Extended endplate Column details:
o in one side W14 x 120 (193) (257) . - . .
Sumner (2002) M32 bolt (ASTM  Beam details: Mn_”wam_qoow%n:n MM_HMMWB M__Hm%mwha ductility of the connections for use in ¢
A490 or ASTM W24x68, W30x99 )
A325) W36x150
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,,_,wc_a 2.4 continues

Grecea (2004) MW”:BQMWMMM me Column details: HEB 300 Assessment of the joint rotation capacity relationship between monotonic and 12
10.9 grade bolt Beam details: IPE 360 cyclic loading. Evaluation of strength, stiffness and ductility.
%MHHM“”MMWS Study on the typical cyclic behaviour modes of the joint, characterized by the
Koviacs (2004) bolt & 8.8 and 10.9 Column details: HEA 200 cyclic moment-rotation relationships. Evaluation of strength, stiffness and 9
' ’ : ductility.
grade bolt
. Extended endplate o Investigation on the energy dissipation, the maximum joint strength, the initial
Nogueiro 24mm diameter & Column an.S_._m. HEA 320 and post-limit stiffness so as to further analysis of the current prescription of 6
(2006) Beam details: IPE 360
8.8 grade bolt ) Eurocode 8.
Extended endplate ~ Column details: Examination of the factors that influence the cyclic behaviour of the joint, such
Shi (2007) 20/24 mm diameter H300x250x8x12 as endplate thickness, bolt diameter, endplate extended stiffener, column 8
& 8.8and 10.9 Beam details: stiffener, type of flush and extended endplate. Evaluation of moment capacity,
grade bolt H300%200x8x12 rotation stiffness, rotation capacity and hysteretic curves.
. Column details:
Flush endpl %MMM%%M M 00~8 Research on the effect of the endplate thickness and column cross-section type
Wang (2009) | -ush endplate . : he cyclic behaviour of the joint. Evaluation of ductility and 4
g ( ) Lindanter Hollobolt With concrete infill on the cyclic behaviour of the joint. Evaluation of strength, ductility an
P Beam details: energy dissipation capacity. -
H 300X 150%6.5%9
Column details: _Verifying the connection can perform satisfactorily under cyclic loading from
Mirza (2011) Flush endplate SHS300x300x12 the aspects of yielding, maximum strength capacity and ultimate displacement 1
Ajax One-side With concrete infill ductility. Parametric study on concrete slab thickness, stud spacing, .

Beam details: 610UB101

reinforcement spacing, column axial load.
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An early study conducted by Korol, et al (1990) revealed that proper design
and detailing of bolted endplate connections could produce‘ sufficient energy
dissipation without substantial loss of strength or stiffness. Both endplate and
column flange as iniportant structural c.ompon’ents in the connection system
have great influences on the coﬁnection failure under cyclic Ibading. It was
reported that the bolt force deterioration induced by thin endplate could allow
reduced connéction stiffness. It was suggested the adequacy of column (open
section) flange should be checked beforehand, even if the column stiffeners
are considered, to avoid excessive yielding of column flange which would

further lead to low cycle fatigue.

The experiments repqrted by Ghobarah, et al (1990) and Tsai, et al (1991)
demonstrated tﬁat well designéd bolted ehdplafe connections can be
considéred suitable for moment-resisting frames in severe seismic service.
They did not recommend un-stiffened kcolgmn flange for seismic design of
bolted endplate connections. To avoid significant failures of the bolt and
endplates during cyclic loading, the connections Were advised capable of
sustaining the moment of 1.3M,, in which M, is the plastic moment of the
beam. They also presented design recommendations for bolts used in these

connections as a supplement for AISC codes.

Mourad, et al (1995) contivnued Ghobarah’s ;esearch on the bolted extended
endplate connections (u‘sing HSBB faéteners) to hollow section columns in
moment resisting steel frame. The‘beam yielding was avoided in the pre-
design of the test to examine the behavi.oixr of the connections under cyclic _
loading. This assumption was achieved in their tests. The nonlinear frame

analysis showed that the flexibility of such connections increased lateral
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deflection, decreased the number of beam plastic hinges and plaStic rotation,
thereby reducing the cyclic loading induced damage and increasing the plastic

rotations experienced by the columns at fixed bases.

Thereafter, Dunai, et al (1996) and Bernuzzi, et al (1996) studied the
influences of axial force and loéding history on the cyclic behaviour of bolted
endplate connections respectively. Dunai’s tests concentrated not on the joint
region but on the local connection region (omitting of the actual column
conﬁguratibn outside the connection). The rotational stiffness of the
connection was investigatéd under different levels of compressive axial loads
applied on the beam end. It was observed that the rotational stiffness is
increased significantly at.hi_gher ratio of axial load to yield load of the steel
section, depending on the compression to tension zone stiffness ratios. The
rigidity of this connection was reduced to the ‘hinge’ range after the failure of
the concrete in the surface. The investigétions carried out by Bernuzzi (1996)
allowed for the influence of loading history on the cyclic behaviour of the
bolted endplate connections. The test results exhibited the cyclic loading
history has significant influence on the shape of hysteretic curves, but
moderate influence on the envelopes of the cyclic response. It was suggested a
cyclic loading procedure with too rapid increment might éause an
overestimation of the energy dissipation capacity of the connection. It was aiso
recommended that two cyéles at the same maximum amplitude are sufficient

to quantify the resistance deterioration.

Adey, et al (2000) investigated several full sized endplate moment

connections under cyclic loading. This test was designed to trigger failure in
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the endplaté rather than in the beam and column. It was revealed that the
endplate energy diésipation capacity decreases as the beam size increases.
Meanwhile, the extended endplate stiffener increases the endplafe dissipation
capacities. If the endplate thickness reméins unchanged, it was reported that
the connection with relaxed bolts possess greater flexibility than counterpart
connections with tight bolt configuration. Thus, it was concluded that
extended endplate connections with relaxed bolt and extension stiffeners are
able to dissipate more energy than the connections with a tight bolt
configuration, and no extension stiffeners, thus'demonstrate good potential for

use in seismic zones.,

Yorgun, et al (2000) carried out an experimental study on the extended
endplate connections under cyclic loading. An innovative connéction
configuration was used‘ in this reported study by placing a short I-shaped
element (cut from the beam section) between the endplate and the column
flange. The thickness 6f the panel zone was chosen as twice that the column
web to reduce the deformation occurred in thé‘ panel zone of the column
thereby economising the design in the critical cross-sections and connections
without additional web-plate or diagonal stiffeners. The experimental results
of such connection were compared with the standard endplate connections. It
was found that the column flange and the endplate behaved as weakest‘
elements in the tested connections, and no bolt fracture occurred in the test.
The innovative connection used in this test exhibited better cyclic performance

than the standard counterparts.

Simdes, et al (2001) performed a series of cyclic loading tests on the
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composite bolted enqplate connections. The samples consisted of reinforced
concrete slab and concrete encased éolumn besides steel connection. It was
observed from this study that the stiffness degradation was low in internal
node tests, while significant in the external node tests. By comparing the
cyclic behaviour of the joints with steel columns and those with composite
columns, it was concluded that the differences are not pronounced as concrete
cracking decreases considerably the advantage of the column web
confinement. The aﬁalytical models were vglidated against the tests results and

corresponding accuracies were also discussed.

Dubina, et al (2001) studied the effect of cyclic loading type (symmetrical and
 anti-symmetrical) on the.response of beam to column connections used in steel
moment-resisting frames. The endplate connections were designéd as semi-
rigid and partially resistant accordiné to Eurocode 3. The test showed that the
joints which are classified as rigid an;i full strength under symmetrical loading
might become partially resistant and semi-figid under anti-symmetrical
loading. This was observed from hysteresis loops with fncreased ductility,
stable energy dissipation, and dec?eased moment capacity & initial stiffness.
The connection failures were influenced b); various factors, such as connection
detailing, welding procedure, and weld access hole, which are the possible

sources of stress concentration.

Sumner & Murray (2002) performed cyclic loading tests on bare and
composite slab extended endplate connections with the purpbse of evaluating
their feasibility for use in seismic load resisting moment frame. The bare steel

connections and composite connections were tested in horizontal and vertical
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positions respectively. The connections were designed to‘be stronger than the
connecting ’beam to ensure the resistance of the beam to column c(')nnection
~ assembly is relieved from local buckling of beam flange and web. The tests
met the design requirements. Finally, a design formula, which based on the
yield and tensile stress of steel, was suggested for predicting connecting beam

strength under cyclic loading.

Kovics, et al (2004) expanded the knowledge éf bolted endplate beam to
column connections té column-base jbints. The test samples were chosen with
varying endpléte thickness, column section and bolt diameter so as to observe
their influences on the cyclic behaviour of the connections. From this study,
the hysteretic behaviour of the connections was evaluated on the basis of the
" moment-rotation diagrams. The cyclic parameters, such as partial and full
ductility ratio, rigidity ratio, resistance ratio énd a.bsorbed’energy ratio were
célculated and compared. The representa‘tive cyclic behaviour was defined as
pure bolt failure, pure plate failure, combined bolt-plate failure and plate
buckling failure of column ends. From their study, the combined mode was
determined to act as the most advantageous ones in energy absorption,

rotational and load carrying capacity.

-Nogueiro, et al (2006) reported an experimental study on the cyclic behaviour
of the double extended bolted endplate joints to I-section column with
transverse stiffeners at web panel, as shown in Figure 2.14. The monotonic
tests showed that the failure mode was the column web panel in shear until the
endplate fails as the fracture in heat-affected zone. Similar failure mode was

also observed from cyclic loading tests. It was demonstrated from hysteretic
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curves that neither joint slippage nor significant strength and stiffness
deterioration occurred. This behaviour was attributed to the joint configuration

of transverse column web stiffeners and the extended endplate geometry.

(a) Test set-up (b) Failure modes
Figure 2.14 Representative test of bolted (standard bolt) endplate beam to

column connections under cyclic loading (Nogueiro et al, 2006)

. =
u -

(a) Test set-up (b) Failure modes

Figure 2.15 Representative test of bolted (standard bolt) endplate beam to

column connections under cyclic loading (Shi et al, 2007)

Shi, et al (2007) presented an experimental study on a series of bolted endplate
beam to column connections subjected to cyclic loading, as shown in Figure
2.15. The joint failure modes include the bolt rupture, endplate yielding,
endplate stiffener fracture and buckling of column web and flange in
compression, as shown in Figure 2.15 (b). A standard detail of bolted endplate

moment connections was suggested for seismic design. Also, the failure
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modes and related calculation methods were referred so as to ensure enough
rotation capacity and energy dissipation capacity of the connections under
seismic loading. In view of pinching and stiffness deéradation involved with
the connections under cyclic loading, it was recommended that the use of

extended endplate connections for moment resisting frames in their study.

Wang, et al (2009) reported a study with limited number of tests on the blind
bolted endplate connections to CFT column subjected .to cyclic loading. The
test set-up and joint configuration were the same with their former monotonic
test, as shown in Figure 2.10. Thié study consisted of four full-scale test of
joints with square and circular cross sections as an interior joint of moment
resisting frame. The significant failure mode of the connection was the cracks
at the corner of the square steel tubes (cold-formed) around the first row of the
tensile bolts, which is the same as that in monotonic test. The sleeves of the
blind bolt exhibited no failure signs, but only loosening. It was indicated that
the blind bolted endplate connections to CFT column satisfied the ductility
requirement for seismic design. This type of connection was thus judgegl tobe .

suitable for moment resisting structures.

The post earthquake (Northridge earthquake, 1994) investigations indicated
that the local failures of beam to column connections did not induce the
collapse of the steel frames but prodﬁce non-negligible structural damages.
This point seems to imply the understanding qf low-cycle fatigue phenomenon
for beam to column connections subjected to cyclic loading. The reported
European investigations on the low cycle fatigue behaviour of the éteel beam

to column connections has been conducted in the 1990s at the universities of
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Liege, Lisbon, Milan, and Trentq (Calado et al, 1995; Ballio et al, 1997,
Bernuzzi et al, 1997; Plumier et al, 1998). A brief summary of these tests is
indicated in Table 2.5. This part of research, mostly involving with the
deterioration of structural behaviour under cyclic loading with constant
amplitude range, is often regarded as a follow-up study from those outlined in
previous section. Figure 2.16 shows a brief summary of cyclic loading history
adopted in these studies along with two widely used cyclic loading procedures

suggested by ECCS (1986) and ATC-24 (1992).

Table 2.5 Represeniative experimental studies on bolted endplate moment

connections subjected to low cyclic fatigue loading

Reference Connection types Column details Beam details Number

(mm) (mm) of test
Flush endplate
Calado (1995)
Ballio (1997) | fg;‘:“(ﬁ:‘:&?ﬁfg‘;s HEA120  HEAI120 4 | Eg;
Bernuzzi (1997) ' grade bolt ‘
Extended endplate
Plumier (1998) 16mm diameter & 8.8 - HE300B IPE150 4 - No.3
grade bolt :

Note: Loading pattern refers to Figure 2.16
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Figure 2.16 Cyclic loading histories for cyclic loading and low-cycle fatigue

tests (Note: references are given in text)

Most specimens tested by previous researchers were designed as rigid full
strength connection. In case of extended endplate connections, the
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low-cycle fatigue failure took place as the beam flange buckling and cracking
close to the welds. Bernuzzi et al (1997) observed that plastic hinges
developed in the beam for all extended endplate connections and located at
certain distance equal to the height of the beam prqﬁle. Large plastic
deformation in the beam Web presented an increased resistance to low cycle
fatigue (?lumier et al, 1998). In case of flush endplate connections, on the
other hand, the connections failed by welds fracture and collapsed by one bolt
fracture in the end. In order to evaluate the low cycle fatigue, related fatigue
curves can be compared with S-N lines indicated by design codes for high
cycle fatigue. Based on the Miner's rule, unified failure criteria for such
connections were proposed i)y previous researchers. It was concluded that
these failure criteria have a general validity in evaluating the low cycle fatigue

of the bolted endplate connections (Plumier et al, 1998).

The choice of a test program and associated cyclic .loading history depends on
the purr.)ose of experiments, the type of test specimen, and the type of
anticipated failure mode (ATC-24, 1992). With regard to cyclic loading
history, it was assumed in most current tests that the strength deterioration is
slow and strain rate developed is not high to exert great influence on the
material property. The concept of cumulative damage at inelastic excursions,
whicl.l is also featured by the memory of past structural damagesL is often
highlighted. as an overridihg issue in the application of appropriate cyclic
loading history. As shown in Figure 2.16, the codified cyclic loading
procedures suggested by ATC-24 (1992) and ECCS (1986) are similar in A

general forms in which the yield deformation is used as reference for two or
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three cycles at each amplitude of stepwise increasing (multiple steps)
deformation cycles in the inelastic range. On the other hand, the loading
histories used for low cycle fatigue test contain most cycles at a given
deformation amplitude. It appears that the procedures for low cycle fatigue
indicate main outcomes in the resistance deterioration while the codified
procedures allow for tested structure achieving its potential strength and
providing implicit information related ductility level and energy dissipation. In
the present study, the ECCS (1986) cyclic loading procedure was adopted and
modified for quasi-static cyclic loading test, which will be indicated in
Chapter 3. The cumulative damage evaluation of this innovative blind bolted
endplate connection to CFT column will be described in Chapter 5 as a further

analysis of the test data.

2.5 Previous numerical studies of blind bolted connections

Use of finite element modelling for the behaviour of bolted endplate
connection can be dated back to 1970s (Krishnamurthy & Graddy, 1976).
Earlier analyses mostly focused on the elastic behaviour of the connections
througl.l simplified 2D or 3D models (Abolmaali et al, 1984). Thereafter, the
advance of computer technology leads to more sophisticated modelling of the
joint behaviour, such as the incorporation of inelastic material behaviour and
contact condition between connection components (Gebbeken et al, 1994;
Bahaari & Sherbourne, 1996; Choi & Chung, 1996; Bose et al, 1997). Also,
the modelling of bolt preload condition in the estimation of the moment-
rotation behaviour of the connection was reported (Bursi & Jaspart, 1998;

Sumner, 2003; Shi et al, 2008). Although considerable work described in the
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literature related to the modelling the traditional bolted endplate connection to
open section column, there are only limited number of reports referring fo the
modelling of the blind bolted connections. In contrast to the standard bolts, in
fact, more complicated configuration and boundary condition are inevitably
introduced for the blind bolts. Lee et al (2011) presented a 3D finite element
model for a blind boltéd moment connection td unfilled hollow section column
using Ajar ONESIDE blind bolts. Yao et al (2008) proposed a numerical blind
bolt model with solid element plus spring element for Ajar ONESIDE blind
bolts and cogged extensions respectively in their study of the tensile Behaviour
of blind bolted T-stub connections to concrete filled circular columns. As for
the blind bolted connections studied herein, however, there are no detailed
reports avai.lable in the literature regarding related modelling approaches for
them. The atteinpts of modelling the connection behaviour in this s.tudy will be

presented in Chapter 6.

2.6 Previous analytical model studies of beam-to-column joints

Based on the availaBle Iiterature; several sophisticated mathematical
representations for the prediction of the monotonic joint behaviour have been
proposed (Abdalla et al, 19?5). To characterize the joint moment-rotation
relationships in this study, the test moment-rotation envelope curve for the
representative tests are modelled using various representations, such as
polynomial representation (Frye & Morris, 1975), three-parameter power
representation (Richa;'d & Abbott, 1975; Colson & Loﬁveau, 1983; Kishi &
Chen, 1990), and exponential represeﬁtation (Yee et al, 1986; Lui & Chen,

1986; Wu & Chen, 1990).
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The hysteretic momént-rotation curves are often used for representing the
cyclic response of beam-to-column joints with the aid of mathematical models.
These models are based on the curve fitting thereby correlatjng with the
experimental curves as the range of application agrees with the structural
details tested (Faella et al, 2008). Various mathematical models for hysteretic
behaviour of beam-to-column joints and components have been developéd. As
the hysteretic loops under repeated and reversed loading are assumed to be
stable and reproducible, the static monotonic moment-rotation curves are used
and extended to the cyclic.loading analysis (Chui & Chan, 1996). P:or example,
the Ramberg-Osgood model was early adopfed by Mazzolgni (Mazzolani,
1988) in the simulation of the hysteretic behaviour of the connection with
slippage. A literature review and an application of such models together with
the Richard;Abbott lﬁodel were provided by Chui & Chan (1996) and Simdes
& Silva (2001). Bernuzzi (1998) extended the tri-linear representation
* suggested by Eurocode 3 (2005) to the case of beam-to-column joints under
cyclic loading in which the qnloading and reloading phases are based on the
Massing assumption. Deng et al (2000) proposed a nonlinear hysteretic
connection element for the simulation of extended endplate connection. This
model was formulated by introducing a multilinear cyclic skeleton followed
by curvilinear cyclic relationship as well as degradation and pinching schemes.
More recently, Ibarra et al (2005) developed relatively simple hysteretic
models that include the strength and stiffness degradations for high inelastic
systems. Based on fhe mathematical nﬁodels available in the‘ literature, this

study also indicates analytical simulation of moment-rotation hysteresis loops
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in Chapter 7.

2.7 Conclusion and needs for further research

From above literature review; it is indicated that the use of blind bolt for
moment resisting connections has been under investigation, especially for its
relevant behaviour under tension. However, very limited investigations havé
been carried out on the cyclic behaviour of such connections. As a closely
related topic, in contrast, considerab}e work have been carried out on the
cyclic behaviour of bolted endplate connections to open section columns using

standard bolts.

The key findings obtained from previous studies relevant to the present study

may be summarized as follows:

. Eaﬂy tensile tests of blind bolts showed that the Hollobolt is likely to be
partially pulled_through the bolt hole With ductile shearing of the lflaring
sleeves. When the hollow section column is introduced into the bolted
connection assembly, a significant deformation can be expectéd for the
compression ‘region of the connection with tube sidewall bulged
outwards. |

« For the blind bolted éonnection to hollow section column, the reduction of
column wall thickness leads to lower stiffness and capacity of the
connection. The relation of beam endplate width with the width of
column face plays an important role in developing joint behaviour, for

~ which the effect of flexibility of column face in compression became

signiﬁéhnt when the column face is wider than the beam endplate.
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« The introduction of concrete infill into the blind bolted connections to
hollow section column greatly enhances the strength and stiffness of the
hollow section column. The Extended Hollobolt as an innovative blind
bolt adopted in this study furthermore employs the beneficial effect of
anchorage provided by concrete infill thereby improving the tensile -
strength of the connection assembly in contrast with the Hollobolt
counterpart.

« The monotonic loading test showed that this innovative blind bolted
endplate connection to CFT column can be used as a type of rigid or
.semi-rigid beam to column connection. The ultimate limit state study
showed that tested connections were neither full strength nor flexible, and
furthermore, the stiffness of this innovative blind bolted endplate beam to
column connections was greatly affected by tube thickness and bolt pitch.

« An adequate design and detailing of bolted endplate connections could
achieve good energy dissipation without substantial loss of strength or
stiffness. Endplaté in bending as a ductile component can be employed to
achieve energy dissipative bolted endplate connection.

Despite the understandings generated‘ from recent investigations revie\;ved
above, the knoWledge gap is still significant for the understanding of the cyclic
behaviour of this innovative blind bolted endplate connection to CFT column
with unavailable data existing on the mechanical characterist.ics and hysteretic
moment-rotation relationship of the connections. There are still further
research work remain to be done in this field. Some of_ these works are

introduced below as the main contributions of the present study. The rest of
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work will be outlined in the last chapter as suggestions for future work.

« Although the concrete anchorage effect of a similar blind bolt (i.e., Ajax
One-side) with extension has been studied under several loading and
unloading cycles (Goldsworthy & Gardner, 2006; Yao et al 2008), it is
not sufficient to import reported observations for the connection with this
innovative blind bolt (Extended Hollobolt). This is because the extension
welded fo Ajax One-side often posed undesired weld fracture under cyclic
loading as reported in the literature. In éontrast, it appears this weai(ness
may be‘effectively avoided for this innovative blind bolt studied herein
which is featured by one pieced bolt shank as the extension part. The
failure modes of the connection with this innovative blind bolt are to be
understood through qyclic loading tests.

« From theoretical point of view, the CFT column face as a plate element in
flexible deformation represents a ductile component in the study of the
Blind bolted endplate cqnnection to CFT column. Wang et al (2009)

‘reported an investigation of similar coﬁnection system‘ using the
Hollobolt, however, thé cold-formed steel tubes produced early cracks at
the tube corner which limited the flexibility of CFT column face. The
contribution of the CFT column face with hot-rolled tube section and
associated interaction with the concrete infill to the ductile performance
of this innovative blind bolted endplate connection is to.be investigated.

« The CFT column and the blind bolt have combined effects on the
connection behaviovur. The understanding of their roles in the cyclic

characteristics of this innovative blind bolted endplate connection to CFT
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column is to be further accounted for.

« The failure modes pf this innovative blind bolted endplate connection will
be clarified through gaining the evidences from the stress & strain
distributions and related observations. As a supplement for experimental
instrumentations, finite element models .are to be developed a;1d related

" parametric study is to be conducted for this un‘derstandin'g.

« The hysteretic moment-rotation curves are oﬂén used for representing the
cyclic response of beam-to-column joints with the aid of mathematical
models. Allowing for different degrees of complexity of the connection
system, the hysteretic models are to be proposed in this study for the
moment-rotation relationship of this innovative blind bolted endplate

connection.
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CHAPTER 3

EXPERIMENTAL STUDY—TEST PREPARATION

3.1 Introduction

The need for further experimental study on the cyclic behaviour of this
innovative blind bolted endplate connection to CFT column has been
idéntiﬁed from background‘ literature. To achieve the research objectives
introduced in Chapter 1, an c.:xperimental program consisting of six full-scale
blind bolted connection tests was conducted. The purpose of this test
programme was to investigate the moment behaviour of multiple bolt-rowed

beam to column connection under quasi-static cyclic loading.

This chapter will be presented as follows. First, the test program is outlined
inéluding the connection details,'material properties, specimen details, test set- .
- up, instrumentation and cyclic loading procedure. Second, the joint rotation
measurement method is presented based on the instrumentation adopted in the
experiment. As the yield displacement determination approaches véry with the
test programs and connection configurations, it was decided to clarify this
issue through a brief discussion and then present an appropriate method for
this étudy. The content in this chapter will join the following chapter and
constitutes the overall description of experimental study in this research’

programme. .
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3.2 Testing program

3.21 Connection details

The specimens of this innovative blind bolted endplate connection to CFT
column are identified consisting of steel beam, endplate, CFT column and
blind bolt, as indicated in Figure 3.1. For these test specimens, the flush
endplate were bolted to the CFT column with this innovative blind bolt. As a
follow-up study, the geometric configurations of the joints in this experiment

were similar to former monotonic test conducted by Al-Mughairi (2009).

i
Loading
i —
Steel beam g
3 r,‘; _:;;J
1T 1
Section A-A
=
CFT column 1486 100 100 114§
Endplate
! e '
- —]
. *.. }
T 5 .
Blind bolt

Figure 3.1 Illustration of joint configuration and loading arrangement

The details of tested specimens are listed in Table 3.1. Parameters indicated in
test reference are indicated by BBEC-/c-bg-cg-lp, Where, BBEC denotes the

blind bolted endplate connection, and other parameters are represented by ¢,
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(tube wall thickness), bg, (blind bolt grade), cg (Concrete grade), and I/,
(Loading procedure). For instaﬁce, Test 4 in Table 3.1, which is referred as
BBEC-5-8.8-50-LII, stands for a tested. specimen with CFT column of
expected concrete strength of 50N/mm? and 5 mm thick tube connected using
8.8 Grade blind bolt and tested using cyclic loading procedure type II. The
description of the material and loading procedure will be given in Section

3.2.2 and 3.2.6 respectively.

Steel beam with UB 356x171x67 section and 25mm thick endplate were used
for all test joints. This cbnﬁguration was determined to provide sufficient
capacity and stiffness of the beam & endplate and eliminate their failure and
significant likelihood to influence the connection behaviour. That is
eliminating the failure modes of steel beam and endplate in bending, fracture
of beam to endplate welds, local beam flange and web in buckling. As -
mentioned in Chapter 1, it was intended to investigate the cyclic behaviour of
the connection in the case of strong beamv & endplate with under-strength
~ blind bolt & CFT column. Consequently, the configurations of SHS column
section and blind bolt were varied as indicated in Table 3.1. The beam flange
and web were connected with fillet welds. Through careful calculation
including the safety factor, the size of fillet legs was taken as 12mm along the ‘
beam flange and web (Al-Mughairi, 2009). Given the use for cyclic loading,
the surfaces of the welds were patiently ground smooth t§ eliminate possible

minute discontinuities which may cause local stress concentration.
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Table 3.1 Details of the test connections

SHS column section Blind bolt
Test Specimen ND AD Tightening Cla}mping
No. reference b.xbxty - boxb. Xt Bolt torque thickness
grade mm
(mm) (mm) (Nm) ND AD

1 BBEC-8-8.8-50-LI  200x200x8 201.5x201.5x7.91 8.8 190 33 326
2 BBEC-8-10.9-50-LI 200x200x8 201.5x201.5x7.91 10.9 300 33 326
3 BBEC-8-10.9-50-LII 200x200x8 201.5x201.5x7.91 10.9 300 33 32,6
4 BBEC-5-8.8-50-LII 200x200x5 201.2x201.2x4.92 8.8 190 30 29.62
5 BBEC-6.3-8.8-50-LII 200x200%6.3 201.1x201.1x6.27 8.8 190 31.3 3097
6 BBEC-6.3-8.8-25-LI1 200x200x6.3 201.1x201.1x6.27 8.8 190 31.3  30.97
Note: ND and AD denote nominal and actual geometric details respectively. All steel beam
size: UB 356x171x67. All endplate size (mm): 404x220x25, All blind bolt size: M16.
Basic case: Test 1. Expected failure modes: I and II. Variables: bolt grade, loading
amplitude, tube wall thickness and concrete grade.

Hot-rolled steel hollow sections were adopted for the CFT column. Unlike
cold-formed structural hblloW sections used inl a prgviously reported test
(Wang et al, 2009), the hot-rolled counterparts have smaller corner radii,
particularly for higher wall thickness tubgs, thereby providing better moment
capacity and eliminating cracks at the corners of the tube. It was expected that
the stréngth and flexibility of steel SHS column under outward loads are
influenced by the thickness and width of the tube wall. Due to thé concrete
infill, it is apparent that the tube sidewall deformation of hollow section is
greatly restrained, thus the flexibility of the CFT column is mostly determined
by tube connecting face. Although the slenderness of tube connecting face
depends on the tube width and thickness, only the latter effect was chosen aé a
varying geometric parameter for SHS column. .The section sizes were
carefully measured using a vernier caliper (metric scale) prior to testing. The
actual values were obtained as the mean values of three times measurements at
specific locations. The related comparisons against nominal sizes are ;lso
listed in Table 3.1. The standard details of steel hollow section are shown in

Table 3.2.
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Table 3.2 Details of SHS and beam section

——

i L

“C ' vj_‘:'ﬂ

Area

SHS column section Ratio for local Second moment Radius of Elastic
of ; :
b.xb.xt, : buckling of area gyration modulus
(mm) eCthEI i "
(em’) b/t (cm’) (cm) (cm’)
201.2x201.2x4.92 38.63 37.60 2481.65 8.02 246.7
201.1x201.1x6.27 48.86 28.84 3094.52 7.96 307.76
201.5%x201.5x7.91 61.25 22.25 3832.29 7.91 380.38
Steel beam section Eed Ratio for local Second moment Radius of Elastic
(hpxbext,, xty) ot buckling ofarea(cm®)  gyration Modu}lus
$ m:m) E section (cm’)

(cm®)  bdt;  ht, X-X Y-y  X-X_ Y-y X-X Y-y

UB 356x171x67
(3634x1732x9.1x15.7) 85.5 552 342 19500 1360 15.1 3.99 1070 157

Note: SHS column section and steel beam section refer to codes BS 5950-1:2000, BS EN
10210-2: 1997 and BS 5950-1:2000, BS EN 4-1: 1993 respectively.

The blind bolts used in the presented test program are the Extend Hollobolt
devised at the University of Nottingham and provided by Lindapter
International Ltd. The assembly of this innovative blind bolt is shown in
Figure 1.1 and its measured geometric details are indicated in Table 3.3. The
size for all bolts adopted in the tests was M16. The bolt shank is 150mm long
with an end anchor nut. To prevent unexpected rotation and removal of the
anchor nut in the process of placing and vibration of the concrete, a secure
method called ‘lock tight” was used. Three bolt rows were considered for all
test specimens with 100mm pitch width and 120mm gauge width. The blind
bolts with two bolt grades were used: grade 8.8 and grade 10.9. The layout of
bolt rows is slightly asymmetry along the neutral axis of the steel beam.
introducing a deviation of 16mm, as shown in Figure 3.1. The intentions for

using this asymmetrical arrangement are two-fold. Firstly, the geometric
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configurations of beam to column connections.in actual structural engineering
. are mostly in asymmetry due to the presence of slab, which to some e.xtent
affects the moment behaviour of the connection. On the other hand, the
strength, stiffness and ductility are inherently affected by the bolt pitch
distance (B;mett, 2001). Using slightly asymmetric arrangement of bolt rows

with respect to the beam neutral axis, the strong side and weak side of the

connection can be easily foreseen in relation with positive or negative moment.

For the purpose of simplicity, the behaviours of the weak side and strong side

of the connections are assumed to undergo positive and negative bending
moments respectively. In this study, a comparative observation was also made

for the moment behaviours of the connection under both moment directions,

Table 3.3 Geometric details of a sample M16 Extended Hollobolt

Blind bolt components Size (mm) | Blind bolt components Size (mm)
Bolt head hexagon side length  18.12 Upper cone height 12,37
€% Height 10.25 Lower cone height  5.47
Length 150.02-  Threaded cone Upper diameter 20.56
Bolt shank pyameter 1581 | Middle diameter  25.13
Outer diameter 36.94 ... Lowerdiameter 1932
Collar Inner diameter ~ 17.26 Outer diameter 2634
Height 8.06 Rubber washer Inner diameter 16.22
Outer diameter 25.37 o _Height 4385
Inner diameter 17.13 hexagon side length  15.59
Sleeve  Gverall length 63.06  fnchornut ot 12.46
Slot length 36.87

3.2.2  Material properties

In structural design, the nominal material strengths are often used and indexed
according to the material grades. Appareﬁtly, the actual material strengths in
an experiment may present certain discrepancies with nominal ones. For the
sake of analysis and comparison of tests results, it is of importance to measure

the actual strengths of the test materials. This is especially significant for the
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connection featured by the tensile behaviour. For this purpose, the material
properties of the steel beam, SHS column and bolt shank were all tested
according to the relevant standards such as BS 5950-1 (2000), BS EN 10210-2 .
(1997) and BS 4-1 (1993). As several structural components in the present
tests were shared from the same batch of the materials used for former
monotonic tests, the material properties of these components were referred
from previous reports (Al-Mughairi, 2009; Fang, 2010). The test material
properties described herein only include Young’s modulus and strength values.
Related stress-strain relationships will be presented in Chapter 6 in contrast

with those adopted for finite element models.

To determine the fundamental properties of the steel of SHS columns, a series
of tensile coupon tests were carried out. Thé tensile coupons were designed
according to EN 10002-1:2001, as indicated in Table 3.4. Then, the coupon
pieces wete cut from the same SHS tube used for actual connection tests aﬁd
shaped with flats at the ends. The 8mm thick hollow section tubes used in the
connection tests were in the same batch used for the monotonic tests carried
out by Al-Mughaifi (2009). The tensile coupon tests were conducted using
Zwick/Roell 1484 computer controlled universal test machine. The overall
length of the coupon pieces was loaded including the parallel length portion'
and the transition between the gripped and parallel portions. The loading was
controlled with the rate of 20mm/min, and continupd until the tensile failure
happened. The test were m.onitored and data recorded using Zwick/Roell PC
version 5.50a software, which has basic data processing features in exporting
Young’s modulus, maximum and ultimate tensile forces. The stress producingl

0.2% residual strain was used to define the material yield strength.

68



Chapter 3: Experimental study-test preparation

Table 3.4 Material properties of connection components

P Y A B
R sy e D B,
SHS column
Test Section b.xb.xt;  Young’s Yield Ultimate
No Specimen reference (mm) modulu’s strengtb strengtb
) Bolt grade (N/mm°) (N/mm~) (N/mm°)

1 BBEC-8-8.8-50-LlI 200x200x%8

2 BBEC-8-10.9-50-L1I 200%200x8 199114 435 511

3 BBEC-8-10.9-50-LI1  200%200x8

4 BBEC-5-8.8-50-LII 200%200%5 197194 433 522

5 BBEC-6.3-8.8-50-LI1  200%200%6.3

6 BBEC-6.3-8.8-25-LIl 200x200%6.3 0582 e 214
Steel beam

- All specimens UB 356x171x67 194205 500 581
Bolt shank

1 BBEC-8-8.8-50-LI Grade 8.8 194204 752 918

2 BBEC-8-10.9-50-L1 Grade 10.9

3 BBEC-8-10.9-50-LIl  Grade 10.9 R 1082
4 BBEC-5-8.8-50-LII Grade 8.8

5 BBEC-6.3-8.8-50-LI1 Grade 8.8 194204 752 918

6 BBEC-6.3-8.8-25-LI1  Grade 8.8

Note: the data of steel beam and 8mm thick SHS column, and the modulus and yield stress of
bolt are taken from Al-Mughairi (2009).

As a blind bolted connection in tension, the important role of bolt shank for
the connection strength was expected. Tﬁe tensile tests were also performed to
obtain the tensile strength of the bolt shank. According to BS EN ISO-898-1,
the Young's modulus & yield strength and ultimate strength of the bolt shank
can be obtained from the tensile tests of a machined bolt and a full-size bolt
respectively. In view of the blind bolts used in the present tests are taken from
the same batch as those in former monotonic tests, only the ultimate strengths
of full-sized bolts were tested. Likewise, the Zwick 1484 computer controlled
universal test machine was used in this test. As the size of a bolt sample is

different from flat shape of a coupon, a set of specially fabricated grips was
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used to clamp the bolt properly on the machine. After the test, the ultimate
tensile stresses were taken as the mean wvalues for the tested bolt samples as

indicated in Table 3.4.

The concrete infill was ass;xmed to affect the behaviour of the connection by
limiting the tube §idewall deformation and accommodating anchorage to this
innovative blind bolt. The strength of concrete infill was expepted as an
influential factor of the connection perfonnan(;e. In practical design, the mix
to achieve required concrete strength should be designed according to related
standard recommendations. The recent design guide (Corus Tube Library
Publication, 2009) suggests the concrete infill with plain concrete mix is in the
;ondition that the maximum size of aggregate being 10mm for 100mm
minimum section columns, 20mm for 140 to 180mm minimum section
columns and 40mm for 200mm minimum section columns. The concrete in
the present tests was made with Portland limestone cement and Trent Valley
aggregate of 40mm maximum size. The details of concrete mixture proportion
and curing condition are indicated in Table 3.5. According to the prqcedure of

standard cube tests, the concrete cubes of 100x100x100mm were cast at the

same time as the connection specimens and cured in water at the fehiperature
of approximately 20°C. The compressive strength of concrete was obtained
from the concrete cube compression tests using a Denison compression test
machine. Test results are-summarized in Table 3.6, including the data for the

concrete curing after 7 days, 28 days and the day of full-scale joint test.
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Table 3.5 Concrete mixture proportions and curing condition

Concrete mixture proportions

Mix ratio _
Material - Test No.1 Test No. 6 Descriptions
to No. §
Cement 1 1 Portland limestone cement
Coarse aggregate 235 3.63 Trent Valley aggregate maximum 40mm
Fine aggregate 1.65 3.33  2mm river sand
Water 0.43 0.74 Tap water

Curing condition:
Cured with room temperature 20°C; cubic compressive strength at 28 days.

Table 3.6 Concrete infill compressive strengths (N/mm?)

Compressive strengths (N/mm°)

Test No. * Specimen reference

7 days Test days 28 days
1 BBEC-8-8.8-50-LI 47.03 53.20 53.50
2 BBEC-8-10.9-50-LI 43.15 : 47.40 5235
3 BBEC-8-10.9-50-LII 46.60 51.55 54.73
4 BBEC-5-8.8-50-LI1 = 45.73 49.13 56.33
5 BBEC-6.3-8.8-50-LII 49.30 5275 - 56.50
6 BBEC-6.3-8.8-25-LII 17.77 20.77 26.23

3.2.3  Fabrication of test specimens

The test §pecimens were fabricated startiﬁg from steel components assémbling
to concrete casting. As the welding between the steel beam and endplate was
performed in the workshop, the assembly work here refers to the bolt
tightening in the laboratdry. The beam endplate was lifted using crane and
aligned above the bolt holes located tube connecting face to ensure the blind
bolts pla;ed through the bolt holes of endplate and SHS c;)lumn. Thereafter,
the blind bolts were initially tightened with a spanner and then at later stage
with a torque wrench in accordance t(’) the required torqué values given in
Table 3.1. Given the contact surfaces between the endplate and the SHS
column face may not be exactly flat, the blind bolts were tightened using side

interval orders. As shown in Figure 3.2, the top left bolt above the beam web

was tightened first (label 1) and then the bottom middle below the beam web
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(label 2), preceding the top right bolt above the beam web again (label 3). As
the procedure continues until label 6, a tightening cycle was finished. Figure

3.3 shows blind bolt rows subsequent to this tightening procedure.

Figure 3.2 Illustration of blind bolt tightening sequences

Figure 3.3 Tightened blind bolts in SHS column

Following the bolt tightening, all loose material and debris produced during
the previous installation process and transportation were removed to clear the
internal surface of SHS columns. The popular ways of filling concrete in
hollow section refer to top filling and bottom pressure filling. Although the
latter way has become popular in several recent reported Australian projects
(Goldsworthy & Gardner, 2006), the former way was used in this experiment

for its simplicity without special equipments required. Prior to concrete
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placing, a beam-to-column connection specimen was erected with adequate
brgcing and ready for concrete mix dropping into the column from the top.
The bottom end of the column was plate padded with polystyrene gluing ﬁp
around the perimeter of the hollow section to avoid the mix running out. The
filling was simultaneously carried out by placing concrete mix placed using
hand trowels and compacting using vibrating poker. The vibrating poker
should be moved up in time as concrete surfaces ‘rises. This is especially
important for the concrete infill at the bottom column where insufficient

amount of coarse aggregate may cause voids between aggregate particles.

3.24 Testset-up

From the literature review, there are two representative test set-ups usually
used by recent researchers, i.e., test in the vertical plane incorporating the
grayity vector and test in t'he horizontal plane normal to the direction of the |
gravity vector, The former test set-up was used in several recently reportedb
experiments regarding the blind bolted beam to column connections
(Elghazouli, et al, 2009; Lee, et al, 2011). The uses of latter test set-up were
reported by Ryan (1999) and Sumner & Muﬁay (2002) at Virginia
Polytechnic Institute and State University in testing bare steel bolted endplate
connections. Both set-ups in the test of joint behaviour have their own merits.
The first set-up is relatively simple in the configuration of loading point on the
cantilever beam and better accommodating composite joints. In contrast, the
second éet-up lowers the height of the actuator from ground level which

reduces the loading demand for reaction frames fixed on the strong floor.
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To make good use of available apparatus in the department’s Iaboratdry, the
beam to column connection specimens in the present study were tested in the
horizontal plane normal to the direction of the gravity vector. A representative
test-up in the present experimental study is shown in Figure 3.4. The main
point in the design of test set-up was the intention of minimizing the stress and
deformation in the test frame members and connections. Another
consideration in the test apparatus was the floor anchoring pattern in the
laboratory, in which the anchor points distrib-uted in square grid with a centre-
to-centre unit distance of 460 mm. The M24 anchor bolts were available at
each anchor point. The layout of Lateral & end block; (g), reaction buttress (c)
and frame columns (i) are pre-designed with sufficient precision to

accommodate the grid of anchor points.

74



Chapter 3: Experimental study-test preparation

Section A-A
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No. Test specimen & apparatus No.Test specimen & apparatus

a Test steel beam h Load cell

b Horizontal actuator i Frame column
¢ Reaction buttress j Lateral brace
d Test CFT column k Strong floor
e Test endplate | Head cap

f Blind bolts m Rigid link

g Lateral & end blocks n Link roller: rotation
o Link roller: translation

p Sliding base

q Local support & packing

r Out-of-plane restraint & tie-downs

Figure 3.4 Illustration of a representative test set-up
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(b) Rear view

Figure 3.5 Photograph of a representative test set-up

The CFT column (d) of a test specimen was securely fastened into the test rig

by roller supports positioned at both column ends to prevent any sideway and
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horizontal movements. To avoid local crushing of concrete, two smooth
surface plates were attached at the surfaces of both column ends in contact
with roller supports. The column lateral restraints (r) in the vicinity of the
column ends stopbed the CFT column from out of horizontal plane lifting l;y
bolting tied to the anchorage points on strong floor. To ensure global stability
and integrity of the frame system, the frame columns (i) were restrained with
long bolts in the transverse direction of the test column and externally braced
(). A photograph of these details of test rig is shown in Figure 3.5. As the.CFT
column face was expected to undergo loce}l deformations induced by the blind
bolt in tension, the tube connecting face and sidewall face of the CFT column
were coated with a hydrated lime solution for the purpose of observing yield

line formation pattemns.

A photograph of overall loading system used in the test set-up is described in
_ Figure 3.6. A 450kN actuator provides horizontal cyclic loads to the steel
beam at 1.28m from the column face whicﬁ give rise to bending moment for
the blind bolted connection. The actuator was connected with a 40mm thick
rectangular middle plate on an especially designed reaction buttress as shown
in Figure 3.7. The reaction buttress with 40mm thick rectangular side plates
and reinforced with a compression braced (150><150><10mmj §vas designed to

ensure sufficient strength and stability.
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Figure 3.7 Illustration of reaction buttress designed for actuator

For the purpose of properly transferring the load supplied by the actuator, a
linkage system was constructed between the actuator and the test beam. As the
horizontal load on the tip of the beam, the original loading point on the beam
would not remain at same location horizontally as the beam rotates. Rather, it
would translate in the direction parallel and normal to the original horizontal
axis. Consequently, the linkage system should be able to accommodate this
variation such that it will not deform the horizontal extension of the actuator.
As a section view shown in Figure 3.4, a sliding base attached by three pairs

of horizontal rollers underneath was applied to carry the gravity and
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accommodate the global movement of the test beam and the linkage system.
" To ensure the test beam moving back and forth, a head cap supported by the
sliding base was used to ;:lamp the free end of the beam. A rose joint (i.e., rod
end bearing or heim joint) at the end~ of the extension of the actuator was
connected with the head cap (1) using a couple of rigid links (m). To avoid any
load produced By the gravity of the rigid liﬁks, two small horizontal rollers (o)
were also considered fogcther with the rigid link couple for the purpose of
carrying the local translation and .rotation of the test beam and the linkage
system respectively. Additionally, the lubrication was used for compressed
components within this linkage system to eliminate friction betweer;
‘constituent parts. Whist the load is transferred to the test beam, two plates

were tightly padded between the beam flanges in contact with the head cap as

stiffeners.

3.2.5 Instrumentation -

In order to obtain the load, displacement, and strain distributions that feature
the response of the connection, a range of instrumentation was used to monitor
the response of the specimens during the test procedure. A representative
layout of the instrumentation adopted in the test is shown in Figure 3.8,
including strain gauges, potentiometers and LVDTs for steel beam, bolted
endplate, and steel tube. The details of instrumentation will be described

below.
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3.2.5.1 Strain gauges
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Instruments No. Label Measured quantity Units
Load cell 1 - Applied load kN
LVDT 3 DB Beam displacement mm

3 DE Endplate displacement
Potentiometer 7 POTT Tube displacement mm

1 POTE Endplate displacement
Strain gauge 3 SGE Endplate strain

6 SGT Tube connecting face strain

sidewall face strain pe
5 SGB Beam strain

4 SGBH,SGBB Bolt shank local strain near
bolt head and anchor nut

Figure 3.8 Illustration of representative test instrumentations
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Table 3.7 Summary of electrical resistance strain gauges used in the tests

i Gauge
Labels  Gauge type series fact(g)r
(a) Single element FLA-6-11 2.10
(b)  Single element FLG-1-11 2.08
Two element
(c) e FCA-6-11 2.10
Labels Components
i lead wires
ii Grid
I iii Position markings
iv Backing film
Note: (a)-bolt gauge; (b)-tube, endplate
(a) (b) (©) and beam gauges; (c)-tube gauge

Figure 3.9 Representative strain gauged blind bolt before tightening

The electrical resistance strain gauge has been widely used today as a
relatively simple and inexpensive instrumentation to precisely measure surface
strain. The work principal of the electrical resistance strain gauge is based on
the fact that the electrical resistance of metal wire changes with strain. A
representative configuration of a strain gauge consists of lead wires, an etched

foil grid, position markings and a piece of backing film as indicated in Table
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3.7. The single element gauges are configured to fneasure strain in single
direction (also called linear gauges), while the two element gauges measure
strains in two directions perpendicular to each other (i.e., 0° and 90°). Gauge
factor (also called étrain sensitivity), which is defined as the ratio of relative
change in electrical resistance to mechanical strain, is an important parameter
for strain results. To achieve accurate measurement, it is prerequisite to
carefully install the strain gauges according‘ to the procedures specified in

related product documents.

In the present test, three types of strain gauges manufactured by Tokyo Sokki
Kenkyujo Co., Ltd were used to measure surface strains, as listedvin Table 3.7.
The relatively small sized one element gauge FLA-6-11 was used to monitor
the strains on the bolt shank of alblind bolt. The gauges were bonded on the
gfooved surfaces symmetrically near the top and bottom bolt sha.nk,
co&esponding to the gauge labels SGBH and SGBB respectively, as shown in
Figux"e 3.9. Without similar free .spaces of the bottoni shank, the wires
;:onnected to the gauges at the top shank shopld be passed through slots on the
bolt head. The gauges at the top shank are used to measure changed strain
values for preload estimation. During the bolt tightening process, it is
advisable to turn the spanner and torque wrench with caution to prevent any
_ damages of the connecting wires. The grooved surfaces near the top shan}k
may cause reduced cross-section of the shank and weakened the bolt tensile
capacity. Consequently, the strain gauged blind bolt was only installed at the

middle bolt row of the connection.

The single element strain gauges (FLG-1-11) on the surfaces of the flange and
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web of steel beam and endplate were used to monitor strains and check if the
beam and endplate were ih elastic state a§ assumed in the pre-design of the
connection. As shown in Figure 3.8, there are five gauges in line on the steel
beam: two on the upper and lower flanges, and three on the web corresponding
to each bolt row. The arrangement on the endplate also consists of three

gauges located in line at each bolt row.

The strain distributions on the column were.of interest for both tube
connecting face and sidewall face. To a]low for the strains in the directions
parallel and perpendicular to the bolt row, two elements cross gauges (FCA-6-
11) were mounted on the tube connecting face as shown in Figure 3.10. The
endplate in contact with the connecting face of the tube has three circular
grooves underneath which in place accommodate strain gauges in the middle
of each bolt row. The slots connecting to the grooves were also made through
the endplate so that the wires could pass through properly. Due to limit spaces
involved with the grooves and related gauges, it is worth checking the ge{uges
with cautibn before and after bolting the endplate during the test preparation.
The strain gauges to monitor the strains on the tube sidewall surfaces were
placed 30mm aWay from the connecting face level and related with the each
bolt row. It was felt the un-necessity to measure the strains deeper down the
tﬁbe sidewall face due to very small strains at the middle of the tube sidewall
face as formerly reported by Al-Mughairi (2009). Moreover, only the single
element gauge was adopted for this measuremeﬁt on the tube sidewall face as

shown in Figure 3.11.
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Strain gauge
direction

Figure 3.11 Photograph of strain gauge pattern on tube sidewall face

3.2.5.2 Potentiometers

Potentiometers are position sensors that are often used to provide an accurate
measurement of displacement. The measuring configuration of potentiometers
is based on the moving contact between the wiper and the resistance strip. As
the measurement ranges of available potentiometers are up to 15mm, it should
be kept in mind to monitor the position variation on the related structural
component within this range. As shown in Figure 3.12, the potentiometers
were installed near the supports and on the tube connecting face adjacent to
the endplate monitoring the horizontal and transverse displacements. Also, a
further potentiometer (POTE1) was used to record any possible slippage
between the endplate and the CFT column. These potentiometers were

determined to record the data for global model rotation and local deformation.
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The related consideration for calculation will be presented in Section 3.3. For
the test specimens without too large rotation capacity expected for the
connection (e.g. test specimen No 2), the potentiometers were considered on

the endplate at each bolt row, as the dashed line label shown in Figure 3.8.

Figure 3.12 Photograph of potentio- Figure 3.13 Photograph of LVDT
meter arrangement on tube connecting arrangement on steel beam

face

3253 LVDTs

Linear Variable Differential Transformers (LVDTs) are widely used for
reliable displacement and position measurements. Unlike potentiometérs, the
LVDTs have no physical contact between the moving and stationary parts
which reduce the possible consequences of wearing out or corrosion.
Moreover, LVDTs are often used with wider range of measurement than
potentiometers. The measurement ranges of available LVDTs in this study

were within 160mm and #25mm for DT1 and the other LVDTs respectively
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(referring to Figure 3.8). Three sets of LVDTs on steel beam (DB1, DB 2 and
DB 3) and another three sets on endplate were used to monitor the
~ displacements on the steel beam and endplate respectively for the test
specimens with relatively large joint rotations. For the other specimens, on the
other hand, énly the stee‘l. beam was monitored with LVDTs (the endplate
displacements were measured by potentiometer as mentioned previously).
Although not plotted in»Figure 3.8, multiple LVDTs were considered and
employed to measure the displacements on the‘steel beam to provide

redundant experimental data.

During LVDT installation process, it is a good practice to inspect that the
original locafion of needles are in éppropriate condition for positive and
negative displacements, and replace the LVDT if it is found any damage or
unreasonable output readings. If possﬂible, it is advisable to monitor the
performances of all potentiometers and LVDTs while applying a small number

of elastic load cycles to the specimen, prior to formal test.

3.2.54 Loadcell

In the test rig of this research, a 450kN load | cell (Model: 1232AF)
manufactured by Interface Inc was used to monitor the load applied by the
actuator as shown in Figure 3.4. Before ﬁtting it info actuator, the load cell
was calibrated in accordance with relevant specifications. Figure 3.14 briefly
illustrates the load cell in calibration process. To account for possible eccentric
loads involved in the test, a calculation was made to check if the capacity of

the load cell and the actuator could be satisfied.
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3.2.5.5 Data logger

The data loggers were used in this test for the data acquisition during the blind
bolt tightening process and the connection test. The Orion delta data logger
was used for blind bolt tightening process. As mentioned in sub-Section
3.2.5.1, the variations of strains before and after bolt tightening at the top
shank were recorded by this logger. The calculation and comparison of bolt

preload using these bolt strain readings will be presented in sub-Section 6.3.1.

(a) Orion delta data logger (b) Schlumberger data logger

Figure 3.15 Data logger and computer link system
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For the connection tests, the Schlumberger data logger was used in all tests to
collect the data electronicaily from the strain gauges, potentiometers, LVDTs
and load cell. As a backup, the Data Taker DT 800 acquisition system was
also used in tests No. 1 and No. 2 for LVDT recordings. Both logger systems
have powerful operating system and internal file structure. Controlled by
compu.ter, ti1e data was recorded ahtomatically. Meanwhile, the recordings
were displayed by live plotting a group of selected data during the test. For
instance, the readings from the load cell and a LVDT furthest from tube face
were plotted as a x-y plot on the computer screen. The recording papers were
also printed as a hard copy every 40 seconds. This allows the performance of
the test being in time n'wnitored immediately and saved on backup papers.
After the test, all the de.ata were transferred by Schlumberger package to

Microsoft EXCEL spreadsheet formats for further data analysis.

3.2.6  Quasi-static cyclic loading procedure and control system

As mentioned earlier, the cyclic loading history is determined on the basis of
the purpose of the experiment. Considerable ‘loading histories have been
proposed fn cyclic tests to assess the force-deformation or moment-rotation
characteristic of the structure. The loading procedure suggested by ECCS (The
European Conventvi_on for Consfructional Steelwork, 1986) was adopted in this

experiment for cyclic loading test.

The ECCS loading procedure has been accepted in academia as one of
standardized methods relating interpretative parameters to the demand of
seismic recommendation. In the research of bolted endplate beam-to-column

connections, the ECCS loading procedure has been widely adopted in recent
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investigations for endplate connections with standard bolts (e.g. Koviacs et al,
2008) and blind bolts (e.g. Elghazouli et al, 2009). In the standard ECCS
recommendations, at least four levels of displacements are performed before
the yielding displacement of the joint (8,). As for the subsequent inelastic
phase, the loading procedure is performed in three cycles at each loading
amplitude as even multiplier of &, i.e., 24y, 44, 68, 84,. . . In this study, a
small adjustment is also made to the increment of loading amplitude as 0.54,
instead of 24, in ECCS procedure for tests No. 1 and No. 2. This was
considered as limited rotation capacity for both specimens with the relatively
strong CFT columns. The adjusted proced;,lre is labelled as cyclic loading
procedure type I, as indicated in Table 3.1. On the other hand, the standard
ECCS procedure applied for the other specimens is labelled as cyclic loading
procedure type II. Both loading procedures are illustrated in Figure 3.16. The

cyclic loading was applied within the displacement range of the stroke.

o ~ Procedure |

= P rocedure ||

[
}

0/8,
Ah hON -0 —NWAULOA
1 L & i

Cycle number

Figure 3.16 Illustration of cyclic loading procedures

The loading system manufactured by Servocon Systems Itd. was used in this

experiment. The control was assisted by a set of computer programmed
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system to coordinate the movement of the hydraulic actuator, the load data
acquisition and the instant display of selected data. Figure 3.17 shows a
representative display of the system input screen. This screen presents basic
information of load and displacement recorded by the system on the right. The
primary input information is displayed in the middle screen including the
load/displacement target for each loading process, the loading rate per second,
and the hold time after each loading. Using this input, the control system

imposes the required cyclic loading procedure on the hydraulic actuator.

[

!
!
3
!

Figure 3.17 Display of Servocon loading controller
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3.3 Measurement of joint rotation and moment

Due to‘the complexity of the joint system and test apparatus used in the test,'it
was difficult to obtain the joinf rotation and moment from the instrumentation
at a given measuring point. Rather, the measurements of joint rotation and
moment are based on the geometric relatiions'hips related to the instrumentation
on the joint as well as the test apparatus. This section describes the
measurements of joint rotation and moment, which were used to analyse the

data recorded through the test.
3.31 Joint rotation measurement

The approaches for joint rotation measurement reported in the literature
(referring to Appendix A) vary in terms of joint configurations (single sided or
double sided conﬁguration) and loading patterns (symmetrical or
unsymmetrical loading). It is noted that fhe joint rotation measurements in
most of these studies refer to the rotation due to the beam displacément as the
main rotation source. There are still some other studies in which the relative
deformation between the column flange and endplate was recorded to
calculate the joint rotation (referring to Shi et al, 2007). Due to unavailable
- space inside the CFT column for instrumentation, only the former approach
was considered in the present study. Given the contribution of joint
components to the rotation, from the theoretical point of view, the overall
rotation, #,, consists of three components, i.e., the beam deformation induced
rotation (bending and shearing effects), &, the joint rotation, 6, and the

column rotation, &, as shown in Figure 3.18.
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As the loading is applied on the beam side, the overall rotation is the rigid
bbdy rotation of the beam relative to the column centreline. The magnitude of
the overall rotation can be calculated as the ratio of the countérpart rigid
displacement on the beam, excluding the lécal endplate slippage and column
rigid displacement along the centreline direction, to the distance from the

column flange face (Lp) as shown in Figure 3.19.

It is apparent that the beam rotation (bending and shearing effects) can be
ignored when Ly is relatively small and the area of the beam web (44) is
relatively large. Consequently, most LVDTS on the beam flange inbthis test
were located adjacent to the CFT column connecting face (referring to Figure
3.8). The beam sectionv area was checked to satisfy the requirement of
elasticity (i.e., beam remains elastic at maximum load applied). This
~ consideration v'vas also in agreement with the suggestions indicated i_n previous
report (Al-Mughairi, 2009). Thus, the beam rotation (bending and shearing

effects) is not included in this study for the joint rotation.

The column rotation takes place as the translétion of the rigid bc;dy induced by
the unbalanced moment. To allow for the COiumn rigid body rotation, the
’ aforémentioned two potentiometers were used near the transverse supports of
the cofumn. The magnitude of the column rigid body rotation can be obtained
by dividing the difference of displacement by the distance between both of

potentiometers.

The joint rotation consists of the components in the beam-to-column
connection system. Figure 3.18 indicates the joint rotation (8) relationship

with respect to 6, and &.. As already mentioned, 4, was assumed to
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benegligible such that the joint rotation can be calculated as:
6,=6,-6, Equation 3.1

The related relationship is schematised in Figure 3.18.

Column I 0. 0,

Endplate @

Beam e

Figure 3.18 Schematic graph of joint rotation relationships

3.3.2 Joint moment measurement

The moment of a joint with a cantilever beam is generally obtained by the
product of the applied force normal to the beam flange and the loading point
lever arm. Due to the introduction of the linkage system, the forces applied on
the steel beam were taken into account by appropriate conversion of the
horizontal force provided by the hydraulic actuator (7), as shown in Figure

3.19.

Figure 3.19 shows a schematic graph of transforming geometric relationship
of the linkage system and the steel beam. Assuming that the rigid links have
no self-deformations, the horizontal movement of the hydraulic actuator (8,)
produces the beam rotation as well as the rigid links spinning around link
roller (Point: D) which result in the rotation angles & and vy respectively.

Based on the theoretical trigonometric relationship, vy can be obtained from the
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function: y=sin"'[Lgasin(#)/Lpe], in which Lgs and Lpg are the rigid link
length and head cap depth respectively. Given two points on the rigid link
(Points: fand g), on the other hand, the related trigonometric relationship can
be obtained using measured displacements Jr and > at points f and g
respectively. Then, §+y can be calculated as: sin(6+y)=(8ir-Jgg')/Lgy. As such,
it was determined to install two LVDTs at these two points on the rigid link.
Once the displacements are obtained, the y can be calculated as {asin[( -
8ee')/Lig]-6}. As indicated above, it is noted that y can be obtained by two
methods, as trigonometric relationship calculation and LVDT measurement of

(6+y). Based on the test results, a contrast of y from both methods will be

presented in sub-Section 4.3.1.

— Ly: distance along the beam from the column
: ' flange face to loading point;
Endplate o P
: joint rotation angle;
Beam v: angle between rigid link and horizontal axis;
ac: horizontal movement of the hydraulic actuator.
- !
Rigid link
- . \
L _Clamping plate Column -
Endplate

Rigid link

Figure 3.19 Illustration of geometric relationship of linkage system and steel

beam
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T: horizontal force from hydraulic actuator;

F,: Linkage transferred force normal to beam flange;
F: Linkage transferred force tangent to beam flange;
F: Linkage axial force;

hy: beam depth;

h1&h,: head cap depths.

Figure 3.20 Illustration of force transfer relationship of linkage system and

steel beam

With regard to the geometric relationship outlined above, it is obvious that the
horizontal forces applied by the hydraulic actuator are transferred by linkage
system and resulted in normal (F,,) and tangent force (F;) components on the

beam. As shown in Figure 3.20, F, and F} are converted from 7 and written as:

T cos(y+6))
e Equation 3.2
cos(y)
Tsin(y+6 ) .
F = e Equation 3.3

cos(y)

Thus, the joint moment can be calculated as:
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M =FL, +F/(h+h,+h,) 4 Equation 3.4

where, hy and A 1&he; are the beam depth and head cap depths respectively

with reference to Figure 3.20.

3.4 Determination of yield point from force-displacement

curves

Table 3.8 Summary of representative yield point determination methods

Code recommendations

ECCS. 1986 é, is determinid as the intersection between the tangent at the origin
’ of the curve E," and that with a slope of E,'/10 (Figure 3.21a).
Based on the forced control procedure, the structural element is
loaded up to a level of 0.75F,, 8* (control deformation). The F, may
be estimated from the results of a monotonic test or by employing
established design equation (using measured material yield
strengths). The elastic stiffness is obtained from the line OA, then 4,
is the determined by extending the line from A to B (Figure 3.21b).
The determination of yield value is based on target displacement and
its related idealized bilinear relationship with secant slope intersects
the actual curveat 60% of assumed yield load. Meanwhile, the area
FEMA-356, 2000 enclosed by this bilinear curve should be equal to that by original
, curve within the range of target displacement. 8, is determined at the
intersection of bilinear relationship (Figure 3.21).
Suggestions by some other researchers
The yield displacement for load control is based on the stiffness in
elastic stage (K): K.=6(EJ,+0.6E.1)/L, where, I, and /. are the
moment of inertia for the hollow steel cross section and the core
concrete cross section respectively, £, and E, are the elastic modulus
corresponding to I, and I, respectively, L is the effective buckling
length of column in the plane of bending. Then, the yield
displacement, 4, is obtained by the intersection of extended elastic
stiffness line and load capacity of the curve. The ultimate
displacement, &,, is obtained as the load capacity falls to 85% of the
ultimate strength (Figure 3.21¢).
The elastic stiffness is defined as the line drawn between the origin
and 50% load capacity of the curve. Then elastic stiffness line is
extended to 80% load capacity, and the intersection is presumed as
the point corresponding to 4, (Figure 3.21d).
The yield point is defined as the area enclosed by the idealized
Park (2007) elastoplastic envelope curve which was the same as that enclosed by
the actual envelope curve (Figure 3.21e).

ATC-24, 1992

Han (2004)

Shannag (2005)

The yield values are often defined in relation to significant yielding in the

critical region of connections, which represent a clear nonlinearity in a force-
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deformation relationship. Referring to cyclic loading procedures suggested by
recent codes (ECCS, 1986; AISC, 2005), the yield displacement of the joint
should be determined from monotonic loading test or predicted analytically
beforehand as a control parameter for cyclic loading procedure. As
commented by ATC-24 (1992), however, none of the different methods for
obtaining ‘yield points’ for component behaviour given in the literature
provides satisfactory results for all cases since judgement is involved in all
definitions. Table 3.8 and Figure 3.21 indicate some representative yield
displacement determination methods suggested by recent design codes and
adopted by some other researchers. Related explanations are also presented for

these methods.

F F
K.
El 0.1E| F-‘
3 S 0.75F,
3, ) 5" 3,
(a) ECCS method (b) ATC-24 method
F F
Fa
AN 0.8F,
0.85F,
0.5F
K u
K. "
I —
6) Bp au 8 8\ Bu
(c) Han et al, 2005 (d) Shannag et al, 2004
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(e) Park et al, 2007
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3,10, 3. d 5,10, 5.
Positive post-yield slope Negative post-yield slope

(f) FEMA-356 based method

Figure 3.21 Illustration of representative yield point determination methods

Each method for the determinatibn of the yield point (yield displacement)
from a force-displacement curve has its merits. Most of these determination
methods are based on the elastic stiffness or secant stiffness line associated
with a given force ratio which refers to the intersection point between stiffness
line and actual curve to the yield point. Notwithstanding simple expressions,
their applications are influenced by specific provisions. It is worth noting that
an alternative approach of determination of yield point is through introducing
the energy dissipation. For example, Park et a/ (2007) adopted a yield point
determination approach based on the concept of equal plastic energy, as shown
in Figure 3.21 (e). The procedures outlined in the FEMA-356 (2000) provide a
method in which idealized bilinear force-displacement relationships are

compared against the nonlinear force versus displacement relationship to
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estimate the effective lateral stiffness and yield strength of a building.
Moreover, the bilinear relationships are plotted to fit the actual curves with
positive and negative post-yield slopes (0Kini). As'.outlined in Table 3.8, this
method seems to provide a compromise of the considerations of secant
stiffness, i.e., the secant stiffness linear up to 60% of assumed yield forée? and
energ}.' dissipation, i.e., the requirements | of approximate area balances
between line segments above and below the actual curve. In the present study,
the yield force and yield displacement of the connections were determined

using this method suggested by FEMA-356 (2000).

3.5 Concluding remarks

The experiment preparation of this research programme has been described in
this chapter. The design intension of the test specimens has been introduced
and discussed in details. Relevant information of specimen fabricatior‘1, test
set-up, instrumentation, and loading procedure has been presented in this
chapter. The yield displacement determination approach adopted for this study
has been described and ;iiscussed. The work mentioned above have a close
relation with the experimental data processing in this study. The test results

will be given and discussed in the following chapter.

99



Chapter 4: Experimental study-test results

CHAPTER 4

EXPERIMENTAL STUDY-TEST RESULTS
-4.1 Introduction

In conj>unction with the previous chapter, it is the purpose of this chapter to
evaluate the results obtained from full-scale beam-to-column connection tests.
 The approaches mentioned in the previous chapter are taken for post-
processing test data. The verifications of test design assumption are also

presented.

The results will be presented in this chapter as in the following order. First,
two representative failure modes of the connections are outlined together with
the test observations recorded in the experiments. Second, the hysteretic
moment-rotation relationships are described in relation with the relevant
influential parameters which were considered as the bolt grade, cyclic loading
procedure, tube wall thickness and concrete grade. Third, relevant discussions
are made for these influences on the hysteretic moment-rotation relationships
of this innovative blind bolted endplate connection to CFT column. Fourth, the
representative strain profiles of the connection components including the steel
bearﬁ, tube sidewall face & connecting face, and bolt shank are described.

Finally, concluding remarks are presented.

4.2 Failure modes

As mentioned earlier, the connection specimens were designed in this study to
isolate the CFT column and the blind bolt as relatively weak components and

eliminate the plastic deformation of the steel beam and endplate. The
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connection failures in the tests were supposed as the results of blind bolt shank
and CFT column face. These failﬁre modes relate ‘to the predominant
influential factor for the basic i)ehaviour modes observed in the tests. The
actual failure mode of the connection may also be the failure of the blind bolt
whilst the CFT column is subjected to local damage. The test in this study
considers both the material and geometric influences on the failure modes of
the blind bolt. and the CFT column. During the cyclic loading process, it is
important to observe and record the failure modes which are related to damage
evolution. This section will begin with a brief indication of ‘typi;:al failure
modes and connection categories. The figures are then illustrated for both
individual components and overall connections, including typical failure mode

snapshots and photo series.

Based on the experimental observations, two typical failure modes in relation

. with counterpart connection categories are summarized as follows:

- Failure mode I (FI): bolt shank fracture with limited CFT column face
yielding. As the bolt shank elongation is the primary source of deformation,
the CFT column is presumed to possess higher strength and stiffness than
those of the bllind bolt, i.e., relatively thick tube face and/or high strength
concrete infill. The connection category in this case is labelled as ‘CI’ or

‘weak blind bolt & strong CFT column’.

- Failure mode II (FII): CFT column face with moderate flexible deformation,
local damage of concrete infill and moderate bolt pullout with likely local
cracking in the sleeves. As the blind bolt assembly in this case undergoes

greater deformation, the CFT column is presumed to be much weaker in
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strength and stiffness than the blind bolt, i.e., relatively thin tube face and/or
low concrete strength. The connection category in this case is labelled as *CII’

or ‘strong blind bolt & weak CFT column’.

As a general observation of overall joint response, the deformation modes of
connection category I and Il at the ultimate rotation of the connections are
shown in Figure 4.1 and Figure 4.2 respectively. For connection category I, it
is obvious that the endplate rotates as a rigid body around the compressed
beam flange. The gap between the endplate and the flat CFT column
connecting face (noticeable sleeve of the blind bolt) are distributed linearly
with its corresponding distance to the rotation point. For connection category
[1, on the other hand, the CFT column connecting face at the first and second
bolt rows almost deforms along with the moderate bolt pullout, thereby
inducing nearly invisible gaps between the endplate and the CFT column
connecting face. The blind bolts in this case did not undergo bolt shank

fracture unlike those in failure mode I.

' )

‘ Bolt shank fracture &

I e bolt head stripped

Figure 4.1 Representative deformation mode of connection category |
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i

Column faceg in flexible
déformatiov{

S

Column face in flexible !

deformation I

Figure 4.2 Representative deformation mode of connection category II

The connections of tests No.1, No.2, No.3 and No.5 failed in mode 1. The bolt
shanks in tension at outer bolt row fractured very suddenly with the bolt heads
stripped. Figure 4.3 shows a comparison of the fractured parts with an original
full sized blind bolt. It is observed that the bolt shank fracture section locates
ranging approximately 15mm-~28mm from the bottom surface of the bolt head,
which is expected within the bolt clamping length (equal to the sum of the
thicknesses of the endplate and the tube connecting face). Upon a closer
examination, all the bolt shanks indicate very limited necking, which
demonstrate limited bolt elongation rather than ductile fracture failure pattern.
Additionally, it can be seen from the photograph that rubber washers were
almost squashed in contact with the bottom bolt head. This observation
suggests the mechanical interlock effect of the blind bolt threaded cone and
sleeve still remained effective for all specimens until the fracture of the bolt

shank.
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Bolt shank fracture range

______________________________________

i
§

Test No.1 Test No.2 Test No.3

«——— Original blind bolt

Figure 4.3 Bolt shank failure mode

For the purpose of examining the CFT column faces involved with the
connection failure, the connections were dismantled by cutting off the
remaining bolt heads and removing the steel beam and the endplate. Figure 4.4
a&b shows three photographs of the CFT columns after testing in which the
connections failed in mode I. The deformations on the tube connecting face
and sidewall face are almost invisible, however, the local yielding patterns are
revealed on the tube connecting face coated with hydrated lime solution. The
typical distribution of yield line pattern at outer bolt row agrees with those

described by Kurobane et al (2007), as displayed in Figure 4.4c.

For specimen BBEC-8-10.9-50-L1, the yield line patterns are visibly displayed
at the edges between the tube connecting face and the sidewall face, especially

at outer bolt rows which attract more tension. For specimen BBEC-6.3-8.8-50-
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LIT with thinner tube wall, the yield lines are shown more clearly around bolt
clearance holes. Also, local concrete crushing can be observed in the vicinity

of bolt clearance holes, which agrees with the assumptions as blind bolt pulled

outwards.

Yield lines

//Bolthole
E=—m 5____

(b) Specimen: BBEC-6.3-8.8-50-LII

Figure 4.4 Representative yielding propagation on CFT column faces for

connection category |

To compare the damages on the CFT column faces of the connections failed in
mode II, observations were made for specimens BBEC-5-8.8-50-LII and
BBEC-6.3-8.8-25-LII. As shown in Figure 4.5, an obvious flexible
deformation of the CFT column connecting face can be seen at each bolt row
while the yield fan patterns developed around the bolt clearance holes and

extended to the edges between the tube connecting face and the sidewall face.
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In contrast, greater local concrete crushing can be observed around the bolt
clearance holes. More evidences will be described with regard to this issue
later. As a closer look at the blind bolt, the cracks are seen deriving from the
slots and propagate longitudinally along the sleeve. This trend is more
pronounced for the sleeves at top bolt row which are supposed to undergo

greater tensile traction.

Figure 4.5 Representative yielding propagation on tube for connection

category II (Specimen: BBEC-5-8.8-50-LII)

A similar yielding on the CFT column connecting face can be seen for
specimen BBEC-6.3-8.8-25-LII with relatively weak concrete, as plotted in
Figure 4.6. However, less significant cracks are seen propagating on the sleeve
although both connections were subjected to similar rotation at ultimate stage.
The observations above can be attributed to the evidence of consecutive

damage of CFT column as the moderate pullout of the blind bolt. The concrete
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strength, on the other hand, has great influence on the anchorage of the blind
bolt components. It appears that high strength concrete infill would produce
greater partial restraining effects on the sleeves so that the interlocked
threaded cone is more prone to over-squeeze the flaring sleeve as the
connection is subjected to greater rotation. Also, it is expected that the

anchorage at the bolt extension part underwent greater deterioration.

Yield lines
& 1

Figure 4.6 Representative yielding propagation on tube for connection

category Il (Specimen: BBEC-6.3-8.8-25-LII)

In view of the local concrete crushing through the bolt clearance holes, it was
felt necessity to strip away the local tube face so as to have a closer look at the
damage of the concrete infill. For specimen BBEC-6.3-8.8-50-LII failed in
mode I, most concrete infill surface areas are kept intact except for some local

damages around the bolt sleeves, as shown in Figure 4.7. It seems that the
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concrete infill efficiently restrained the bolt from pulling out which results in
the bolt shank fracture in the end. This observation also indicates an
agreement with the test observations reported in former monotonic tests (Al-
Mughairi, 2009), in which the strong bond between the blind bolt and concrete

infill was concluded.

Local concrete crushing

T Phapy GRS

Figure 4.7 Representative failure mode of concrete infill after striping away
local tube faces (Specimen: BBEC-6.3-8.8-50-LII)

For specimen BBEC-6.3-8.8-25-LI1 which failed in mode II, most of the

concrete infill in the vicinity of the blind bolt was damaged. This is
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fundamentally difference is from the case of failure mode I. Due to the
presence of relatively widespread concrete damage, the post test survey was
conducted with care in removing the tube face piece cut beforehand. A fter
cleaning the rubbles of the concrete infill, several photographs of the
remaining concrete infill around the blind bolt are shown in Figure 4.8. It is
evident that the local concrete crushed not only near the anchor nut but also

along the bolt shank which indicates significant loss of anchorage and bond

for the blind bolts as the connection underwent large rotation.

Graph No. Observations Graph No. Observations

Overview of concrete infill ) Side view of concrete infill

(a) crushing after testing crushing after testing

(b) Local concrete crushing @) Remaining concrete infill after
around anchor nut cleaning

(c) Blind bolts after testing

Figure 4.8 Representative failure mode of concrete infill after striping away

local tube faces (Specimen: BBEC-6.3-8.8-25-LII)
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The inspection also shows that the concrete infill in contact with tube sidewall
face cracked into several pieces rather than that in contact with tube
connecting face." This implies that the crushing of concrete infill along
longitudinal direction of the CFT column is more severe than that in transverse
direction, which can be explained- by the fact that the blind bolts are controlled
by the endplate rotation around the transverse rotation axis. The examination
was also made on the blind bolts after removing from the damaged concrete
infill. Other than damage to the local slee;/es, no noticeable damages are seen
at the interlocked assembly parts of the blind bolt. This observation agrees
with previous remarks that in the failure mode II relatively large extent of
cracking occurring at the concrete infill with moderate bolt pullout. Moreover,
it seems that the anchorage part of the bolt shank as wéll as the anchor nut
remains intact after the cyclic loading. This implies no significant damage at

the blind bolt in the anchorage portion.

As this blind bolted endplate connection to CFT column is featured by
cumulative failure development, the photograph series of specimens BBEC-8-
10.9-50-LI and BBEC-5-8.8-50-LIl have also been recorded for the joint
response under progressive cyclic loading. A further énalysis relating to the
cumulative damage model will be described in chapter 5. The photograph

series plotted herein represent failure modes I and Il as follows:

Specimen BBEC-8-10.9-50-LI: this specimen failed in mode I. Due to the
overheating of the pump system at early stage of loading, the cyclic loading
procedure was paused for system adjustment and resumed from the bositive
moment direction. As shown in Figure 4.9, the endplate bottom face is in
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alignment with the CFT column face during initial loading cycles. Also, the
deformation of blind bolts is not sighiﬁcant. As the rotation becomes
increasingly greater than the yielding rotation capacity of the connection, the
endplate rotates as a rigid body with the blind bolt shank elongation; Finally,
the failure of the connection is observed as a sudden fracture of the bolt shank
at the outer bolt row under negative moment; This failure mode is expected
due to larger lever arm distances from the rotation axis of the connection
under negative moment than that under positive moment, i.c., the failed blind

 bolts are subjected to greater tensile force in this case.

Specimen BBEC-5-8.8-50-LII: this specimen failed in mode Ii. As the
prg:sence of great rotation at the connection, tw§ photograf)hs are diSplayéd at
each point to feature the global view of the connection and localizéd view of
outer bolt row in tension, as shc;»;'n in Figurc 4.10. Prior to the yielding of the
connection, the rotational response of the connection are seen to be similar
with that of the specimen BBEC-8-10.9-50-LI. A noticeable deformation can
be seen since the connéction was loaded at 8~10 cycles. Thereafter, the
rotation of the connection is featured by the consecutive deformation of the
connecting face of the .CFT column as well as moderate blind bolt pullout. At
ultimate loading, it is observed that the endplate undergoes significant rotation
while the tube connecting face deforms outwards with moderate-blind. bolt

pullout.
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Rotation (mrad) ‘ 11-13thcycle
11-13th cycle

14-16th cycle

Figure 4.9 Photograph series for joint response of specimen BBEC-8-10.9-50-LI (connection category I)
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4.3 Hysteretic moment-rotation relationships
431  General moment-rotation behaviour

The moment-rotation relationship is the principle means of evaluating and
characterising the behaviour of beam-to-column connections. Based on the
hysteretic moment-rotation relationships, the main characteristics of the
,con;lection, such as resistance, rotation capacity, and stiffness, can be
evaluated. In this study, the moment-rotation relationships served as a basis
for further assessment of cyclic characteristics and cumulative damage of this

blind bolted endplate connection to CFT column.

The moment and rotation of the connections are calculated from
corresponding load and displacement data obtained from the test
instrumentations. The calculated results should allow for the geometric and
mechanical characteristics of the test system as discussed previously in
Section 3.3. The test results of moment-rotation relationships are summarized
in Tables 4.1~4.3, which indicate the moment, rotation and stiffness of
hysteresis envelope curves at yield point, maximum moment point and peak
rotation point. The hysteresis envelope herein is taken as the curve of a
generalized relationship that envelopes response data obtained from cyclic
loading of a str;uctural corﬁponent or assembly (Deierlein ef al, 2010). Related

failure modes of the connections are also included as a contrast within each

group.

To examine the geometric relationship of linkage system and steel beam

outlined in Section 3.3.2, a comparison was made for the calculated moment
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of the specimen BBEC-6.3-8.8-50-LII as an example. Firstly, y was calculated
from trigonometric relationship based prediction and LVDT measurement at
points f and g as shown in Figure 3.19. Then, the moments are calculated
according to Equation 3.4 and compared in Figure 4.11. The obtained results

satisfy a standard deviation no more than 3% in validation.

To examine the rotation response of the joint, a comparison was made for the
hysteretic moment-rotation relationships based on different measuring points
on the steel beam. The displacement measurements from DBl and DB2
(referring to Figure 3.8) were adopted in this comparison. Both curves are, not
surprisingly, in very close agreement as shown in Figure 4.12, except a slight
variation near the peak rotation of the connections. This confirms the previous
pre-design assumptions and the beam deformation induced rotations can be
neglected whist the measuring points on the steel beam were assigned for the

joint rotation response.

zUU ‘
N 150 |
-
o
> = 100 -
S z 50
“—
- =
E _> 1 -
o 7
S @-200 -150 -100 - 0 50 100 150 200
£ # -50
m v P
s o 100
cE
g -150 |
>

=ZUU
Moment calculated from theoretically predicted 'y'
(kN.m)

Figure 4.11 Comparison of calculated moments based on the LVDT

measurement and theoretical prediction
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Moment (kN.m'
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~- Based on LVDT-DT2

206

=&VUVU

Rotation (mrad)
Figure 4.12 Comparison of moment-rotation relationships of specimen BBEC-

6.3-8.8-25-LII based on the measurement of LVDT-DBI1 and DB2

All hysteretic moment-rotation relations plotted in Figure 4.13 show certain
hysteretic pinching and gradual nonlinear yielding at the loading branch of the
hysteresis envelopes. The hysteresis loops are not in a general plump shuttle
shape as reported in former experiments of bolted endplate connections
involved with the endplate in bending. On the other hand, different hysteretic
moment-rotation responses can be identified from two connection categories,
corresponding to the failure modes I and II respectively. By relating to the
failure modes of the connection described in previous section, the general
observations of hysteretic moment-rotation relationships are made (referring to

Tables 4.1~4.3 and Figure 4.13) as follows:

Failure mode I. this representative response is observed from the test
specimens BBEC-8-8.8-50-L1, BBEC-8-10.9-50-L1, BBEC-8-10.9-50-LII and
BBEC-6.3-8.8-50-LII. By referring to Figure 4.13 (a), (b), (¢) and (e), the
hysteretic moment-rotation curves present significant hysteretic pinching,
which is represented as all the hysteresis loops intersected at a point. These

connection specimens failed by bolt shank fracture and limited CFT column
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face yielvding with peak rotation at 29mrad~33mrad. An obvious rotation
increment along zero moment axis of loading and unloading excursions
indicates that the joint rotation is governed by bolt shank elongation rather
than plate flexibility. It can be deduced from the curves that the loading of
these specimens was terminated at the first loading cycle of ultimate loading
amplitude. Moreover, the areas enclosed by the cyclic excursion produced by
the first loading cycle of each amplitude are rather larger than those generated
by subsequent cycles. Further discussion for this phenomenon will be given in
a topic of energy dissipation later. As the bolt tensile capacity was fully
utilised and failed by bolt fracture ultimately, it is supposed that the tube wall
and/or the concrete anchorage provide strong restraints during the loading
process. This justifies the previous assumption of details of connection

category I as well as the failure modes described in Section 4.2.

Table 4.1 Connection categories, test failure modes and yield rotation & moment

Yield point

’ . Yield moment Yield rotation Connection  Failure

Test No. Specimen reference My M, 6 6, categories modes*
(kKN.m) (kN.m) (mrad) (mrad)

1 BBEC-8-8.8-50-LI 120.65 154.01 1240 12.09 Cl FI

2 BBEC-8-10.9-50-L1 149.04 " 173.02 12.03 11.30 Cl FI

3 BBEC-8-10.9-50-LII 151.07 177.02 1192 11.23 Cl FI

4 BBEC-5-8.8-50-LII 107.2 132.5 1547 1443 CIl FII

5 BBEC-6.3-8.8-50-LII 116.5 14478 13.51 13.06 Cl FI

6 BBEC-6.3-8.8-25-LII 97.12 121.2 1544 14.93 Cll FII

Note: * refers to related descriptions in Section 4.2

Table 4.2 Test moment & rotation at maximum moment & peak rotation

' Maximum moment point Peak rotation point
Test Specimen reference Moment Rotation —_Moment __ Rotation
No. . My Moax 'm.max 9m,max r, peak A’{r peak 9mk. emk+
(kN.m) (kN.m) (mrad) (mrad) (kN.m) ( kN.m) (mrad) (mrad)

1 BBEC-8-8.8-50-L1  133.79 163.89 30.55 27.31 130.80 161.75.31.33 32.17
2 BBEC-8-10.9-50-L1 164.69 188.97 22.33 21.79 154.56 166.39 36.74 34.94
3 BBEC-8-10.9-50-LII 171.89 189.17 29.35 27.72 156.87 180.13 29.83 31.64
4 BBEC-5-8.8-50-LII 115.80 - 157.72 32.14 30.54 62.17 116.71 77.20 86.54
5 BBEC-6.3-8.8-50-LII 120.39 160.95 31.13 30.26 108.87 147.46 32.34 35.74
6 BBEC-6.3-8.8-25-LII 102.95 137.28 30.57 30.38 6459 110.24 83.32 9281
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Table 4.3 Test initial and secant stiffnesses

Approximate yield point
Secant stiffness for yie!fi point

Initial stiffness

Test No. Specimen reference determination
Klm. Klm* Kscc- Ksec*
(KN.m/mrad) (KN.m/mrad) (KN.m/mrad) (KN.m/mrad)

1 BBEC-8-8.8-50-LI 16.92 2351 9.73 12.74
2 BBEC-8-10.9-50-LI 20.11 27.06 12.39 15.31
3  BBEC-8-10.9-50-LII 20.18 28.62 12.68 15.76
4 BBEC-5-8.8-50-LII 14.06 17.95 6.93 9.19
5 BBEC-6.3-8.8-50-LlII 15.78 19.15 8.62 11.08
6 BBEC-6.3-8.8-25-LlII 13.66 16.18 6.29 8.12

Note:  denotes secant stiffness adopted in the yield point determination as
indicated in Section 3.4

200
E
=
ot
40:_-: 4 1 1 1 1 1
£ -1p0 -80 -60 -40 20 40 60 80 100
O
=

-150

=200

Rotation (mrad)

M, Mv ' Bv‘ av ' Mpax M pax ' Hm.max' gm.mnx .

(kN.m) (kN.m) (mrad) (mrad) (kN.m) kN.m) (mrad) (mrad)
120.65 154.01 12.40 12.09 133.79 163.89 30.55 27.31
Kii Ky Koo K Mk Modd B G
(KN.m/mrad) (kKN.m) (kN.m) (mrad) (mrad)
16.92 23.51 9.73 12.74 130.80 161.75 31.33 32.17
(a) Specimen: BBEC-8-8.8-50-LI
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200
E
<
-~
;C: 1 1 1 1 L ] 1
E-100 80 60 -40 20 40 60 80 100
=

=200

R otation (mrad)
M, My ; 6\/- 0v+ Moy ]V’max+ em‘max- gm max+

(KN.m) (kN.m) (mrad) (mrad) (KN.m) kN.m) (mrad)  (mrad)

149.04  173.02 12.03 11.30 164.69 188.97 2233 21.79

+

K lm. K lm’ Ksec- KS°¢+ M, T, peak. M, T m':ak+ gpeak- epeak
(KN.m/mrad) (KN.m) (kN.m) (mrad) (mrad)

20.11 27.06 12.39 15.31 154.56 166.39 36.74 34.94
(b) Specimen: BBEC-8-10.9-50-L1

1 T T

DO -80 -60 -40

T T T

20 40 60 80 100

Moment (kN.m)
_

R otation (mrad)

/\/V' Alv ' Hv' 0\' g M max‘ M, max* em.max- am,max
(kKN.m) (kN.m) (mrad) (mrad) (kN.m) kN.m) (mrad) (mrad)

+

151.07  177.02 11.92 11323 171.89 189.17  29.35 27.72

k|n| KI'II‘ Ksec- Ksec'f Mr. pcak. Mr, pea,k+ 0968'(’ Bpeak+
(KN.m/mrad) (kN.m) (kN.m) (mrad) (mrad)

20.18 28.62 12.68 15.76 156.87 180.13 29.83 31.64
(¢c) Specimen: BBEC-8-10.9-50-LII
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Rotation (mrad)

Mv- A/I‘,+ 0‘,- 0\,* anx- A"’m-\lx+ em.mnx- 0"1."18’(
(kKN.m) (kN.m) (mrad) (mrad) (kN.m) kN.m) (mrad) (mrad)
107.2 132.5 15.47 14.43 115.80 157.72 32.14 30.54
Klm- Kln: Ksec- KSCC* AIr Deak. MI. De&k* Bocak- omk‘

(KN.m/mrad) (kN.m) (kN.m) (mrad) (mrad)
14.06 1795 6.93 9.19 62.17 116.71 77.20 86.54
(d) Specimen: BBEC-5-8.8-50-LII
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116.5 144.78 13.51 13.06 120.39 160.95 31.13 30.26

Klm- I<|m+ Ksec' Ksec‘ Mr‘ peak- AI,- Deak’ Hmk' Omk’
(KN.m/mrad) (kN.m) (kN.m) (mrad) (mrad)
15.78 19.15 8.62 11.08 108.87 147.46  32.34 35.74

(e) Specimen: BBEC-6.3-8.8-50-LII

+
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Moment (kN.m)

Rotation (mrad)

/Wv- A/Iv . 0\«- Hv ) M max‘ M, mﬂx+ em.mu. em‘ma;
(KN.m) (kN.m) (mrad) (mrad) (kN.m) kN.m) (mrad) (mrad)
97.12 121.2 15.44 14.93 102.95 137.28 30.57 30.38
Kui Kii' Koo Ko Mook Moo’ O’ O

(KN.m/mrad) (kKN.m) (kN.m) (mrad) (mrad)
13.66 16.18 6.29 8.12 64.59 110.24  83.32 92.81

(f) Specimen: BBEC-6.3-8.8-25-LII

Figure 4.13 Hysteretic moment-rotation curves for test specimens

Failure mode II: this representative response is observed from the test
specimens BBEC-5-8.8-50-LII and BBEC-6.3-8.8-25-LII. By comparing with
the specimens in Failure mode I, the hysteretic moment-rotation curves in
Figure 4.13 (d) and (f) present moderate hysteretic pinching and relatively
large rotation capacity. Prior to maximum moment point, the shapes of
hysteretic moment-rotation excursions for connection category Il are similar to
those for connection category I. Thereafter, the differences between the areas
enclosed by the cyclic excursions deriving from the first loading cycle of each
amplitude and those generated by the subsequent cycles are increasingly

reduced as the joint rotation becomes larger. Meanwhile, the maximum
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momenté of the excursions within given loading amplitude are reduced
significantly from the first cycle to the subsequent cycles which can be
explained és the result of consecutive concrete deterioration. It is also
observed that the unloading cyclic excursions in the specimens of connection
category Il have a short braﬂch along the zero moment axis (horizontal
branch), but deviate with small inclined angle from the horizontal afterwards
(inclined branch). Based on the experimental observation, the short horizontal
branch and further longer inclined branch can be attributed to the
cbﬂsequences of bolt shank elongation and the CFT column face flexible
deformation respectively. For this reason, the brittle fracture of the bolt shank
is avoided with an adding contribution of the tube connecting face in bending.
Notwithstanding that, it is worthy of note that the local crack in the sleeves

with bolt pullout could take place at this stage.

To further study the influences of material, geometric configuration and
loading procedure on the cyclic responses of this blind bolted endplate
connection to CFT column, a series of comparisons were made for the
experimental hysteretic moment-rotation relationships and counterpart
envelope curves. Based on the experimental observations, related comments
and explanations for these influences on the cyclic behaviour of the

connections will be presented as below.
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4.3.2 Effect of blind bolt grade

200
ZOv

160
120

20 40 60 80 1
BBEC-8-8.8-50-LI hysteresis curve
s BBEC-8-8.8-50-LI envelope curve
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Figure 4.14 Comparison of hysteretic moment-rotation relationships of

specimens BBEC-8-8.8-50-L1 and BBEC-8-10.9-50-L1I

It was expected that the bolt grade influences the tensile strength and preload
of the blind bolt. The comparison of hysteretic moment-rotation relationships
in Figure 4.14 indicates that, in contrast to the specimen BBEC-8-8.8-50-L.I,
the use of higher bolt grade in the specimen BBEC-8-10.9-50-LI enhances the
moment and initial stiffness of the blind bolted connection, but slightly
reduces the rotation capacity of the connection for the same load level. As
mentioned previously, both specimens failed as the results of bolt shank
fracture, thereby fulfilling the tensile capacity of the bolt shanks in the tensile
regions of the connections. Hence, the evidence of this comparison can be
attributed to the blind bolts that the increase of the strength and preload of the

bolt shank improves the strength and stiffness of the connection.
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43.3 Effect of cyclic loading procedure

200
oY

(kN.m)

20 40 60 80 140

Monlwent
1
O
©

;
(o]
o

,
[e)]
o

1
H
o

BBEC-8-10.9-50-LI hysteresis curve
| | —¢— BBEC-8-10.9-50-LI envelope curve
BBEC-8-10.9-50-LII hysteresis curve

480 % —a— BBEC-8-10.9-50-L1I envelope curve

o

Rotation (mrad)

Figure 4.15 Comparison of hysteretic moment-rotation relationships of

specimens BBEC-8-10.9-50-LI and BBEC-8-10.9-50-LII

Figure 4.15 presents experimental hysteretic moment-rotation relationships of
the specimens (BBEC-8-10.9-50-L1 and BBEC-8-10.9-50-LII) under cyclic
loading procedures I and II. Both hysteresis envelope curves in both cases
show a close agreement except a slight variation at the bottom of the negative
excursion. This observation indicates the cyclic loading amplitudes adopted in
this study differ in the generation of hysteresis loops but has slight influence
on the hysteretic moment-rotation envelopes of the connection which is
similar with former experimental results reported by Bernuzzi et al (1996) in
the study of bolted flush endplate connections to open section columns. In
other words, a direct comparison of hysteretic moment-rotation envelopes can

be taken for the specimens under different cyclic loading amplitudes.
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4.3.4 Effect of tube wall thickness
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Figure 4.16 Comparison of hysteretic moment-rotation relationships of

specimens BBEC-5-8.8-50-LII, BBEC-6.3-8.8-50-LII and BBEC-8-8.8-50-L1

Related to the tube wall slenderness ratio, the tube wall thickness was
expected to influence the strength and flexibility of the SHS column face as a
primary component of the connection. Figure 4.16 illustrates the comparison
of hysteretic moment-rotation relationship of specimens (BBEC-8-8.8-50-LI,
BBEC-6.3-8.8-50-LI1 and BBEC-5-8.8-50-LII) with varying tube wall
thickness. Prior to the maximum moment of the connections, as expected, the
strength and stiffness of the connections decreased with reduced tube wall
thickness. It is noted that the failure mode of the connections was altered from
mode I to mode II as the tube wall thickness reduces to 5 mm which represents
weaker confining effect to the concrete infill and higher local flexibility of
SHS column faces under in-plane bending moment. In this case, the ultimate
rotation capacity of specimen BBEC-5-8.8-50-LII increases nearly 2.5 times

compared to those of specimen BBEC-8-8.8-50-LI and BBEC-6.3-8.8-50-LII.
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Additionally, further details of hysteretic moment-rotation relationships with
failure modes I and II can be referred to the comments presented earlier in this

section.

4.3.5 Effect of concrete grade
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Figure 4.17 Comparison of hysteretic moment-rotation relationships of

specimens BBEC-6.3-8.8-25-LII and BBEC-6.3-8.8-50-LII

The concrete grade was expected to influence the strength of the concrete infill
of CFT column. The moment-rotation relationship comparison of specimens
BBEC-6.3-8.8-25-LII and BBEC-6.3-8.8-50-LII with varied concrete grade is
plotted in Figure 4.17. The increase of the strength and stiffness is evident for
the connection as the concrete grade is increased. It is also interesting to note
that the connection with CFT column of weak concrete presents greater
rotation capacity with obvious unloading branch rather than the bolt shank
fracture subsequent to very limited necking development. Apart form expected

effect of concrete grade on the compressive strength CFT column, it seems
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that the bolt anchorage provided by concrete infill has significant influence on
the blind bolt strength and deformability thereby indicating the relation of
concrete grade with the failure modes of this blind bolted endplate connection

to CFT column.

4.4 Strain profiles of relevant connection components

Stain gauge recordings were used to depict the strain profiles of the constituent
components of this blind boltgd endplate connection to CFT column, thereby
gaining evidences for further understanding the cyclic behaviour of the
connection. The strain profiles described herein are outlined for the steel beam,
the endplate, the tube sidewall face & connecting face, and the bolt shank. As
strain readings were recorded and in time updated along with the consécutive
loading cycles, the relationships of load versus strain wefe properly traced in
this study. To feature the strain distributions in the vicinity of the connection,
the strain profiles corrgsponding to the maximum rotation at each loading
amplitude were plotted against dimensionless location ratios. The load versus
strain relations are also plotted for steel beam and endplate. The yield strains
were calculated using relevant test data of coupon samples and plotted against

the strain profile curves. The strain profiles illu_strated below were selected

from all test specimens representing the connection categories I and II.
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441 Strain profile of steel beam and endplate
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Figure 4.18 Representative beam & endplate strain profile of BBEC-6.3-8.8-
50-LII (connection category I)

As mentioned earlier, the strain gauges on the steel beam and endplate were
used to examine the contribution of these components to the joint response.
The single strain gauges for steel beam were mounted at 50mm from welded
surface of the endplate. This arrangement was considered according to the
classical beam bending theory to allow for the maximum longitudinal strain on
the cantilever beam. The strain results are plotted in moment-strain and strain-
distance ratio relations. The comparison of the strain distributions on the steel
beam of BBEC-6.3-8.8-50-LII and BBEC-6.3-8.8-25-LII, which feature the
connection category I and II respectively, shows that maximum beam strains
during the full loading history are no more than 60% and 50% of the yield
strain level (1922 ¢ ) respectively, as shown in Figure 4.18(a&b) and Figure
4.19 (a&b). It implies that the beams in both cases are not the obvious
contributors for the overall joint deformation. This result agrees with the
connection design assumptions that the beams in both connection categories

were in elastic state as the connections underwent cyclic loads.
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The moment-strain relations are shown in Figure 4.18(a) and Figure 4.19(a).
The strain distribution on the steel beam is expected as follows. Whist the
outer and middle bolt rov;'s are in tension, the corresponding steel beam web
regions are obviously strained. It can be seen that similar strain gauge readings
of SG(B)6&SG(B)7 and SG(B)7&SG(B)8 are around 1000pstrain when the
joints are subjected to negative and positive bending moments respectively. In
contrast, the sfrains of the steel beam web near the compression flange are
much lower (roughly between 350~550pstrain). As for the beam flange, the
compression counterparts have significant negative strain recordings while the
opposite counterparts are slightly strained, such as SG(B)4 and SG(B)5 for

negative bending moments.

The comparison between Figure 4.18(a&b) and Figure 4.19(a&b) shows that .
the maximum beam strains under tension and compression measured for the
specimens of connection category I are higher than those of the connection
category II. This is in agreement with the moment ratios of the connection to
that of the beam, i.e. 0.29 and 0.25 for specimens BBEC-6.3-8.8-50-LII and
BBEC-6.3-8.8;25-LII respectively (the bending moment of the beam is

transmitted by the tension flange).
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Figure 4.19 Representative beam & endplate strain profile of BBEC-6.3-8.8-
25-LII (connection category II)

The strain gauges were installed on the endplate at each bolt row to capture the
deformation induced by endplate in bending. The strain distributions on the
endplate of BBEC-6.3-8.8-50-LI1 and BBEC-6.3-8.8-25-LII are shown in
Figure 4.18(c&d) and Figure 4.19(c&d) respectively. Due to improper
recording problem of SG(E)10, only the strain results of SG(E)9 and SG(E)1 1
are plotted here. As the connections underwent increasingly larger rotation,
only a slight variation of the strains can be seen for specimens of the
connection category I and I1. The plotted maximum endplate strains during the
full loading history are around 500pstrain which is far below yield strain level.
When comparing Figure 4.18(c) and Figure 4.19(c), it can be seen that the
maximum compression strains of the endplate are almost equivalent to tension
counterpart for the connection category II. However, the maximum
compression strains are very low (around S5Opstrain) for the connection
category I. This is because of the development of the compression state in the

connection category Il in contrast to that in the connection category 1.
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Again, the comparison of yielding strain level indicates that the design
assumptions of the connection have been satisfied as the endplates are in pure
elastic state. Also, the specimens .of connection category I exhibit higher
strains distribution than that of connection category II. Along with the steel
beam, this observation can be attributed to the restraints provided by the

connection rigidities.

442  Strain profile of tube sidewall face and connecting face

As reviewed in Chapter 2, the concrete infill has. beneficial effect in
strengthening the tube sidewall face from inside thereby reducing the blind
bolt ﬁullout induced deformation of tube sidewall faces vas reported in the
literature. Cdnscquently, only the strains on the tube sidewall face directed
towards the connecting face were studied by mounting single element strain
gauges at the locations of 30mm from the connecting face corresponding to
c.ach bolt row. It is shown that the strains of tube sidewall face under overall
loading history relating to the specimen éf connection category I, as plotted in
Figure 4.20 (a), are varied slightly and far below the yield strain le;/el. The
increase of strain at each position is almost linear. The maximum strain of
350pstrain was recorded from the strain gauges corresponding to the outer and
middle bolt rows in tension. In contrast, the specimen of connection category
11, as plotted in Figure 4.21 (a), shows a significant strain increase (rotation
larger‘ than 15mrad) until straining beyond yield point (rotation larger than
50mrad). The maximum strain for the connections under negative and positive
behding moments are 3000pstrain and 2200pstrain respectively. In this case,

the strain recordings at outer bolt row in tension are higher than the others.
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As the CFT column face is subjected to the tensile traction of the blind bolt,
the connecting face at the each bolt row is supposed to be significantly
strainéd. Accordingly, the two elements cross strain gauges were mounted at
these locations for relevant measurements. Figure 4.20 (b) and Figure 4.21 (b)
show that the longitudinal strain distribution on the tube connecting face for
‘BBEC-8-10.9-50-LI and BBEC-5-8.8-50-LII, which feature the connection
categories I and II respectively. For each loading cycle, the surface strain
magnitude distributes with ascending curve from compression to ter;sile
regions. The maximum strain occurs when thc rotation and/or bending
moment of the connection reaches the maximum, i.e. 2200pustrain and

3300ustrain for the connection categories I and I1 respectively.

The specim:en BBEC-8-10.9-50-LI represents a cqnsistently increased
longitudinal strain betweén three parallel bolt rows, slightly exceeding the
yield strain level at the rotation beyond 20 mrad. In comparison, the specimen
BBEC-5-8.8-50-LII under greater rotation action shows relatively higher
strains, in which the maximum value is nearly twice the yield level. The strain
development in the middle bolt row for the connection category Il is much
higher than that for the connection category I. This is especially the case as the
strain. réading ranging between 2500pstrain and 2800ustrain when the
connection rotates greater than 30mrad. The explanation for this observation
can be related to thé significant flexible deformation of the tube connécting
face under relatively large bending moment. As a result, the tube face regions

between the middle and outer bolt rows in tension are significantly strained.
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(connection category I)
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Rotation level:

o

v 23
I

ol

A

3 mrad
6 mrad

—a— 15 mrad
——se—— 30 mrad
—»— 50 mrad

70 mrad

———o— 80 mrad

-3 mrad

-6 mrad
-15 mrad

- -30 mrad
-50 mrad
-70 mrad
-80 mrad
Yield strain

Rotation level:

°

&

3 mrad
6 mrad

—a— 15 mrad
—u—— 50 mrad

70 mrad

o 80 mrad

N
ce -
“ oW
x

-0

-3 mrad

-6 mrad
-15 mrad
-30 mrad
-50 mrad
-70 mrad
-80 mrad
Yield strain

Rotation level:

o

o

3 mrad
6 mrad

—a— 15 mrad
——se— 30 mrad
—a— 50 mrad

70 mrad

——ip— 80 mrad

--Q

-3 mrad
-6 mrad

---15 mrad
---30 mrad

-50 mrad
-70 mrad

- -80 mrad

Yield strain

(connection category II)

136




Chapter 4: Experimental stﬁdy- test results

The transverse strain distribution on the tube is illustrated in Figure 4.20 (c)
‘and Figure 4.21 (c). It can be seen that a linear increase of strain related to
distance ratio when the rotation level is below 15mrad for both connections,
For specimen BBEC-5-8.8-50-LlII, the vmaximum transverse strain values of
the overall cycles exceeding the yield strain level are much lower than
longitudinal ones, i.e. 2200pstrain~3300pustrain. It appéars that strains
developed at the middle bolt row of the specimen BBEC-5-8.8-50-LII are
higher within the gauge arrangement than those of BBEC-8;10.9-50-LI as the
rotation increases to 30mrad. After that, a s{ighiﬁcant strain development can
be seen at the middle bolt row when comparing the outer bolt row in tension,
i.e. 2300pstrain and 1400pstrain for the middle and oﬁtcr bolt row locations
respectively. This observation suggests progressive strain development as the
tube connecting face is subjected to consecutive flexible deformation. In
contrast, the transverse strains for the locations corresponding to the middle
and outer bolt row in tension become close as the connections are subjected to
maximum rotation, i.e. 1700ustrain and 2200pstrain for middle and outer bolt
row locations respectively. It seems that teﬁsile deformations on the tube
connecting face at middle bolt row has a significant accumulative effect at
. overali cycles while those at outer bolt rows only sewés for a half cycle (in
tension). As the bolt pullout induced bolt clearance hole expansion and
bending outward, however, the local compression produced througﬁ this way

compensates for the tensile strain.
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443 Strain profile of blind bolt

The gauged bolt was installed only at the middle bolt row with moderate
tensile loading as to avoid the presence of premature tepsile fracture at the -
grooved shank section. The strain development on the blind bolt was recorded
by strain gauges mounting symmetrically near the top and bottom shank. Each
bolt strain was taken as the mean value of both strain gauge readings at related
cross-section. The top shank strain gauges (SGBH) were used to record the
strains at two siages, i.e., tightening of the blind bolt with preload and full-
scale qu‘asi-static cyclic loading test. The strain results of bolt preload are not
described here, but will be indicated in Chapter 6. The bottom shank strain
gauges (SGBB), on the other hand, were adopted to monitor the strain
development on the shank with the anchorage of concrete infill. Likewise, the
test results of the specimens BBEC-8-10.9-50-LI and BBEC-5-8.8-50-LII
were selected to feature the connection category I and II respectively. To
illustrate the response of the blind bolt, the bolt force was introduced and
calcul'ated in accordance of design methods in which an assumption is made
that the force depends on the distances to the rotation centre for each bolt row
(I\, b, 1), i.e. bolt force B=0.5M/(I;+ I+ I3), where, M, is bending moment of

the connection.

Visual inspection of Figure 4.22 and Figure 4.23 indicates that the strain
development at the top shank of the specimen BBEC-8-10.9-50-LI
(connection category I) is very limited across the yield strain level, while that
of the specimen BBEC-S-S.S-SO-LII (connection category II) displays

relatively larger strain distribution beyond the yield strain level. As for the
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bottom shank measurement, the strain results of the specimen BBEC-8-1(0.9-
50-LI were fully recorded, however, those of the specimen BBEC-5-8.8-50-
LII displayed some reading errors when the rotation became larger than 40
mrad. This problem was attributed tc.) the large local friction and sliding of the
bottom shank across concrete rubbles thereby damaging the strain gauges or
connecting cables. Notwithstanding that, the comparison of the bottom shank
strains under 40 mrad rotation indicate that maximum strains at the specimen
BBEC-8-10.9-50-L1I (connection category I) are generally larger than those at
the specimen BBEC-5-8.8-50-LII (connection category II). This observation
suggests that the amount of deformity provided by the bolt shank in
connection category I is very limited at the top shank as well as that at bottom
shank anchored in concrete infill. In contrast, the top bolt shank in connection
category II reveals greater amount of deformity whilst the bottom shank
presents reduced strain distribution as the concrete crushing to some extent

releases strained bottom shank.
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Figure 4.22 Representative bolt strain profile of BBEC-8-10.9-50-L]

(connection category I)
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Figure 4.23 Representative bolt strain profile of BBEC-5-8.8-50-LII
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4.5 Concluding remarks

A series of full-scale quasi-static cyclic loading tests were performed to study
the cyclic behaviour of the connections. The joints have been demonstrated to
exhibit nonlinear hysteretic moment-rotation response. The failure of the blind
bolt or the CFT column took place as a direct consequence of adopting
relatively thick endplate and strong steel beam. Two representative failure
modes were observed in the experiments as: Mode I-bolt shank fracture with
limited CFT column face yielding; Mode [I-CFT column face moderate
flexible deformation, local damage of concrete infill and moderate bolt pullout
with likely local crack in the sleeves. The former failure mode is associated
with relatively weak bolt, thick tube face and/or high strength concrete infill
while the latter failure mode is referred to relatively strong bolt, thin tube face
and/or low concrete strength. Consequently, the loading for the failure mode 11

was terminated with relatively large deformation.
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For the overall test series, the influences of bolt grade, cyclic loading
procedure, tube wall thickness and concrete grade on the hysteretic moment-
rotation relétionship have been described and compared in terms of failure
modes, strength, stiffness, and rotation capacity. It ha; been demonstrated that:
the use of higher bolt grade increases the moment and initial stiffness of the
connections, but slightly reduces counterpart rotation capacity; tﬁe cyclic
loading procedures with different loading amplitude in this study has slight
influence on the moment-rotation relationship; thé decréased tube wall
thickness and concrete grade may reduce the strength and stiffness of the
connections and, on the other hand, change the connection failure from mode |

to mode Il which leads to significantly increased ultimate rotation.

The strain profiles of the connection componenis have been ﬁsed to examine
the test design assumptions and gain further evidences for the connection
behaviour, Comparison of strain profiles relatéd to the specimens of the
connection category I and category II indiqated that two distinct strain
distributions on the counterpart connéction components. The teSt hysteretic
moment-rotation relationships were used to evaluate the cyclic characteristics
and cumulative damage of the connections, which will be described in Chapter
5. The test results were also used to validate the finite element models which

will be presented in Chapter 6.
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CHAPTER 5

CYCLIC CHARACTERIZING PARAMETER &
CUMULATIVE DAMAGE ANALYSIS

5.1 Introduction

The test results of hysteretic moment-rotation relationship presented in
Chapter 4 will be further examined in this chapter in terms of cyclic

characterizing parameter and cumulative damage analysis.

To' stud‘y the structural performance under cyclic loading, a series of
barameters has been suggested in the recent codes of ECCS (1986) and ATC-
24 (1992) for quantitative evaluation of the cyclic test results. These
parameters relate to the issues "of resistance characteristics, stiffness
chgracteristics, deformation ductility, and energy dissipation (absorption)
capacity. The use of these parameters will serve to meet the research
objectives and is aiso in line with other beam-to-column tests reported in the

literature (Dunai & Fukumoto, 1996).

In ther performance-based seismic design, it is known that the reliable
evaluation of structural damage becomes a key issue. The damége evaluation
provides a better way in contrast to elastic analysis methods to limit the
damage‘ under seismic loads. The damage of a structure inc.orporates three
levels, i.e., structure, substructure and members, which can be quantified by
different types of damage indices. The damz‘xge indices can also be used for the

assessment of subsequent loss of structural performance and rehabilitation or
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retrofitting programs. The test moment-rotation relationships along with

representative failure modes were used in this cumulative damage analysis.

5.2 Cyclic characterizing paramefer analysis

The values of cyclic performance quantities can be determined separately and
jointly from positive and negative excursions of cyclic curves. According to
ECCS (1986) and ATC-24 (1992), several basic parameters of an idealized
hysteretic cycle are illustrated in Figure 5.1 and expressions for related cyclic
characterizing parameters adopted in this study are indicated in Table 5.1,
including those for resistance & rotation charaéteristics, ductility, energy
dissipation capacity and stiffness characteristics. The moment and rotation at
yield point, i.e., yield moment aﬁd yield rotation, were caléulated based on the
recommendation of FEMA-356 (2000) instead of ECCS (1986) and ATC-24

- (1992), as discussed in Section 3.4.

For seismic design, it is of foremost fmportance to stress the concept of
ductility, which is defined as the ability of the structure to undergo large
plastic deformation without significant loss of strength (Mazzolani, 2000). The
partial ductility ratio, which is defined as the ratio of the maximum rotation to
the yield rotation of a positive or negative excursion, is often taken as a basic
variable to plo.t against the other cyclic characterizing parameters. This is
because the rotation is often used as a basic quantity of the progress of cyclic
loading. Additionally, it is worth noting that characterizing cyclic behaviours
are mostly used to feature the structural behaviour in the inelastic range. These

parameters may be involved with unrealistic expression in the elastic range, so
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the cyclic characterizing behaviour are usually studied with the partial

ductility ratio no less than 1.0.
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(46,),., (46,y).. Measured plastic rotation range of excursion i+ & i-
46,., 46, Rotation range of excursion i+ & i-
(486,),., (A48,),. Total rotation range for excursion i+ & i-
Kei'shai Slope of M-6 diagram at the start of loading in excursion i+ & i-
Stiffness K.', K. Initial stiffness of M-# diagram in excursion i+ & i-
K' K’ Slope of M-# diagram at the start of unloading in excursion i+ & i-
KoK Reduced secant stiffness at maximum rotation of excursion i+ & i-

Figure 5.1 Basic parameters of an idealized hysteretic cycle (ATC-24, 1992;

ECCS, 1986)
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Table 5.1 .Summary of cyclic characterizing parameter expressions
(ECCS, 1986; Williams & Sexsmith, 1995)

Cyclic characterizing parameters Expressions
Resistance ratio MM, MM,
Partial ductility ratio 6.'18,, 616,
+ +7 At + - -
Absorbed energy ratio A7 (M, (67-6,+6-6,]

: A1 [M(6-6,+6"-81)]
Stiffness deterioration ratio K, IK,', KK,

The cyclici behaviours of the connections in the positive and negative
excursions are studied as follows wiFh respect to thé relationship of the cyclic
characterizing parameters (referr‘ing to Table 5.1) versus partial ductility ratio.
The significance of each parameter is also indicated ‘along with the test results.
For the sake of representing failure mode progression, the specimens BBEC-8-
8.8-50-L1 and BBEC-8-10.9-50-LI were chosen as representatives for |
connection category I, while the specimens BBEC-5-8.8-50-LII and BBEC-

6.3-8.8-25-LII were chosen for connection category I1.

5.2.1 Resistance ratio

As the post yield behaviour acts as an important issue for connections
subjected to cyclic loadving, the resistance ratio is often used to indicate the
‘post' yield resistance with respect to yield resistance. This parameter wés
calculated based on the equations lis‘ted in Table 5.1. The relationships of the
resistance ratio versus partial ductility ratio in the positive and negative
excursions are plotted in Figufe 5.2. The specimens of the identical connection
category répresent similar tendencies of resistance ratio variation when
comparing the positive and negative excursions of cyclic curves. For
specimens of connection category I (BBEC-8-8.8-50-LI and BBEC-8-10.§-50-

LI), the resistance ratio is increased with increased partial ductility ratio,
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without obvious moment resistance degradation at each loading amplitude
~level. When referring to section 4.2, it is known that the connections in this
case failed as the bolt shank fractured at nearly the maximum resistance of the
e'nvelopg. Although the connections with different bolt grade were used in this
connection category, the steady trends ‘of the resistance ratio versus partial

ductility ratio are similar.

On other hand, the specimens of connection category I (BBEC-5-8.8-50-LII
and BBEC-6.3-8.8-25-LII) illustrate decreasing resistances With sigﬁiﬁcant
drops at each loading amplitude level whilst the partial ductility ratio is
increased greater than 20 as shown in Figﬁre 5.2 (¢) and (d). This observation
in these graphs indicates a significant reduction of moment resistance at
following consecutive cycle§ of relevant loading amplitude. The decrease of
moment resistance can be attributed to the consecutive deterioration .and
crushing of concrete which lead to the loss of bolt anchorage. Both the steel
tube wall thiékness and concrete grade have direct influence on this behaviour.,
The former factor is related to the flexibility of the tube face énd the
conﬁnement of concrete infill, while the latter factor is concerned with the
strength of the concrete. Additionally, a greater decreasing tendency is shown
at the negative excufsion than that at positive ones for the cbnnections in
category II. This ’can be explained as weaker stiffness properties of the
connec;tions which produce more significant resistance degradation in

connection category II than those in connection category I.
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Figure 5.2 Relationships of resistance ratio versus partial ductility ratio
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5.2.2 Energy dissipation ratio
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Figure 5.3 Relationships of energy dissipation ratio versus partial ductility

ratio for connection category |

Energy dissipation capacity is the ability of a structure or its component to
dissipate energy through hysteretic behaviour which indicates the extent of
ductility the joint possesses and describes its response to seismic stimulus. The
amount of energy dissipation of the joint can be identified as the summation of
the areas enclosed by hysteresis loops. The relationships of the energy
dissipation ratio versus partial ductility ratio are plotted in Figures 5.3 & 5.4.
For specimens of connection category I (BBEC-8-8.8-50-L1 and BBEC-8-
10.9-50-LI), the absorbed energy ratio decreases with increased partial
ductility ratio. It is worth noting a dramatic drop of the absorbed energy ratio

subsequent to the first cycle of each loading amplitude, which means the
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dissipated energy reduces significantly during the repeated cycles. For
example, the reductions in the positive excursion of the cyclic curve for
specimen BBEC-8-8.8-50-LI are seen as approximately from 0.83 to 0.26,
from 0.55 to 0.14, and from 0.42 to 0.10. Direct evidence can also be traced
back to the hysteretic moment-rotation curves plotted in sub-Section 4.3.1, in
which the hysteresis loop becomes rather narrow after the first cycle of each
loading amplitude level. It seems that this tendency continues until the end of

the test.

N

—e— P ositive excursion
—u-— Negative excursion

(<))

N

© © r B
(o]

Absorbed energy ratio
P

{4, [M,(67-6,+67-6,)]}

0 1 2 3 4 S 6 7

o
L

{47 [M,(67-67+67-8,)]}

Partial ductility ratio (6;/6,)
(c) BBEC-5-8.8-50-LII (Category 1)

—e— P Ositive excursion

—m-— Negative excursion

© OB m
© » N O N
v .

" — I 1 1 &

0 1 2 3 4 5 6 7
P artial ductility ratio (8:/6,)

(d) BBEC-6.3-8.8-25-LII (Category II)

Absorbed energy ratio
(A M, (67-6,+67-6,)]}
{47 M (6-67+67-6)]}

Figure 5.4 Relationships of energy dissipation ratio versus partial ductility

ratio for connection category Il

Along with increased partial ductility ratio, in contrast, the specimens of
connection category I (BBEC-5-8.8-50-LII and BBEC-6.3-8.8-25-L1I)

demonstrate reduced amount of such reduction at follower consecutive cycles
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in the loading progress. e.g. For specimen 'BBEC-6.3-8.8-50-‘LII, the
reductions in the positive excursion of the cyclic curve are seen as
approximately from 0.95 to 0.25, from 0.59 to 0.24, from 0.44 to 0.25 and
from 0.38 to 0.23. This phenomenon can be attributed to the energy
dissipation of the tube conr;ecting facelas a plate element which underwent
flexible tension and then compression as the load is reversed. Consequently,
the energy dissipation capacity is some;vhat improved for the specimens of

connection category II.

5.2.3 Stiffness deterioration ratio

The stiffness deterioration ratio is taken as the ratio of the secant stiffness (Ksec)
to the'initial stiffne.ss (K.) of the connection which can be referred to Figure
5.1 and Table 5.1. A similar parameter was also used in the literature for
damage measures (Williams & Sexsmith, 1995). As shown in Figure 5.5, the
. specimens of connection category I (BBEC-8-8.8-50-LI and BBEC-8-10.9-50-
LI) demonstrate greater slopes of stiffness deterioration ratio than those of
connection category II (BBEC-5-8.8-50-LII and BBEC-6.3-8.8-25-LII), i.e.,
higher possibility of earlier failure of the connection. For the connection
category II (BBEC-5-8.8-50-LII and BBEC-6.3-8.8-25-LlII), it is observed that
the increase of stiffness deterioration during the overall loading progreSs
becomes gradual as the connection partial ductility increases greater than 2.0.
The similar observation can also be made for the stiffness deterioration

corresponding to the cycles at the same loading amplitude.
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5.3 Assessment of connection ductility

The ductility issués of structural member and connection have attracted
sufficient attention in recent seismic design of moment resisting frames. In
Eurocode 8 (2003), a fundamental distinction is made between full strength
connections and semi-rigid (and/or) partial strength connections. The related

requirements are described as follows:

. The beam-to-column connection should be designed for the requ.ired
degree of over-strength provided that the beam is designed as the
dissipative component in the structure.

« Dissipative semi-rigid (and/or) partial strength connections are permitted
provided that the subsequent conditions are satisfied: the connections
have a rotation capacity consistent with global deformations; members
framing into the connections are demonstrated to be stable at ultimate
state; the effect of connections deformation on global drift is taken into
account.

Eurocode 8 has also introduced three levels of ductility along with relevant
design éoncepts, such as low ductility class (DCL), medium ductility class
(DCM) and high ductility class (DCH). Thé rotation capacity of the plastic
hinges is required for the connection design as: no less than 35 mrad for
structures of high ductility class (DCH) and 25 mrad for structures of medium
ductility class (DCM) with behaviour factor, g, larger than 2.0, which reﬂect§
that plastic deformation capacity of a structure. Although not explicitly
indicated in Eurocode 8, the brittle failure of bolted flush endplate connections

for less than 20 mrad rotation capacity was suggested by Bose & Hughes
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(1995) and later adopted by Thomson & Broderick (2002). On the other hand,
the rotation capacity of the plastic hinge includes not only the plastic hinge
beam rotation but also deformation of the connection (Fardis et al, 2005). The

latter contribution needs to be accounted for in semi-rigid and partial strength

connections.
Suggested by EC8 Suggested by Bose & Suggested by EC8
/\Lc Hughes (1995) (\
. L [ .
DCH L Inc { DCH
-« > <>, —
Ductile | | e ! Ductile

: DCM l , Brittle : I DCM
: ——, ¢ »> — i
Ductile, | | . Ductile
I I B
: Y 160 | — '
' l I 120 '
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é ' ' 4 40 fud ' /- 1 '

g 4o 10 Zb 30 * 4p
. ;

p> " e BB E C-8-8.8-50-L|
¢ BBE C-8-10.9-50-L1
; 200 -

Rotation (mrad)
Figure 5.6 An example of comparing ductility classified indices versus test

hysteretic moment-rotation relationships

The connection ductility in this study was further analysed by comparing
experimental hysteretic moment-rotation relationships with suggested ductility
classes mentioned above. An exemplified comparison of the specimens
BBEC-8-8.8-50-L1 and BBEC-8-10.9-50-LI is shown in Figure 5.6, which
features connection category I. It is apparent that more than 25 mrad rotation
can be provided by the connections in category I which may have potential to

satisfy the connections in the frame classified as ductility class (DCM) with
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g>2. Using similar comparison, the specimens of connection category II are
more likely to behave with more than 35 mrad rotation without significant
strength and stiffness deterioration which may satisfy the connections in
frames of ductility class (DCH). 1t is noted that the connections tested in this
study relate to relatively thick endplate, i.e., the ductility contribution of .
endpiate is ignored; otherwise further improved ductility may be obtained for
the connections. However, this is beyond the scope of this work described

herein.

5.4 Cumulative damage model analysis

Based on a specific damage rule, the operator that calculates damage index is
defined as a damage rﬁodel. So far great efforts have been made by
contemporary researchers using damage indices based approaches for
structural damage éssessment. It should be pointed out that these approaches
are not restricted to specific research topics of structural members and frames,
but can be expanded to the research on beam to column connections, .as
reported in recent. literature (e.g., Castiglioni e al. 2009). This approach was
also adoptéd in this study for evaluating and comparing the behaviour of the
connections by apblying these damage indices and analysing the test results

with respect to observed experimental failure modes.
5.4.1 Basic procedures in the definition of damage model

For the purpose of defining damage or collapse of a structural component, it is
necessary to use damage parameters related to structural performance under

cyclic loads in the inelastic domain. Powell & Allahabadi (1988) suggested
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two basic procedures to calculate structural damage index, such as demand
versus lcapacity procedure' and d;gradation procedure. As for the demand
versus capacity procedure, the structural performance related parameters, such
as strength, displacement, deformation and energy can be used for analysis.
- The __corresponding damagé parameters may be based on a single maximum
value, a maximum range or a cumulative value (using a history of values of
the damage parameter). The calculated demand varies‘ with its corresponding
capabity (ie., the demand increases monotonically ’ as the structure is
damaged). As for the degradation procedure, the structural performance
related parameters, such as stiffness, strength, deformation and energy
dissipation, are used for analysis. This procedure is based on the assessment of

undamaged and damaged states.

Damage index

b

u Damage parameter

Figure 5.7 Relationship of damage index and damage parameter

As an early research in the damage functional expression, Powell &
Allahabadi (1988) adopted a threshold value, &, and a critical value, 3, as the
basic damage parameters, as illustrated in Figure 5.7. It assumes that there is

no significant structural damage if the structural damage index is zero,
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whereas failure occurs if the structural damage index is unity. A simple linear

function for structural damage index, D, is then written as:

O
I
O

D ={ . ] Equation 5.1

where, & is the calculated structural performance related parameter and m is a
constant exponent. This relationship of damage index and damage parameter
is illustrated in Figure 5.7. It is also worth noting that the damage index is a

dimensionless scalar quantity.

Similar to Equation 5.1, Cosenza et al. (1993) suggested a general and

practical expression for structural damage index, D, as:

S
A
8

14

Equation 5.2

A,
|
Y

0
(d-d Y
L d,sdsd,,m>0

_
1
|

The following steps were also recommended in the formulation of a damage
functional expression as a further work following the model proposed by

Powell & Allahabadi (1988):

« Definitions of d; which are considered to be important in the definition of
progressive collapse;

« Definition of the values dy and d, assumed by the state vector at the
beginning of structural system yielding and at collapse under cyclic loads
respectively. dy can be considered similar to the threshold value, , in the
model proposeci by Powell & Allahabadi (1 988). |

« Introduction of a normalized damage functional expression D, defined on

the space of the state vectors {d}; it assumes a value of zero at the
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beginning of yielding and a value of 1.0 at failure. Also, tﬁe function
should increase as damage incréases;

« Evaluation of the value assumed by the functional expression, with
reference to the structure examined and for the seismic events expected;

the seismic verification will be satisfied if the result satisfies D<1.

As already mentioned that a damage model refers to the calculation of the
damage index through a specific damage rule, it is categorized based on’the
loading type and failure mechanism (Williams & Sexsmith, 1995). The non-
cumulative damage model is load path independent and often calculated using
the peak value of the performance as the basic variable which is normalized by
the nominal capacity of the structural component. The envelope of structural
response is usually used in the calculation of non-cumulative damage indices.
Althouéh it is simple for calculation, the non-cumulative damage model only-l
presents an approximate measurement of the level of damage undergone
during inelastic loading and is unable to account for the damage due to cyclic
loading. The cumulative damage model and combined damage model, on the
other hand, are regarded as operators that calculate the damage indices using
damage rules related to cumulative damage, such as Park and Ang model.
Cumulative energy dissipation, plastic displacement and deformation aré
usually used fér cumulative damage indices. The generalls/ adopted damage

indices will be reviewed in the following subsection.

Table 5.2 Classification of damage level and related index (Pérk et al. 1985)

Damage levels Damage indices Referred observation of RC structure
I.  Noorslight 0~0.1 Sporadic concrete cracking
I Minor 0.1~0.25 Slight concrete cracking and crushing
I1l. Moderate 0.25~04 Concrete extensive cracking and spalling
IV. Severe 0.4~1.0 Concrete crushing, reinforcement bucking
V. Collapse >1.0 Loss of load carrying capacity
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Using damage indices, it is possible to feature the structural damége
mechanism ;md describe the evolution of structural damage states. Park et al.
(1985) p?oposed a damage level classification relating to damage index. The
structural damage level consists of five categories: slight, minor, moderate,
severe, and collapse. The relation of damage level versus damage index is
indicated in Table 5.2. Although the classification is based on the empirical
experimental observations, the comparison against the ranges of damage
indices has been adopted in the recent studies for beam to column connections
(Altoohtash et al. 2005) and moment resisting frames (Palazzo et al. 2004). As
such, this classification will be further adopted in sub-Section 5.4.3 in the

damage model analysis of experimental results.

§.4.2  Damage indices

Previous researchers have proposed a number of damage models for structural
response related to three levels' including structure, substructure and
componénts. Although different failure criteria are involved in the structural
response, it may be possible to use damage indices in a general form to carry
out damage assessment. The damage indices reviewed herein are based on the

characteristics of fatigue, energy and combined energy & ductility.

5.4.2.1 General fatigue based linear cumulative damage index

The.Palmgren-Miner linear damage theory (Miner’s rule) has been widely
used to evaluate the cumulative‘damage and remaining fatigue life of a
structure subjected to cyclic loading with constant or varying amplitudes.

Miner’s rule (Miner, 1945) states tﬁat, if there are k different stress amplitudes
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each relating to »; cycles, and N; the number of cycles to failure of a constant
stress S;, then the failure occurs when:

Fon .
Y —t=cC ~ Equation 5.3
- N .

where, C is the experimental constant. In general, this constant is assumed to
be equal to 1.0 when failure occurs. The application of Miner’s rule for the
study of beam to column connections has been reported by Ballio et al. (1995)
and Castiglioni et al. (2009). As for cyclic loading test with non-constant
displacement amplitudes, the expression for Miner rule (general fatigue) based

damage index is written as:

Dgy =), —— Equation 5.4

where, k is further modified as the number of displacement amplitudes. »,; is -
the number of cycles at the i-th displacement amplitude. N; is the average
number of cycles to failure at the i-th displacement amplitude. 4; and 4; are

the displacement amplitudes corresponding to ns; and Nj; respectively.

5422 Low cycle fatigue based cumulative damage index

The parameters of plastic displacement and ductility are widely used to
evaluate the low cycle fatighe damage by early researchers. Kfawinkler &
Zohrei (1982) adopted the simple Coffin-Manson model together with linear
damage accumulation to account for the low cycle fatigue damage. The

damage index is expressed with plastic deformation range as a variable:
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N :
D, ,=4Y (66, . Equation 5.5

§=1

where, & and &, are the plastic deformation and yield det;orfnation respectively.
A and c are calibrating parameters. For parameter ¢, a general range of 1.6 to
1.8 can be used for steel structure '(Cosenza et al. 1993) and reinforced
concrete lstructure (Stephens & Yao, 1987), respectively. Let the value of Dy,
be equal to 1.0 for the failure under monotonic loads, then parameter 4 can be
obtained (Coseﬁza et al. 1993) and in turn substituted into the expressiqn of

Dy, ; as:

‘ _ c
D,,=Y [ 4 -9, J Equation 5.6
¥y

where, &, is the monotonic ultimate deformation, ¢ is taken as 1.6 in this study.
It can be seen that this expression is similar to Equation 5.2 but relates to
practical application. By introducing ductility ratio (u=& /&, =4 /8,)), Drx

can be transformed into the form as:

S Equation 5.7
D =Y |~— quation J.
A\ M, =1

Assuming c is equal to 1.0, the equivalent normalized ultimate damage index,
Dy k., in the definition of kinematic or cyclic ductility can be written as

(Cosenza et al. 1993):

: H, -1 .
D,y,=X|—— Equation 5.8
=\ H, -1

In this case, the damage model is equally contributed by all plastic cycles
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except ultimate ones. Based on the experimental results presented by
Krawinkler & Zohrei (1982), Kumar & Usami (1996) suggested a greater
value than unity which is more appropriate to feature the contribution of larger

plastic deformation.

The low cycle fatigue based damage index has an advantage in its applidation
incorporating plastic deformation range as a basic variable, which can be
easily assessed by experimental study. Apart from envelope characteristics,
however, it seems impossible to capture some detailed cyclic characteristics,

such as the shape of hysteresis loop and strength deterioration.

5.4.2.3 Energy based cumulative damage index

One of the most important properties in evaluating the structural hysteretic
performance is energy dissipation, which approximately incorporates the
strength and plastic deformation of hysteresis loops. This provides certain
merits as compared with low cycle fatigue based index which is prirharily
related to plastic deformation range. The energy based cumulative damage
index used by early researchers (Banon ez al. 1981, Darwin & Nmai 1986) is
simply expressed as the normalization of energy dissipated (Ei)‘with respect to
the elastic energy stored (the product of yield force, F), and yield deférmation,

48,). The damage index, Dgp, is given as:
Dyp=Y —— ' A ‘ | Equation 5.9

This equation also supplies a simple comparison of evaluated energy

dissipation with design capacity.
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Kraetzig et al. (1989) broposed a more complex formulation by applying the
concept of ‘primary half cycle (PHC) and the follower half cycle (FHC) to
account for the cumulative damage corresponding to the excursions with
maximum amplitude and the other smaller excursions, as illustrated i.n Figure
5.8. The damage index is calculated first by introducing intermediate variables

as:

py - ZEntXEs Equation 5.10
. E;+Y E;

| D, = ZE?-«:——%ZE—?L Equation 5.11
where, E,*"and E;*" are the energy dissipated in primary cycles and follower
cycles respectively. The displacement and deformation are often used to trace
the progress of the primary and follower half cycles. At initiate stage of
loading, the displacement or deformation remains zero. The damage progress
continues until the energy dissipated in primary half cycles reach E,* or E,,
where the damage index is assumed to be equal to 1.0. As for a combined

action, the damage index is written by taken into account Dp* and Dy’ as:
D,,=D;+D,-D,D, Equation 5.12

Given a primary half cycle is considered only when a half cycle reaches a new
maximum amplitude, the magnitude of Dgg is greatly contributed by the
energy dissipated in the primary cycles with resbect to those in the follower
cycles. The failure takes place when energy dissipated in primary half cycle is

equal to the ultimate energy dissipated. In this study, an adjustment was made
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for E,,i"/ " and Eﬁ+/ “ which are p;'esumed for first cycle and‘ repeated cycles of
each loading amplitude respectively. The dissipated energy was accéunted as
the area enclosed by the hysteresis loop excluding the elastic rotation energy

which is recovered at unloading stage.

Moment PHC: Epl+

FHC: Ey’

» Rotation

/ FHC: Eq*
/,

PHC: E,"
Figure 5.8 Illustration of PHC and FHC in Kraetzig damage index

'5.42.4 Combined energy and ductility based cumulative damage index

Since the use of either ductility or energy index to quantify the structural
damage has advantage of its own, some efforts have been made by early.
researchers to formulate them together as a linear combined damage index.
The combined damage indices described herein refer to Park and Ang damage
model (Park et al. 1985) and Banon damage model (Banon ét al. 1981), which.

are widely used in the research field of concrete and steel structure.

The Park and Ang damage model was firstly proposed for the assessment of
~ reinforced concrete building damage (Park et al. 1985). The original form of

damage index is written as:

IdE ] Equation 5.13
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where, Ay is the maximum response deformation. dE is the incremental
absorbed hysteretic energy. B is a calibrating parametér for cyclic loading. Fy
is the yielci load. The range of B between -0.3 to 1.2, with a median of about
0.15 is suggested for concrete structure (Cosenza & Manfredi, 2000), while
B=0.025 can be used for steel structure (Castiglioni et al. 2009). It is noted
that this damage index is regarded as ductility based provided that B is small.
Introducing ductility variable, this equation can be further transformed by
dividing &, at its upper and lower parts and then becomes: -

D.,, =-’l+£—E!';- _ Equation 5.14

M, K FS,

where, uy and p, are tﬁe ductility ratios corresponding to dy and 4,
respectively. Using Park and Ang damage model for this analysis, a simil'ar
expression is written as:

R .
Depy = ;l‘[ﬂ,,m., +8Y (u! - 1)] Equation 5.15

i=]l

where, i max is the ductility ratios similar to uy for ith cycle. It is worthy of
note that the combination of ductility and energy in this way is linear which

may cause difficulties in the analysis of highly nonlinear problem.

Banon et al. (1981) proposed another combined index in the analysis of RC
elements and structures. This combined index was thereafter used by Cosenza

et al. (1993) and Castiglioni et al. (2009) in their researches of concrete and
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steel structures. The ductility component, dy, and energy component, d., are

introduced as:

51 max - 5 N .
dy=—""—>=p,,.~1 Equation 5.16
5y '
[ 1
d, =a 25| - al2(4], -l)]b | Equation 5.17
F.V5y ’

As reported in the literature, the calibrating parameters a and b are taken as 1.1
and 0.38 respectively. u'e; can be referred to Equation 5.15. The Banon
damage index, D¢, is then obtained by a nonlinear combination of these

components as:

05

k
Dc,g = [(dd)z + (d.)2]05 = {(Fi.mu - 1)z +a? Z[Z(I"I,i - 1)121

i=1

Equation 5.18

It is known that the combined damage mbdel may present incorrect results
when the defc;nnation range is close to yield value. This problen.1 is more
obvious as the loading under constant amplitude is concerned. From
theoretical point of view, however, the structure has experienced small
damage at fhe onset of inelastic deformation. Hence, common methods to
tackle this issue is to neglect &, when it is much smaller than &,max and §,.
Kumar & Usami (1996) made similar observations and incorporated it into a
proposed damage model to fit most types of structure. This simple

consideration is also deemed acceptable for the tests with non-constant

displacement amplitudes.
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5.43 Damage model analysis of experimental results

The study of structural damage evolution progress with reference to each
performance level is beneficial for better understanding the response of the
connection under cyclic loading. To feature the typical progress, the tested
specimens were categorized with due consideration of the failure modes
observed in the tests. The damage indices outlined in previous subsection were

adopted for the damagé model analysis of the experimental results.

5.4.3.1 Tested specimen selection and damage definition

As reported in Chapter 3, the laBoratory tests on 6 specimens are classified by
two connection categories: (I) weak blind bolt & strong CFT column, and (II)
strong blind bolt & weak CFT column. There are three primary considerations
in the selection of tested specimens for damage analysis. First, it is possible to
represent the typical damage modes of two categories of the connection,
Second, the structural properties and numbers of loading cycles should be well
recorded to establish related relationship of structural damage. Third, the
assumed failure point of the tested specimen should be able to feature the local
damage evolution and associate with the structural capacity parameters for

structural damage definition.

The test results of the speciméns BBEC-8-8.8-50-L1 and BBEC-8-10.9-50-LI
were selected to represent the failure with ultimate damage due té the brittle
fracture of the bolt shank. The ultimate failure phenomenon is instantaneous
with sudden drop of loading capacity preceded by the arrival of peak moment.

Under this circumstance, the structural failure is obvious. In the other cases,
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the test results of the specimens BBEC-5-8.8-50-LII and BBEC-6.3-8.8-25-LII
were chosen to account for gradual failure mode. After peak mbment, the
connections went through continuous cycles and sustained dégraded moments,
The decrease of load carrying capacity is often adopted as the failure criteria
to assume the failure of the connection. In this study, it is assumed that the
maximum strength reduction of 30%~40% of the observed peak load as the
severe failure of the connection. Although the connection may still be able to
undergo some loads, it is better to assﬁme the connection attain the failure.
state. In practice, the local failure observation at this stage might be apparent,
e.g., the great losses of concrete anchorage, local concrete crushing, and
excessive deformation around bolt hole on the tube connecting face and local

bolt pullout.

5.4.3.2 Damage analysis and comparison of test specimens

Using damage indices outlined in Section 5.4.2, the relationships of
progressive damage indices and loading cycle are shown from Figure 5.9 to
Figure 5.12. For low cycle fatigue based damage model (Krawinkler & Zohrei,
1982), the calibrating exponent parameter (c) were taken as 1.0 and 1.6 for
comparison, corresponding to the labels of ‘Krawinkler 1° (K 1) and
‘Krawinkler 1.6’ (K 1.6) respectively. The normalized valdevof damage index
was taken as the fatio of the results calculated by damage functional .
expressions at deterioration state to those at ultimate state. When the démage
~ index ratio vreaches 1.0, the failure of the coﬁnection is assumed to occur. For
the purpose of relating structural performance level to physical damage, the

damage level classification proposed by Park et al. (1985) was also used as a
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reference in this comparison. In view of different cyclic behaviours involved
with the connection under bending moment, the relationships for each
specimen are described in terms of positive excursion which is critical for

connection damage progress.
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Figure 5.9 Damage model evaluations for specimen BBEC-8-8.8-50-L1

L —— Fatigue based,Miner's rule P
=—=— Ductility based,Krawinkler 1 /
=& Ductility based ,Krawinkler 1.6
=& Energy based,Darwin

0.8 + —*— Energy based, Kratzig
—%¥— Combined,Park & Ang
~—+- Combined,Banon

0.6

Level 1V

Damage index ratio

04 Fo-affrmrimmm - e
Level T
0.2
AT Level I
0 Level 1
0 0.2 0.4 0.6 0.8 1
Cycle ratio

Figure 5.10 Damage model evaluations for specimen BBEC-8-10.9-50-LI
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Visual inspection of Figure 5.9 to Figure 5.12 indicates an obvious stepwise
increasing style for the energy based damage models ‘and the combined
models. This seems to display in similar manner with ECCS loading procedure,
in which the displacement amplitude is increased step by step. For the
coml;ined models, the damage index ratios predicted by Banon are slightly
larger than those by Park & Ang. When comparing the prediction of combined
- models with the energy based models, it is interesting to. observe that the
combined models, taking into account the contribﬁtion of ductility, indicate
much higher prediction of damage especially at the beginning stage of the
loading' process. The damage indices curves of the energy based Kratzig

model lie between Darwin mode!l and combined models for all cases,

With regard to the damage model, the slope of the curve is often used to
indicate the deterioration of the connection, i.c., the larger slope of the damage
index variation the greater deterioration of the connection. It can be seen that |
the slopes between the points corresponding to the end of a given loading
amplitude and the onset of a following loading amplitude are moderately close
for the group of combined models and the group of energy based models
(except for some discrepancies involved in Kratzig model in the case of the
connection category II), i.e., similar deterioration behaviour °f_ the connections.
Within the same loading amplitudé, on other hand, most slopes of the curves,
except the beginning range; related to the energy based models are obviously
higher than those referring to the combined models. When compared with the
combined model, this suggests that energy dete;ioration is better evaluated by

the energy based models for the follower consecutive cycles of given loading
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amplitude. The energy based Darwin model prediction in most cases lie
between the general f:atigue based model and the combined models. By
contrast, the energy based Kratzig model presents larger predictions of
damage than Darwin model. In the éases plotted in Figure 5.11 and Figure
5.12, an even higher prediction of damage can be seen for the Kratzig model

as the cycle ratio is greatér than 0.5 as compared with the combined models.

The comparison of general fatigue and low cycle fatigue based models against
the models di§cussed above show approximately linear and multi-linear
increases respectively for most range of the predicted curves without obvious
steps as fhe loading progressed into repeated cycles. For the general fatigue
based model, the curves demonstrate a stable iﬁcrease and distribute fairly
close to the cater-comér across from origin to the endpoint of the graph. In
comparison, the curves predicted by the low cycle fatigue based damage
modéls are beléw those‘predicted by all the other models. This suggests that
they might not well take ir;to account the variation during the follower

consecutive cycles due to the neglect of energy dissipation.

The qaliiarating exponent in the low cycle fatigue based daﬁmage model is seen
to greatly influence the predicted damage indéx ratio, i.e., the predicted
damagé index ratio increases with decreased calibrating exponent values. It is
also evident from the figures that the predicted deterioration of the connection
varies with the calibrating exponent. Comparing the curve slope predicted by
the low cycle fatigue based models, the deteriorations of the connection
predicted by the Krawinkler 1.6 model are lower than that of the Krawinkler 1
model at the beginning stage of the loading process (Cycle ratio<0.5).

170



Chapter 5: Cyclic characterizing parameter & cumulative damage analysis

However, a converse trend is featured by a rapid deterioration of the

connection at the end of the loading process (Cycle ratio>0.8).
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Figure 5.11 Damage model evaluations for specimen BBEC-5-8.8-50-LII
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Figure 5.12 Damage model evaluations for specimen BBEC-6.3-8.8-25-L11
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In order to have a closer look at the use of the damage model in evaluating the
progressive damage, it was felt that the necessity to further the comparative
study of diffe;ent connection eategories. For the connection category I (Weak
blind bolt & strong CFT column), the comparison of Figure 5.9 and Figure
5.10 shows similar variations of damage indices for both cases, although a
slight difference is indicated for the energy based damage indices. For the
connection category II (Strong blind bolt & weak CFT co]uﬁn), it can be seen
that the connections with CFT columns of weak tube face (Figure 5.11)
present a slightly higher damage indices than those with lower concrete grade
(Figure 5.12) as the cycle ratio ranges from 0 to 0.5. This trend is reversed for
the curves with cycle ratio ranging from 0.7 to 1.0. Moreover, the damage
indices curves predicted by the energy based and combined damage indices
(Park & Ang, Banon) are more susceptible to change than those p_redicted by
the other indices. This implies that the contribution of energy diseipation to the
cohnection damage might be significantly influenced by altering concrete

strength and tube face thickness.

‘When further comparing the damage indices between the connections of the
two categories, it can be deduced that the combined damage indices (Park &
Ang, Banon) would represent higher initial damage for the connection
category I than those for the connection category II. For instance, the
connections with cycle ratio ranging between 0.1 to 0.3 resulted in damage
index value around'0;5 for category I (referring to Figure 5.9a) compared with
a damage index value nearly 0.3 for category II (referring to Figure 5.12a). As

for the energy based Darwin damage index, it can be seen that the curves for
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the connection category I start and end with similar stepwise increasing styles,
while those for the connection category II with regard to the follower
consecutive cycles become smooth with increasing cycle ratio and terminate |
with almost linear growth. This trend seems to be in agreement with the cyclic
characterizing parameter study presented in the Section 5.2, which can be
justified in line with the decreased energy dissipation ratio of the first cycle to

the follower consecutive cycles.

Table 5.3 Observed damage stages for connection category I (weak blind bolt
& strong CFT column)

Moment-rotation

Stages behaviour

Experimental observations

Rubber washer compressed outward, minor bolt

1 Yielding of the connection shank elongation in the tension region of the
connection '
Rubber washer edge damaged, a seam between
endplate and tube face in the tension zone of the
connection c
Rubber washer locally squashed, a moderate gap
3 . Achieving the peak load between endplate and tube connecting face in the

of the connection tension zone of the connection, slight local concrete
crushing around bolt clearance holes
Rubber washer squashed, the gap distances between
endplate and tube connecting face corresponding to
each bolt row are almost in linear distribution,
slight local concrete crushing around bolt clearance
holes
Loss of load carrying Bolt shank tensile fracture, noticeable local
capacity of the connection __ concrete crushing around bolt clearance holes

Full development of bolt
plastic deformation

4 Gradual load descending
from the peak strength

Based on the experimental observations, the progressive failure evidence for
the conﬁection categories I and II are briefly summarized in Table 5.3 and
Table 5.4 respectively. It can be concluded that the primary differences of the
damage propagation between the connection categoriés I and II are the brittle
and ductile responses developed after the peak moment respectively. For the

sake of relating the Park & Ang damage level classification presented in Table
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5.2 for damage model evaluation, the observed damage evidences are updated

for tests and similarly divided into five stages.

Table 5.4 Observed damage stages for connection category II (strong blind
bolt & weak CFT column)

Stage Moment-rotation behaviour Experimental observations
Rubber washer compressed outward, minor bolt
shank elongation in tension region of the connection
Rubber washer edge damaged, slightly bolt pull out
at outer bolt rows, a seam between endplate and tube
connecting face in the tension zone of the connection
Rubber washer locally squashed, slight bolt pull out
at the outer and the middle bolt rows, a moderate gap
3 Achieving the peak load of between endplate and tube connecting face in the
the connection tension zone of the connection, slight deformation of
tube connecting face in the tension zone of the
connection
Rubber washer squashed, noticeable bolt pull out,
noticeable deformation of tube connecting face in the
tension zone of the connection
More excessive bolt pull out, deformation of tube
connecting face in the tension zone of the connection,
slight sleeve cracks initiating from the slot and
propagating longitudinally

1 Yielding of the connection

2 Full development of bolt
plastic deformation

4 Gradual load deterioration
from the peak strength

Excessive deterioration of
5 load camrying capacity of
the connection

For further comparison, the observed damage stages are plotted based on the
test observations and moment-rotation relations indicated in Tables 5.3 & 5.4.
Also, the plots of Park & Ang damage levels are extended from
aforementioned damage model evaluations and related level classification
listed in Table 5.2. Comparisons of observed damage stage and Park & Ang
damage level for the connecﬁon categories I and II are shown in Figures 5.13

& 5.14. The comments from these comparisons can be made as follows.

The predicted damage level curves related to combined damage models (i.e.
Park & Ang, Banon) are almost coincident during the overall cycles. They also
indicate higher damage levels and steep ascending branch to damage level 111

or IV in contrast to the other indices at the beginning stage of the cycle ratio
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range. From the. theoretical point of view, this can be explained by the fact that
a relatively small energy contribution was allowed for in the combined .
damage models which implies somewhat overestimated predicted damage
levels with respect to experimental observations. Conversely, .the low cycle
fatigue based models with no consideration of energy characteristics present
relatively underestimated prediction of damage level in the most cycle ratio
range. The damage level prediction in this group is also influenced by
predeﬁhed calibration exponent, ‘c’, i.e. the predicted results of ‘KraWinkler
1.6° model are much lower than those of the ‘Krawinkler 1’ model. By
_contrast, the energy based models (Darwin and Kratzig models) are seen to
exhibit ﬁoderate progressive damage which correlate better with damage
stages observed in the tests, such as the energy based Darwin model for the
connection category I (except cycle ratio range 0.56~0.89) and the energy
based Kretzig model for the connection category II (except cycle ratio range
0.18~0.36). Consequently, to feature the damage levels of such connections
under cyclic loading, it is suggested to properly take into account the energy
characteristics in the formulation of damage indices related. This is especially
useful in accurately capturing slight and moderate damages of the connections -
although the severe damage level at the final stage could be unsurprisingly
predicted by most referred damage models. Otherwise, the predicted damage
levels could overestimate or underestimate actual damage levels observed in

the experimental tests.
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Figure 5.13 Comparison of observed damage stages and Park & Ang damage

levels for connection category |
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As observed above, the energy based indices are attractive for their simplified
manners in the evaluation of cumulative damage. The comparison of damage
evolutions of the connections (BBEC-8-8.8-50-L1, BBEC-5-8.8-50-LII and
BBEC-6.3-8.8-25-LII) is further studied and shown in Figure 5.13 with the
predicted damage indices against the partial ductility ratio. The actual and
envelope curves are plotted with straight line and dash line respectively. The
selected group of the connections allows for the connection categories I & 11
and keeps the bolt grade as constant. It can be seen that a dramatic increase of
damage for BBEC-8-8.8-50-LI (connection categories I) when the partial
ductility level varies from around 1.2 to 1.8 and then from 1.8 to 2.3. This
result seems to confirm the previous experimental observations of BBEC-8-
8.8-50-LI, which is featured in brittle manner by early bolt fracture at the first
cycle of ultimate amplitude. By contrast, the similar increase for BBEC-5-8.8-
50-LII and BBEC-6.3-8.8-25-LII (connection categories II) are moderate

which can be related to the ductile failure mode.
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Figure 5.15 Comparisons of damage index ratio versus partial ductility ratio

relationships
5.5 Concluding remarks

The study outlined in this chapter presented the cyclic characteristics
evaluation and cumulative damage analysis for this innovative blind bolted
endplate connection to CFT column. Given two representative failure modes
of the connection categories I and I, related comparative study has been

conducted.

The cyclic characterizing parameter analysis indicated that the specimens of
connection category I in comparison with those of connection category II have
insignificant descending branch of resistance ratio curve, less full ductility
deterioration, less significant stiffness deterioration and more dramatic
reduction of energy dissipation during the repeated cycles. These observations
were in close agreement with representative failure modes of the connection

recorded in the tests.
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The observation in the comparison of hysteretic moment-rotation relationships
with codified ductility levels has shown that the test spepimens of connection
category I and connection category II could satisfy the connections in the
frame classified as medium ductility class (DCM) with behaviour factor (q)

larger than 2.0 and the high ductility class (DCH) respectively.

Finally, the analysis of the experimental data was analysed using damage
indices which are based on the characteristivcs of fatigue, energy and combined
energy & ductility. Relatcd-- comparative study was conducted with
consideration of different damage evolutions for the connection categories I
.and IL. It seemed that the energy based cumulative damage index is better than
the other indices in featuring the progressive damage process of the
coﬁnection. Given the failure modes of the connection during the inelastic
range of cyclic loading, the relevant experimental observations were also
summarized in terms of damage stages and compared with the general Park &
Ang damage level classiﬁcation. It has been demonstrated that the use of
damage levels & stages in relation to the general fatigue based model, the low
cycle fatigue based models and the energy based models for the analysis of
cyclic behaviour of the connections. Additionally, the energy based damage
model was analysed by using partial ductility ratio. The presented results were
seemed to well represent the failure modes development observed in the

experiments.

The cyclic characteristics evaluation and cumulative damage model analysis in .
this study were limited to the cyclic loading procedure as non-constant
displacement amplitudes (as specified in ECCS recommendation). The failure
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modes are also restricted to those of the connection categories I and Il of this

type of the connection.
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CHAPTER 6

FINITE ELEMENT MODELLING

6.1 Introduction

The preceding chapter outlined an analysis of the connection behaviours using
cyclic characterizing parameters and 'damége models. Although the outcomes
provided by experimental approach are direct indications of the connection
behaviour, they are limited in terms of the number and range of geometric and
material parameters Studied. It is also difficult to conduct costly and time-
consuming experimental parametric studies. Moreover, the data that can be
measured in experiments are necessarily limited by possible instrumentations.
For example, it is not possible to measure with ease data relating to the flaring
Sle¢ves interlocking or to the anchored nut in the concrete. Fortunately, the
recent development in finite element modelling technology has made it
possible to simulate the behaviour of complex engineering problems. In other
words, the finite element modelling with reasonable accuracy acts an efficient
tool to supplement experimental study. Also, using finite element modelling
for parametric study is a powerful means in developing the understanding of

the structural behaviour of the connection.

Finite element modelling in this study was carried out using the ANSYS
software (ANSYS version 12.1, 2009) which has been widely adopted for
structural analysis by both academia and industry. This program provides
powerful linear and nonlinear structural capabilities with a wide range of

options regarding material, element and solution controls for high-quality and
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reliable structural simulations. The finite element model can be developed
through both the Graphics User Interface (GUI) and the ANSYS Parametric
Design Language (APDL). The main feature of the GUI is the direct viewing
with the aid of user commands. However, this may pose some difficulties in
accurately picking certain nodes and key points, especially for irregular
surfaces. Alternatively, the APDL can be used to automate common tasks or
even build parametric model, including a wide range of other ’features such as
repeating a command, macros, if-then-else branching, do-loops, and scalar,
vector and matrix operations (ANSYS@Academic Research, 2009). There are
three basic steps in the ANSYS analytical process as pre-processing phase,
solution phase and post-processing phase as shown in Figure 6.1. As for a
complicated analysis, it usually requires more than one itineration in an

analytical process.

Geometry

Element type
Pre-processing phase Material properties
Meshing generation

Boundary condition
Solution phase Analysis

Post-processing phase Post processing

Figure 6.1 Typical procedure for finite element analysis

The finite element model in this study was developed with emphasis not only

on the blind bolt but also on the connection system. The following section will
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present a step-by-step procedure of the development of finite element model.
In Section 6.2, the general description of the material model and related
element type in ANSYS is presented. Then the boundary condition and
loading case are outlined. The solution 'cont‘rol method is also described for
finite element analysis. Following the genéral description of the finite element
model, the use of advanced analysis techniques to facilitate the simulation of
the finite element model is indicated. The validation of the finite element
model with experimental results is described in Section 6.3 including the
comparison of moment-rotation relationship andb strain distribution of the
connection. The. failure modes of the connection are then depicted and traced
with the stress contours finite element model. The parametric study is
presented in Section 6.4, including the comparison of geometric and
mechanical influential parameters in the finite element analysis. The
comparative study of the adopted modelling techniques is also outlined.
Finally, a brief summary and discussion about the finite element analysis for

the cyclic behaviour of the connection are presented in Section 6.3.
6.2 General description of finite element model
6.21  Element type

The element type is often considered to fit the geometry of the model. Two
dimensional and three dimensional elements were adopted first in this study .
for finite element analysis. Shell elements are two-dimensional element that
typically used for the structures where the thickness is negligible compared to

its length and width. Solid elements are three-dimensional element that
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typically used for the structures without any a priori geometric simplification
(Zienkiewicz & Taylor, 2006). When comparing both elements, the solid
elements are favoured by their advantages of directness and identical outlook
as actual physical system. Nevertheless, the introduction of more nodes with
degrees of freedom in solid elements often produces more computation cost
for a complicated finite element model under multiple loading steps condition.
Accordingly, a combination of shell elements and solid elements were selected

in the finite element models as presented below.

KL

| J
Trianguiar Option
(not recommended)

Figure 6.2 Schematic of SHELL181 (ANSYS@Academic Research, 2009)

The SHELLI181 element was used for modelling of the steel beam. This is a
four-node element with six degrees of freedom at each node: translations in
the x, y, and z directions, and rotations about the x, y, and z-axes, as shown in
Figure 6.2. The element is capable of linear, large rotation, and/or large strain
nonlinear analysis. The different thickness of the shell can be defined using
real constants as input at each node. The typical commands in the definition of
a section type and geometry refer to SECTYPE and SECDATA command
respectively. The SECOFFSET command can be used to allow for the element

offsets at the top, middle, and bottom surfaces. In contrast to some other shell
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elements in ANSYS, the SHELL181 element is well-suited for large rotation

and/or large strain nonlinear applications.

Tetrahedral Option
(nat recommended)

Figure 6.3 Schematic of SOLID65 (ANSYS@Academic Research, 2009)

The SOLID65 element was used in the model for the concrete infill. This is an
eight-node element with three degrees of freedom at each node: translations in
the nodal x, y, and z directions, as shown in Figure 6.3. The element
description herein only refers to concrete with no rebar capability, although it
is possible for this element to allow for the reinforcement .behaviour. The
element is capable of directional integration point cracking and crushing.
associated with plastic deformation behaviour. For this reason, this element, .
other than some other solid elements, was selected for the modelling of
concrete infill. The assumptions and restrictions are defined in the reference of

ANSYS@Academic Research (2009) as follows:

« Cracking is permitted in three orthogonal directional at éach integration
point; V

o If cracking occur at an integration point, the cracking is modelling
through an adjustment of material properties which effectively treats the
cracking as a ‘smeared band’ of cracks, rather than discrete cracks;

« The concrete material is assumed to be initially isotropic;
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» In addition to cracking and crushing, the concrete may also undergo
plasticity, with the Drucker-Prager failure surface being most commonly
used. In this case, the plasticity is done before the cracking and crushing

checks.

Figure 6.4 Schematic of SOLID185 (ANSYS@Academic Research, 2009)

The SOLID185 element was used for the modelling of the blind bolt, the
hollow section column and the endplate. This element is an eight-node
elemeﬁt with three degrees of freedom at each node: translations inbthe nodal x,
y, and z directions, as shown in Figure 6.4. The SdLID185 element is the
subsequent version of SOLID45 in the ANSYS element library, which has
mixed formulation capability in simulating deformation of nearly
incompressible elasto-plastic materials. Compared with some other higher
order solid elements (such as SOLID186), this element has its advantage of
less amount of computation cost. This also means faster analysis for the
identical problems and achieves comparable results. Also, it avoids the
problem derived from the high order solid element degeneration to the shape

of pyramid, for which the due consideration should be given so as to minimize

the stress gradients. As for a complicated finite element model, the formation
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of tetrahedron and prism shape of the element may be used to better fit

irregular element meshes.

The BEAM188 element was used in the model to account for the bolt shank
anchored in the concrete infill below the threaded cone. This element has two
nodes with six or seven degree of freedom at each node, as shown in Figure
6.5. The cross section can be accurately defined using input command which
allows for the bolt shank stress area in the analysis. Use this element in

analysis relates to Timoshenko beam theory including shear deformation.

Figure 6.5 Schematic of BEAM188 (ANSYS@Academic Research, 2009)

Associated Target

iR g ot

(a) TARGE170 & CONTA174 (b) CONTACS2
Figure 6.6 Schematic of contact pair (ANSYS@A cademic Research, 2009)

The target element (TARGE170) and contact element (CONTA174) were
used in the model to ensure proper load transfer between complex interacting
surfaces. The coefficient of friction was adopted for sliding resistance while

the contact interface is closed. There are four contact algorithms included in
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the contact analysis as: pure penalty method, augmented Lagranglan method,
pufe Lagrange multiplier method and pure Lagrange multiplier on contact
normal & per;alty on frictional direction method (ANSYS@Academic
Research, 2009). As shown in Figure 6.6 (a), this target surface is discretized
by a set of target elements and then paired with its associated contact surface.
A contact pair is intended for general rigid-flexible and flexible-flexible
contact analysis. A real constant set is shared by target and associated contact
elements. The contact pair allows for srﬁall sliding interaction between a
deformable and a rigid body, one of which is defined as master surface and the
othgr as slave surface. For the sake of a smooth distribution of the contact
stress along the interface, an appropriate mesh density is required. The contact
pairs shown in Figure 6.6 in the solid element models are identified between
the following surfaces: (1) bottom surface of the bolt head and top surface of
the flat part of the sleeves, (2) endplate surface and tube connecting face, (3)
concrete and anchored part of the sleeves, and (4) concrete and anchored bolt
Shank & nut below the threaded cone. For the solid & beam element model, oﬁ
the other hand, 3D. point to point contact element, CONTACS2, was used to
- connect fhe nodes of bolt shank below tﬁe threaded bone and concrete in
contact. This element is defined by normal stiffness (KN) and sticl_(ing
stiffness (KS) along with related initial gap or interference (GAP) and element

status (START)(ANSYS@A cademic Research, 2009).

The PRETS179 element was used in the model for the blind bolt preload. This
is a two-node element with one translation degrees of freedom, as éhown in

Figure 6.7. The PRETS179 element has advantage in its allowance for directly -
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inputting the bolt preload value. This differs from the use of thermal strain or
interference to model preload, which requires trial and error approach to
determine an adequate strain and then induce the bolt preload. Before
introducing the PRETS179 element, a control node on the pretension section
normal to the preload should be defined using the PSMESH command, and the
bolt shank is automatically cut along the existing element boundaries at
control nodes. The PRETS179 elements are then generated connecting two

halves of the bolt shank.

Before Adjustment
Pretension

Ke load direction

v 4
| surface B
Y
X (surfaces A and B are coincident;

nodes | and J are coincident)
surface A

After Adjustment

Ke

Contact
surface

sufaceA PRETS179

surface B
Figure 6.7 Schematic of PRETS179 (ANSYS@Academic Research, 2009)

and preload action in blind bolted connection

6.2.2 Concrete failure criteria and modelling

The general yield and failure criteria for finite element analysis are described
in Appendix C. The concrete element adopted in finite element analysis takes

into account cracking and crushing as discussed below.
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Prior to tensile cracking, the concrete behaviour is linearly elastic, in which
the elastic modulus is used to obtain the tensile stress, as shown in Figure 6.8.
Afterwards, the onset of crack can be assumed as stress-strain relationship
achieving uniaxial tensile cracking stress. By introducing a weakness plane
normal to the crack face, the related stress-strain relations can be modified
thereby the presence of a crack at an integration point is represented. A shear
transfer coefficient B is used in ANSYS input command to take into account
the shear strength reduction for the sliding across the crack interface.
Subsequent to cracking, the concrete exhibits reduced normal and shear
stiffness with respect to the crack interface but still possesses some tensile
capability, which is known as ‘tension stiffening’ behaviour. In this model, the
tensile stress relaxation behaviour after concrete cracking was used to help
better convergence in calculation. As the solution convergence is achieved
after concrete cracking, the stiffness normal to the crack interface becomes

zero through setting to zero the material modulus in the same direction.

fi

Tefy
/ ~N

E t
| 'IR

£
Figure 6.8 Concrete cracking condition adopted in ANSYS
(ANSYS@Academic Research, 2009)
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The concrete crushing in SOLID65 element is defined as complete
deterioration of the structural integrity of the material (ANSYS@Academic
Research, 2009). In this case, the material strength is assumed to have
sigﬁiﬁcantly degraded so that the c'ontribution to the stiffness of an element at
certain integration point can be neglected, i.e. the elastic modulus is set to zero

} in all directions.

As triaxial stressed concrete often exhibits increased strength with confining
pressure, it can be expected that the failure envelope is dependent on three
principal stresses. The failure envelope becomes more circular in shape for
increasing hydrostatic pressures and vice versa (Chen, 1982). The failure
criteria due to multiaxial stress can be expressed as:

i.- ) . , Equation 6.1

[

where, F is the function of the principal stress state (oxp, Oypy Tzp). S is the
failure surface expressed in terms of principal stresses and five input
parameters, as: ultimate uniaxial tensile strength (f), uniaxial compressive
strength (f; ), ultimate éompressive streﬁgth for a state of biaxial compression
superimposed on hydi‘ostatic stress state (1), ultimate compressive strength for .
a state of uniaxial compression superimposed on hydrostatic stress state (£3),
and ultimate biaxial compressive strength (fp). The Equation 6.-1 is used in
ANSYS to account for concrete cracking or crushing. The failure surface is
spéciﬁed with mininﬁum values Qf £ and £, and the other thrée constants
default to Willam and Warnke three-parameter criterion (Willam and Warnke,

1975). F and S are expressed using principal stresses (o, 02, 03), in which
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01=max(0xp, Oy, 0zp) and o3=min(oy, Oyp, 0z). Oy, Oy and oy, are the
principal stresses in principal directions. Four concrete failure characterizing
domains are then described as: 02 012 0,2 03 (compression-compression-
compression), 012 02 0,2 o3 (tension-compression-compression), 012 ¢,2 ()
2 03 (tension-tension-compression), and ¢;2 0,2 o032 0 (tension-tension-
tension). The failure surface in principal stress space with nearly biaxial stress
is shown in Figure 6.9 (ANSYS@Academic Research, 2009). As oy, & Oy, are
the most significant nonzero stresses and o, varies close to zero, the failure
mode is featured by the sign of o, including the cases of concrete cracking
and crushing.

Typ
£ cracking fi cracking

e

P
/ fy

/
// 0,>0 (cracking

or crushing)
0,=0 (crushing)
///0,p<0 (crushing)

cracking

e

Figure 6.9 Failure surface in principal stress space in nearly biaxial stress state

(ANSYS@Academic Research, 2009)

6.2.3 Material model

Steel can be assumed to exhibit identical behaviours in tension and
compression. Given that steel behave in ductile manner, true yield and
ultimate stresses are considered to allow for large strains. These values can be
obtained by converting engineering stresses and strains from uniaxial tensile
tests. As the volume change under tension is limited to the small amount
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associated with elastic strain, it is reasonable to approximate the volume as
constant (Dowling, 2007). Based on this assumption, the true stress (o;) and

true strain (g,) can be obtained from engineering stress (o.n) and strain (e.n) as:

o,=0,(+s,) ' Equation 6.2
g, =In(l+z,,) 4 Equation 6.3
Material properties (such as: elastic modulus, yield stress and ultimate stress)
used for blind bolts, beam and tubular columns were obtained from a series of
coupon tests conducted in this study and former report (AI-MugHairi, 2009).
The initial slope of the input stress-strain relationship was taken as the elastic
modulus of the material and the Poisson’s ratio for steel was assumed as 0.3.
The post yield range of the relationship was represented to have similar fit to
original experimental data. The kinematic hardening rule and von Mises yield
criterion were chosen for all the steel components. Figure 6.10 and Figure 6.11
present the comparison of actual and true type stress-strain relationships
against experimental coupon test results for tubular column and beam &
endplate respectively. Figure 6.12 shows the comparison of actual and true
type stressfstrain relationships for the blind bolt, including the bolt shank and
the sleeve; The yield strength and ultimate strength were determined from the
tensile tests of machined bolt and full sized bolt respectively, as reported in the

- literature (Lindapter, 1995; Barnett, 2001; Al-Mughairi, 2009).

194



Chapter 6: Finite element modelling

800
600
‘é I
Z 400
7 Test for Smm coupon
Z Test for 6.3mm coupon
200 | Test for 8mm coupon
= Test true value
~—=— Test actual value
0 . . i R
0.00 0.05 0.10 0.15 020

Strain (mm/mm)
Figure 6.10 Actual and true stress-strain relationship for tubular columns
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Figure 6.11 Actual and true stress-strain relationship for beam and endplate
(A1-Mughairi, 2009)
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Figure 6.12 Actual and true stress-strain relationship for blind bolts (Al-

Mughairi, 2009)
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To criate,A several methods are available in the literature for defining concrete
compressive stress-strain relations, ranging from explicit definitions of a
particular set 6f rules or codes to gerieral definitions giving the shape of the
curve (ANSYS, 2009). In this study, the multilinear stress-strain relationship
for concrete in compression was obtained using the equations suggested by BS
EN 1992 (1999). The peak concrete compressive stress is taken as f;, which
: cofresponds to a compressive strain of 0.0022. For the curve range between
the origin and the strain of 0.0022, the concrete compressive stress, (rc'(e), can

be expressed as:

kn-n’

_— Equation 6.4
1+(k-2)n

o ()=

where, 7 is taken as €/0.0022 and k is given as 0.00242Ef; . E, is the elastic

modulus of concrete (MPa), which can be written as:

E, =9500(f, +8)" ' Equation 6.5
The Poisson’s ratio of 0.2 was considered for concrete. The ratio of concrete
tensile stress to compressive stress at failure was assumed as 0.1. The ultimate
compressive strain of éoncrete was assumed as 0.035. To avoid numerical
problem in finite element analysis, the curve at strain range of 0.002 and 0.035
was regarded as stable plateau. The five-parameter model of the Willam-
Warnke failure criterion was adopted in ANSYS for the analysis of concrete
model. The multi-linear stress-strain relations adopted for concrete with grades

C25, C40 and C50 are compared and shown in Figure 6.13.
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Figure 6.13 Stress-strain relationship of concrete with varying grades

6.2.4 Boundary condition and modelling techniques

The restraints applied for the finite element models are in accordance with
those for the test specimens. In view of symmetry about the midline of tube
connecting face and beam section, a half model was considered in this analysis
and associated nodes of beam, endplate, tube wall, and concrete elements were
restrained against lateral translation. The adhesive conditions between
different elements were identified and achieved through two modelling

techniques described as follows.

To properly join the elements of the steel beam (Shelll81 element) to the
endplate (Solid185 element) and bolt shank below the threaded cone
(Beam 188 element) to anchor nut (Solid185 element), a multi-point constraint
technique was adopted. This method enforces compatibility at an interface
using internally generated constraint equations which eliminates the
difficulties of internal force and displacement transfer caused by the elements

with different degrees of freedom. Moreover, the transitions from Shell to
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Solid and Beam to Solid can be realized without special requirements of nodes
alignment and contact stiffness input. The internal multi-point constraints are
generated automatically, which improves the solution efficiency over
traditional bonded contact and constraint equation methods. In the developed
finite element models, the multi-point constraints were created for Shell-Solid

and Beam-Solid assemblies.

The contact between the steel components and concrete has been outlined in
| sub-Section 6.2.1. The constraint condition, however, varies as to whether the
concrete infill is taken into account or not. At the initial stage of bolt
pretension, it is well recognized that only the steel components of the blind
bolt, endplate and l;nﬁlled hollow section column rather than concrete are
‘involved in the load transfer. Thereafter, the concrete infill in CFT column
will produce anchorage effect for the blind bolt which influences the
behaviour of the joints under bending moment. Notwithstanding that, it must
be pointed out the difficulty in cofnbing such two stages in finite element
analytical process from pre-processing to solution phases. This is because the
elements are established only in fhe pre-processing phase from which a
problem arises in incorporating the elements of concrete infill after the
analysis of bolt pretension. To solve this problem, an advanced analysis
technique called element birth and death option has been introduced to
deactivate and activate the concrete elements in both stages corresponding to
two load steps thereby properly representing the contributions of concrete

infill in the connection system.
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The element death option referred by this method is not the removal but
deactivation of the killed elements by multiplying the stiffness of those
elemcnts by ‘a reduction factor, which is defaulted as 1e® in ANSYS. The
deactivated elements in this manner still present in element lists but their
strains are set to zero when they are killed. It is worthy of note that the nodes
attached to the deactivated elements may float in their response which may
cause ill-conditioning solution equations. Consequently, it is advisable to exert
artificial restrains on the degrees of freedom of these nodes in the relevént
elements. As for subsequent element birth option, on the other hand, the
previously killed.elements are reactivated in the model and their stiffnesses
_return to original values. Furthermore, aforementioned artificial constraints
generated at the nodes of deactivated elements should be removed in the

element reactivation.
6.2.5 Finite element model illustration

The geometric configuration and mesh generation constitutes one of thé most
important parts in the finite element modelling. The finite element models of
this innovative blind bolted endplate connection to CFT column consists of
sevefal components including a steel beam, an endplate, a CFT column, and
- blind bolt assemblies. Taking advantage of the symmetry, only a half model
was devg]oped in this analysis. The recent finite element analysis 6f standard
bolted endplate connection has become sophisticated, however, problems arise
here due to irregular geometric conﬁgurétions of this innovative blind bolt.
This situation becomes even more cc;)mplicated when the anchorage of blind

bolt with concrete infill is introduced. For this reason, it was determined that
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the blind bolt model should be developed first, and then the other dependent

components could be constructed.

A BrC D

Sleeve contour
reference points

A-A B-B C-C D-D
Figure 6.14 Typical finite element meshes for blind bolt assembly

Based on the detailed geometric measurement of this innovative blind bolt, it
is relatively easy to develop the component models of the bolt head, shank and
anchor nut with the aid of area extruding along coordinate axis. However, the
difficulty is recognized for the modelling of the flaring sleeves due to the fact
that the contours of flaring sleeves are irregular in the coordinate system.
Identifying 3D coordinates of the nodes at the bottom of the flaring sleeve
becomes a key point in the configuration. In other words, this requires
knowledge of spatial curves & surface (DO Carmo, 1976) and a clear 3D
imagination. By assigning node numbers and predetermination of reference
points, the flaring sleeves were generated separately and joined together with
flat part of the sleeves. Figure 6.14 shows typical finite element meshes of the
blind bolt assembly with four typical cross-sectional views along the bolt

shank direction as well as geometric location with respect to the threaded cone.

200



* Chapter 6: Finite element modelling

. Appropriate finite element mesh is important in reducing errors during the
analysis of element matrix. Although ANSYS provides a meshing tool with
automatic solutions, .the mesh refinement of critical areas would be better
determined by users to fulfil thé requirement of the analysis. To develop a '
suitable model for this analysis, fine meshes were used at the regions in the
vicinity of the blind bolt where the bolt failure and local high stresses are
likely to take place. On the othér hand, the coarse meshes were considered for
.the low stress areas such as the bottom sid¢ of the CFT column and column -

end supports.

Figure 6.15 illustrates several main constituent parts of a typical finite element
model. With respect to the steel components on the left, the bolt head and
washer are assumed to be rigidly connected to each other, which, as reported
in the previous studies (Girdo Coelho et al, 2006; Bursi & Jaspart, 1997), have
no significant influence on the beha;viour of the whole structure. The
hexahedral brick elements were used for most meshes of the steel tube which
represent regular element arrangement in the model. To provide added
flexibility of mesh, several wedge elements were also used around the bolt
clearance hole as supplement for hexahedral meshes. Regarding the
components of concrete infill on the right of Figure 6.15, variéd mesh
generations were used in the regions near and away from bolt rows. Generally,
the element meshing for concrete infill can be taken aé similar to that for the
steel tube. With the introduction of blind bolt configuration, a practical
problem being encbuntered is the irregular geometric contours of flaring

~ sleeves and threaded cone which must coordinate with those of concrete infil].
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Due to difficult 3D view identification and element pickup, it is impossible to
refine the mesh using mesh tool as mentioned earlier. Alternatively, the nodes
and elements were established with the aid of APDL code which incorporates

common commands such as ‘Do-loop” and ‘If-then’ in programming.

SHS tube

Blind bolt

Concrete infill

Overall model

Figure 6.15 Typical finite element model with partitioned components

The model of concrete infill in contact with the blind bolt was modelled with
the solid wedge and hexahedral brick elements. Note that the SOLID65
element in the case of large strain and deflection may be accompanied with
unconverged or incorrect results when the cracking and crushing nonlinearities
are presented simultaneously (ANSYS@Academic Research, 2009).
Moreover, the dramatic reduction of stiffness of cracking element in large
scale would cause convergence becoming rather difficult. Additionally, the
solid wedge elements may pose some problem in regions of relatively high

stress gradients. For this reason, the meshes for the concrete infill was adjusted
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based on the stress contours. To achieve the analytical stability, some
SOLID185 elements were locally inserted into SOLID65 element with refined
mesh. As idealized concrete crushing is unlikely with the presence of the
secondary tensile strains produced by Poisson’s effect, the crushing capability -
of the element under uniaxial compressive load is disabled for the ease of

convergence.

contact element

(a) Solid element model (b) Solid & beam element model

Figure 6.16 Finite element models of blind bolts anchored in concrete infill

In this study, two types of bolt shank }nodels below the threaded cone are
introduced as indicated in Figure 6.16. The solid element model as shown in
Figure 6.16 (a) displays a realistic geometry in relation to concrete infil]
nearby. The solid & beam element model as shown in Figure 6.16 (b) uses
beam element to model the counterpart bolt shank. The multi-point constraints
were adopted to ensure proper conjunction witﬁ the threaded cone and anchor
nut, while the 3D point-point CONTACS2 element was used to form the
interface between the bolt shank and concrete infill with a coefficient of
friction equal to 0.45. The contact area between the anchor nut and concrete
infill was defined the same as that in the solid model. This model was
considered to elimi_nate local stress concentration problems of concrete at the

anchorage locations which may cause early un-converged solution.
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6.2.6  Loading condition and solution

The finite element models were first loaded by placing the‘ blind bolt in
preténsion (also called ;;reload or prestress). The bolt preload value in the unit
of force was input with ‘the SLOAD command for predefined PRETS179
elements connecting two halves of the bolt shank. After this part of solution,
the bolt shank between the bolt head and ihreaded cone was preloaded along

with the endplate and CFT column face in compression.

The second load step was executed by imposing vertical concentrated load
incrementally to the tip of the beam. The displacement control was considered
similar to that in experiment to overcome convergence problems. The finite
element models were loaded monotonically under bending moments and the
resultant moment-rotation relationships were compared with experimental
envelope curves. This approach has been justified for the case of composite
beam-to-column joints under quasi-static cyclic loading as reported in the

recent literature (Vasdravellis et al. 2008, Kovécs et al. 2010).

Regarding the solution phase of the finite element analysis, the element
solutions are related to the calculation at integration points in which the
simultaneous equations are solved by different methods. The commonly used
solvers for linear and nonlinear problems consist of two techniques: direct
elimination solver and iterative solver. The former uses equations reordered by
alternating diagonal planes while the latter takes two-line successive over
relaxation. The sparse direct solvers primarily adopted in this analysis is based
6n direct elimination equati‘ons, where the solution is obtained through an

interactive process that successively refines an initial guess to a solution that is
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within an acceptable tolerance of the exact solution (ANSYS Version 12.1,

2009).

The standard Newton-Raphson. algorithm for nonlinear solution conversion
was adopted in the finite element analysis. The load is subdivided into a series
of sub-load increments which can be applied over several load steps. The
number of iterations is taken as an important influential parameter in this
verification. In the case of full Newton-Raphson option, the stiffness matrix is
updated at each iteration. Regarding the introduction of element birth and
death into this analysis, the option with adaptive descent activated' is adopted

to yield good results as suggested by ANSYS (ANSYS Version 12.1, 2009).

As the loads are applied incrementelly, load step option may be used to
represent the actual loading during the test. The solution for each load step is
achieved by solving: several sub-steps until the convergence vcriteria are
- satisfied. The predetermination of the numbers of sub-steps often poses a
problem as too few and too many sub-steps may lead to un-converged results
and time-consuming anelyeis respectively. This point becomes 'an important
issue especially when the concrete cracking is encountered in this analysis. In
this case, care should be taken to apply the load slowly in smailer increment.
As a solution, ANSYS provides an alternate automatic time step obtion in
solution control and the size of the subsequent time step ‘is predicted based on

four factors:

'« Number of equilibrium iterations used in the last time step;
« Predictions for nonlinear element status change;

« Size of the plastic strain increment;
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« Size of the creep strain increment.

This opﬁon was selected in the finite element analysis, it was noted that

resizing the numbers of sub-steps produces an efficient solution.

Regarding convergence criteria, the L2-norm of force tolerance equal to 0.5%
is adopted in ANSYS automatic solution control. The default force
convergence is checked by ‘comparing the square root sum of the squares of
the force imbalénces against the product of tolerance. For nonlinear analyses,
it is noticed that the displacement control method is more efficient than load
confrol in the plastic deformation phase, in which the increase of load
increment may produce Signiﬁcant increase in the displacement counterpart.
The displacement convergence checking was also added into the convergence
criteria of modelling. This consideration Was observed to improve the

convergence of the finite element analysis.
6.3 Finite element analysis results

The finite element models were developed based on the geometric features of
the connection tested in the experiment. The analyses were carried out in order
to investigate the connection behaviour as a cross validation of the
ekperimental observations. The evidences gained from finite element analysis
are regarded as an useful indication of the local failure mode developed inside

the tube which is difficult to obtain in physical measurement.

The validation results of the finite element models are presented in this section.
First, the results of bolt preload modelling are described in comparison with

the strains measured from the tests and reported in the literature. The
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connection failure modes of the connection under bending moment are then
discussed based on the numerical stress contours. Also, the typical numerical
strain distributions of the connection components are compared. Finally, the
comparisons of numerical moment-rotation relationships with the

experimental cyclic envelopes are plotted and discussed.
6.3.1  Blind bolt preload

The bolt preload action is to exert a compressive stress on the endplate and
tube connecting facé and hold them together to form an aséembly. In practice,
the bolt preload ensures ‘the connected piates will not separate at initial stage,
provided that applied load is less than designed preload. It is apparent that the

bolt shank will be stressed along with the plates nearby under compression.

As shown in Figure 6.17, the localized stress contours can be observed around
the bolt clearance holes on the tube connecting face and endplate. This is
expected as related plates are bolted between the contact surfaces referring to -
the bolt head and the flaring sleeve. The mechanical interlock within the blind
bolted connection system, which transfers the preload from the threaded cone
and the flaring sleeve, can also be noted. As such, the flaring sleeve above the

threaded cone is stressed to some extent as shown in Figure 6.17.
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Figure 6.17 Stress contours of tube connecting face, endplate and blind bolt
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Figure 6.18 Strain contours of overall connection and concrete infill (bolt

preload phase)

In order to compare with experimental measurement, the section view of bolt
strain contour is plotted along with the overall connection as shown in Figure
6.18. It is observed that the bolt shank above the threaded cone are almost
equally strained, while relatively lower strain distributes at the bolt head, the
threaded cone and sleeves. For the rest of the connection components, the
strains are seen to be negligible. Nearly zero strain contour of concrete infill in
Figure 6.18 is also in agreement with the observation which suggests the
efficiency of element death option adopted in this analysis to deactivate the
concrete element in the modelling of bolt preload. In addition, the strain

distribution along the bolt shank also indicates that the bolt preload simulated
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by the solid & beam element model and the solid element model mentioned

earlier can be regarded as the same.

Four groups of bolt strains from the finite element analysis were compared
with those in the experiment and the literature report (Al-Mughairi, 2009). The
top shank strain gauges (SGBH) readings at the middle bolt row indicated in
sub-Section 3.5.3.3 were used for this comparison. As shown in Figure 6.19,
the finite element results of bolt pretension strain appear to be satisfactory
when compared with the experimental results and the literature report which

justify the modelling technique used for the blind bolt preload modelling.

After the bolt preloading, the displacement is applied at the steel beam to
generate bending moment for the connection. The average solution times for

connection categories I and Il are 421.62 mins and 389.53 mins respectively.
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Figure 6.19 Comparison of strains obtained from experiments, finite element

analysis and literature report (Al-Mughairi, 2009)

6.3.2 Stress distribution and failure modes identification

The stress distribution at the connection components are often used in the
determination of load transfers and failure modes. Also, it can be adopted in

examining the points of interest for structural design. Unlike strain gauge
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measurement limited by certain location in the test set-up, the numerical stress
contour of the finite element model provides wide range of stress distribution.
The stress results obtained from the finite element analysis will be described in
this sub-section referring to: overall connection, blind bolt, tube sidewall face
& connecting face and concrete infill. The test specimens BBEC-8-10.9-50-LI
and BBEC-5-8.8-50-LII were selected in the finite element analysis to

represent the test specimens failed in modes I and II.

| The comparison of numerical stress contours for specimens BBEC-8-10.9-50-
LI and BBEC-5-8.8-50-LII are shown in Figure 6.20. The stresses are related
to the connections loaded at maximum load condition under bending moments.
Visual inspection of these plots indicates that the stresses induced by the
bending moment are ciistributed on the connection components. The stresses in
the beam and eﬁdplate are mogtly in the elastic condition and relatively low in
contrast with those in the blind bolt and the tube. The negative bending
moment are seen to produce wider stress distribution in the connection
components than positive ones. This is expected due to larger lever arm
distgnces from the rbtation axis of the connection under negative moment than
those under positive moment. The small flexure of the endplate is evident to
observe -from the contours of deformed shape as well as low stresses
distribution on the endplate. The stress contours at the beam web near the
vﬂange indicates the compression stresées were developed on the beam flange
and endplate. In fact, this effect would be significant when the width of the

endplate is larger than that of the tube connecting face; otherwise, the tube

210



Chapter 6: Finite element modelling -

connecting face may attract relatively high stress concentration in the local

contact region.

The numerical stress.cbntours in the blind bolts for Spec.imens'BBEC-8-10.9-
50-LI and BBEC-5-8.8-50-LII are shown in Figure 6.21. Regarding specimen
BBEC-8-10.9-50-LI under negative bending moment, relatively high stress
distribution of the first aﬁd second bolt row can be seen at almost the whole
bolt shank regions between the threaded cone and the bolt head. This indicates
that the high level of plasticity initially developed at the bolt shank of the first
bolt row has extended to that of the second bolt row. Also, the localized stress
dévelopment can be noticed at the bolt shanks near the anchor nut. By contrast,
the stress distributioh of the bolt shank under positive bending moment is
relatively low due to the lever arm distance as exblained earlier. The
observations in this case for the bolt shanks under negative aﬁd positive
bending moment are expected for the connection failure mode I, in which the
bolt shank fracture at ultimate load condition as observed in the experiments.
In other words, the bolt shank in this mode can be taken as the primary part to

carry the tension force in the connection system.
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(a) FE analysis for specimen BBEC-8-10.9-50-LI under negative moment
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Figure 6.20 Von Mises stress contours of test connections
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(d) FE analysis for specimen BBEC-5-8.8-50-LII under positive moment

Figure 6.21 Von Mises stress contours of blind bolts
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Regarding specimen BBEC-5-8.8-50-LII under negative bending mément, the
peak stresses are seen locally at the bolt shank between the threaded cone and
the bolt head near the flat part of the sleeves. It seems that the plasticity has '
not been well developed at the bolt shank of the first bolt row, nor sufficiently
extended to that at the second bolt row. This observation implies that the effect
of bending rather than axial loading may act effectively in producing localized
yielding of the bolt shank. Additionally, the stress contour at the bottom shank
below the threaded cone also shows the blind bolts undergo slight bending.
The stress results obtained here are in agreement with the connection failure
mode II observed in the ex-pe'riments, in which the bolt shank almost remains

intact under this stress condition.

The numerical stress contours on the tube sidewall face and connecting face
for specimens BBEC-8-10.9-50-L1 and BBEC-5-8.8-50-LII are shown in
“Figure 6.22 (a) &. (b). Despite aforementioned symmetry simplification in
finite element modelling, an expanded full tube plot is displayed herein for the
sake of visualization. The stress contours indicate significant localized tensile
yielding in the vicinity of the edges between the tube connecting face and
sidewall face, which are in accordance with the experimental observations as
shqwn in Figure 6.22 (c). On éloser examination, it can be seen that the
stresses developed at the inner fields of the tube sidewall face close to the first
bolt row in tension are relatively low which mirrors the strengthening effect of
concrete infill on the tube sidewall face from inside as previously reported by
France et al (1999). Moreover, the localized yielding can be seen at lower tube

sidewall face related to the connection parts in compression.
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With respect to thé connecting face, it can be observed that numerical yield
stress for specimen BBEC-8-10.9-50-LI concentrates locélly around the bolt
clearance holes and expands downward from the first bolt row to the second
bolt row. The maximum stress at tube connecting face are marked in ‘region
a’. This observation from the finite element analysis (Figure 6.22 d & e)
agrees with that from the eXperimental observation (referring to Figure 6.22 f),
which refers to the circular yield line pattern suggested by Eurocode 3. By
contrast, the relatively high and wide yield stress sﬁreading on the tube
connecting face for specimen BBEC-5-8.8-50-LII indicates that the local tube
connecting face undergoes significant outward deformation (Figure 6.22 d &
é). The further stress contours can be idéntiﬁed from noticeable yielding
development around bolt clearance holes at the first bol; row in tension which
are in agreement with the experimental observation shown in Figure 6.22 (f).
'fhe yield line pattern considered for this case can be related to the category of

non-circular yield line pattern.

The stress contours at the tube sideWall are also plotted and its maximum
value is marked in the ‘region b’. Likewise, it seems that the plots of specimen
BBEC-8-10.9-50-LI exhibits relatively high stress at local regions. With the
progress of cyclic loading, however, the tube sidewall of the specimen BBEC-
5-8.8-50-LII is expected to undergo wider stress development as the yielding

expands downward from the first bolt row to the second bolt row.
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Figure 6.22 Von Mises stress contours of tube sidewall and connecting faces

The numerical stress contours at the concrete infill for specimens BBEC-8-
10.9-50-LI and BBEC-5-8.8-50-LII are shown in Figure 6.23. Firstly, higher
stresses are seen at the corner of concrete block in the vicinity of first and
second bolt rows. This phenomenon can be presumed along with the tube face
yielding mentioned above. The stress concentrations are also highlighted for
concrete infill in the contact with the flaring sleeves and anchor nut. For the
concrete infill in the vicinity of the flaring sleeve, the tension transferred to the
blind bolt forces the flaring sleeves to undergo deformation along membrane
interface which also in turn stressed the contact concrete even at the early

stage of loading.
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(d) FE analysis for specimen BBEC-5-8.8-50-LII under positive moment

Figure 6.23 Von Mises stress contours of concrete infill
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The stress concentfafions of the concrete infill localized at the anchor nut for
specimen BBEC-8-10.9-50-LI are shown in Figures 6.27 (a) & (b). Along with
the yielding at the tube faces, it can be deduced that relatively thick tube face
and strong concrete anchorage effectively restrain the pullout of the blind bolt
thereby isolating the bolt shank as the primary load carrying part in the
connection system. On the other hand, the stress contour of the concrete for
specimen BBEC-5-8.8-50-LII shows that the local stress concentrations not
only occur at anchor nut location i)ut also widely spread which suggests the;.t
concrete infill may undergo widely deterioration. This will result in weaker
anchorage on one hand, and the tube connecting face attracts higher tensile
force from the blind bolts in tension as long as the clamping mechanism

remains effective on the other.
6.3.3  Comparison of strain results

For the purpose of model validation, the numerical strain results of related
connection components are compared with experimental strain gauge
measurements. The numerical strain results are plotted against the
experiméntal envelope curves. Again, the relationships of test specimens
BBEC-8-10.9-50-LI and BBEC-5-8.8-50-LII under negative bending moment
(corresponding to the strong side of the connections) were selected as

representative finite element analysis results for this part of study.

The comparison of numerical and experimental moment-strain relationships of
the tube connecting face for specimeh BBEC-8-10.9-50-L1 is plotted in Figure
6.24. Note that the vertical axis represents the total bending moment of the

connection. Apparently, the plotted tube transverse strains on the tube
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connecting face are higher than the longitudinal strains. It can be seen that the
general trends of the curves predicted by the numerical analyses are similar
with those measured in the experiments, especially those in the linear range.
An inconsistency is observed in the nonlinear range, in which the moment-
strain curves from finite element analysis exhibit higher stiffnesses than those
from experimental measurement. At the maximum moment, the finite element
models show lower and higher strains than experimental measurements at the
longitudinal and transverse directions of the tube connecting face respectively.
Either local material imperfections or nonlinear phenomena such as slip

between endplate and tube connecting face may cause such inconsistencies.
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Figure 6.24 Comparison of experimental and numerical moment versus strain

curves for tube connecting face of specimen BBEC-8-10.9-50-L.1
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The comparison of numerical and experimental moment versus strain relation
of the tube sidewall face for specimen BBEC-5-8.8-50-LII is plotted in Figure
6.25 (a). For the loading in the finite element analysis from 0 to 22 mrad, only
ascending branches of the curves are presented and compared against the
experimental measurement. It can be seen that a good correlation of both
curves although some slight differences are noticed close to the peak. The
accuracy of this simulation is influenced by the consistency of material models

as well as local concrete infill deterioration assumed in finite element models.

The comparisons of numerical and experimental moment-strain relations of
the blind bolts for specimens BBEC-8-10.9-50-L1 and BBEC-5-8.8-50-LII are
plotted in Figure 6.25 (b) & (c). The bolt shank local strains near the bolt head
(SGBH) obtained by the finite element analysis agree well with those by
experimental measurement in most range of the curves. This observation may
be attributed to the bolt shank elongation to some extent with good restraints

provided by the tube connecting face and anchorage effect.
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Figure 6.25 Comparison of experimental and numerical moment-strain curves
for blind bolts

On the other hand, a significant difference is observed in the comparisons for
the strains near the anchor nut, in which the predictions of finite element
analysis exhibit higher strains than those in the experiment. The strains near
the anchor nut (SGBB) in both specimens are lower than those at SGBH for
the same moment level. The strain profile in this case may be la.rgely
attributed to the local anchorage which is greatly influenced by the cracking of
concrete infill. Unfortunately, the incorporation of this factor in concrete

material model is difficult for finite element analysis. It is also worthy of note
222



Chapter 6: Finite element modelling

that the smeared crack approach rather than discrete cracic approach was used
in this finite element model. In the fonnet approach, the nucleation of one or
more cracks in thé volume attributed to an integration point is translated into a
deterioration of the stiffness and strength at that integraﬁon point (de Borst et
al. 2004). Moreover, the tension resistance of cracked concrete elements is
ignored as thejr stiffnesses in the finite element models were assumed as
reduciné to zero. Consequently, the bottom bolt shank near the anchor nut may
exhibit greater local deformation in finite element analysis thereby producing

relatively higher local strains than those measured in the experiments.
6.34 Comparison of moment-rotation curves

The force and displacement used in finite element model for calculating the
" moment and rotation of the connections were measured at the same location
on the test beam. The mesh sensitivity analysis was conducted with varying
mesh densi‘ties of‘ tube wall and concrete in;'lll, as shown in Figure 6.26. It
turns out that the predictions compare well with each other, so the default

model with moderate mesh refinement was adopted for the rest of analyses.

Table 6.1 Comparison of experimental and numerical maximum moment

Finite element analysis results

Test results Solid element Slolid & beam
Test No. Specimen reference model (FE1) © em(C;é;)lodel

Musk  Muax Mgy Mugy  Mupax Moy

(kN.m) (kN.m) (kN.m) (kN.m) ( kN.m) ( kN.m)
BBEC-8-8.8-50-L1  133.79 163.89 153.62 179.40 154.66 179.41
BBEC-8-10.9-50-L1 164.69 188.97 17535 195.88 176.93 194.51
BBEC-8-10.9-50-LII 171.89 189.17 - - - -
BBEC-5-8.8-50-LI  115.80 157.72 127.26 155.83 123.76 165.81
BBEC-6.3-8.8-50-LI1 120.39 160.95 151.89 157.96 151.183 178.36
BBEC-6.3-8.8-25-LI1 102.95 137.28 107.79 98.69 108.52 140.07

Note: ™ refers to the variables at positive or negative moment range half cycle
of the moment-rotation dlagrams

O\Ut-huN'—
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Table 6.2 Comparison of experimental and numerical initial stiffness

Finite element analysis results

Test results (Solid element models)

Test No. Specimen reference

Kml- KII\I’ Knm. Kll'll‘
(KN.m/mrad) (KN.m/mrad) (KN.m/mrad) (KN.m/mrad)
1 BBEC-8-8.8-50-LI 16.92 23.51 16.23 22.55
2 BBEC-8-10.9-50-LI 20.11 27.06 20.79 27.12
3 BBEC-8-10.9-50-LII 20.18 28.62 - -
4 BBEC-5-8.8-50-LII 14.06 17.95 14.52 19.02
5 BBEC-6.3-8.8-50-LII 15.78 19.15 16.22 21.13
6 BBEC-6.3-8.8-25-LI1 13.66 16.18 13.98 17.01

Table 6.3 Ratios of experimental and numerical results

- -

- - T . T
Klnl,le!l Kim.mt anx‘tesl Mnux.lesl Mmax,test A”mﬂx.lcﬂl‘

- ¥ - + -
iniFE__ KinifE  MmaxFEI Mmax el MmaxFE2 Mmax FE2

Test No. Specimen reference

1 BBEC-8-8.8-50-L1  1.04  1.04 087 091 087 091
2 BBEC-8-109-50-LI 097 100 094 096 093 097
3 BBEC-8-10.9-50-LI 098 106 098 097 097 097
4 BBEC-5-8.8-50-LII  0.97 094 091 1.01 094 095
5  BBEC-63-8.8-50-LI 097 091 079 102 080  0.90
6 BBEC-6.3-8.8-25-LIl 098 095 096 139 095 098
Average 0.98 0.98 0.91 1.04 0.91 0.95
St.deviation 0.03 005 006 016  0.06 0.3
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Figure 6.26 Sensitivity analysis- No. elements of tube wall (T) & concrete (C)
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Figure 6.27 Comparison of test and numerical moment-rotation curves

The initial stiffness and moment data are listed from Table 6.1 to Table 6.3.
The comparisons of test and numerical moment-rotation envelope curves in
Figure 6.27 shows that the moment-rotation curves obtained from the solid
element model and the solid & beam element model are almost coincident in
the elastic range. As the influence of loading procedure on the envelope curve
is ignored, the identical numerical results were listed for specimens BBEC-8-
10.9-50-L1 and BBEC-8-10.9-50-LII. Also, the moment-rotation curves
predicted by both finite element models correlate quite well with experimental
measurements in the elastic range. A slight discrepancy in the initial stiffness
data listed in Table 6.2 and Table 6.3 can be explained by the fact that the
perfect concrete material assumed in the finite element models may not fully
agree with the actual situation during concrete handling and curing. For
example, the micro-cracks caused by drying shrinkage or temperature changes
may influence the strength of concrete infill and bond condition to some extent

which in turn reduce the stiffness of the connection.
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The maximum moment comparison shown in Table 6.1 indicates that the solid
element models (FE1) presents to a certain degree ]Wower predictions than the
solid & beam element models (FE2), especially for the connections with
relatively thin tube under negative bending moment. This is bec:;use the
concrete undergoing high stress in this case is more susceptible to produce un-
converged solution. In other words, the solid & beam element models, as
expected, improve the local stress concentration problems of concrete at the
bolt shank anchorage range in th;: modelling which result in relatively higher
loading capacities. When comparing the finite element results from the solid &
beam element models with the experiments, it is shown tﬁat, on average, the' |
predicted values are approximately 5% and 9% higher than the experimental
results for‘ the negative and po§itive bending moments fespectively. These
discrepancies- in thel comparison can be attributed to the same reasons
.mentioned in the previous page. In addiﬁon, the imperfections of related
concrete and steel material as well as the contact interface conditions may als'o
contribute to such'discrepancies. Although the predicted rﬁaximum momentv
results are somewhat overestimated, for most of the moment range the
predicted values can be considered to have a close correlation lwith the
experimental results. This demonstrates a reasonable accufacy of finite
element models in predicting the ascending branch of the moment-rotation
envelope curves. Unfortunately, it seems difficult to model the descending
branch of the curves related to connections exhibiting failure mode II. This is
because the nonlinear analyses in this study failed to converge when the

concrete suffer relatively large local deformation and deterioration.
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6.3.5 Comparison of tube deformation results

The flexibility of CFT column has been identified to influence the stiffness of
the connections. The experiments in this study have incorporated the tube wall
thickness and the concrete strength as important influential factors in the
connection performance. Due to the limitation of the instrumentation in the
experiment, however, it is unlikely that all the information regarding the
deformity of the tube is‘ recorded. The numerical approach using finite element

analysis was, therefore, adopted to further understanding in such cases.

The concrete infill has been recognized (France et al, 1999) to have positive
role in preventing the tL;bC connecting face and tube sidewall face buckling
outwards in the compression zone of the connection. Moreover, given that the
‘endplate is relatively wide with respect to the tube wall, the local inward
bearing of the endplaté on the tube connecting face is small. Consequently, the
tension zone of the connections can be regarded as the most important source
of deformability of the whole joint. A typical deformation illustration at the
first bolt row in the tension zone of the connection is shown in Figure 6.28.
Tube deformation along a representative path from the tube centreline,
through the bolt clearance hole centre and then down to the lower tube
sidewall face was examined. Five ranges are identified in this path as shown in
Figure 6.28. For the sake of result illustration, the actual curved path along the
tube cross section was unfolded to a horizontal line for a distance variable
used in the following study. The displacements in UX and UZ denote the
directions normal to the tube connecting face and sidewall face respectively.

The displacement data was obtained using linear interpolation for related node
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results from finite element analyses. For the sake of illustration, only the

results referring to the connection subjected to negative bending moment are

presented in this comparison. The distance from tube centreline on the

aforementioned predefined path is taken as a distance variable for curve

comparison.

Typical deformation plot at the
first bolt row in tension

Tube centreline

Path range I (RI)
Path range II (RII)

2" Path range I (RIII)

Path range [V (RIV)

Pathrange V (RV) |
Figure 6.28 Illustration of representative path at the first bolt row
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Figure 6.29 Comparison of tube UX displacements along assigned path at the

first bolt row
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Figure 6.29 shows the UX displacement distribution along the selected path at
the first bolt row with respect to three or four moment levels including
ultimate moment. It can be ébsewed that relatively high displacement in the
path range I (between the tube centreline and bolt cléarance hole). Within this
path range, the specimens BBEC-5-8.8-50 and BBEC-6.3-8.8-25 present a
slight increase of .displacement by approximately 2%-5% when approaching
the bolt clearance hole. The displacement distributions within the path range I
are mostly contributed by thle tube connecting face in flexible deformation and
tube sidewall face in shear deformation. Away ffom the bolt clearance hole,
the UX displacement reduces gradually along the tube sidewall face and.‘
distributes again in a linear maﬁner in the path range V (ranging from the
exterior corner to the lower tube sidewall face) as the path distance is larger
than 120mm. The displaceﬁent distributionsi within this path range are

attributed to tube sidewall face in shear deformation.

For the purpose of further comparison, the deformation of tube connecting
face was calculated as the difference between the displacement levels of the
path ranges I and V. The finite element analysis results are plotted in Figure
6.30, which consists of comparisons of two groups (Group 1: BBEC-8-8.8-50,
BBEC-6.3-8.8-50 and BBEC-5-8.8-50; Group 2: BBEC-5-8.8-50 and BBEC-
6.3-8.8-25). The comparison in group 1 shows that decreased tube wali
thickness allows increased deformations of the tube corinecting face,
especially for the cases when the moment level is higher than 100kN.m. The
maximum deformations at the moment level of 150kN.m for BBEC-6.3-8.8-50

and BBEC-5-8.8-50 are increased by 31% and 55% in contrast to BBEC-8-
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8.8-50 respectively. The comparison in the group 2 shows the deformation of
the connecting face is increased with reduced strength of concrete infill for the
connections with moment level at SOkN.m and 100kN.m. The maximum
deformations at the moment levels of 100kN.m and 140kN.m for BBEC-6.3-
8.8-25 are increased by 46% and 54% respectively in contrast to BBEC-6.3-
8.8-50. Nevertheless, the maximum deformation of BBEC-6.3-8.8-25 is lower
than that of BBEC-6.3-8.8-50 due to an un-converged solution induced earlier

termination of finite element analysis as mentioned previously.

@ M=50kN.m

B M=100kN.m

O M=150kN.m

B Maximum moment

Maxmium deformation (mm)
F=Y

BBEC-8-8.8-50 BBEC-6.3-8.8-50 BBEC-5-8.8-50

(a) Comparison of specimen group |

@ M=50kN.m

B M=100kN.m

6 | |M M=140kN.m (Maximum for BBEC-6.3-8.8-25)
0O Maximum moment for BBEC-6.3-8.8-50

Maxmium deformation (mm)

BBEC-6.3-8.8-50 BBEC-6.3-8.8-25

(b) Comparison of specimen group 2
Figure 6.30 Comparison of maximum deformation of tube connecting face at

the first bolt row
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Figure 6.31 shows the UZ displacement distribution along selected path at the
first bolt row with respect to generally three or four moment levels including
maximum moment. It can be observed that the tube inward deformation
mostly initiates at the path range IV and attains the maximum at
approximately 30mm away from the exterior corner edge on the tube sidewall
face within the path range V. The maximum displacements of the connections
under the moment of 100kN.m are nearly 0.5mm-0.8mm, which was deemed
to be negligible for the connection performance in elastic range. By contrast,
the maximum deformations at the moment level of 150kN.m for BBEC-6.3-
8.8-50 and BBEC-5-8.8-50 are increased by 17% and 25% respectively in
contrast to BBEC-8-8.8-50. On the other hand, a relatively higher increased
trend is observed when changing concrete strength, i.e. the maximum
deformations of BBEC-6.3-8.8-25 is increased by 42% as the concrete
strength is reduced from C50 to C25. Thus, the deformability on the tube
sidewall face is largely determined by the compressive strength of concrete

infill and the flexibility of tube wall.
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Tube UZ displacement distribution

Tube UZ displacement distribution

Tube UZ displacement distribution

Figure 6.31 Comparison of tube UX displacement along assigned path at the

first bolt row

(mm)

(mm)

(mm)

RI RIRIIRIV RV
0 o I smsseseg )
I R o o M=50kN.m
; . 51N i M=100kN.m
. T — M=150kN.m
: Co " M=178kN.m
: : : \\'\
. . . g ¥
g NAREEERRGNe e S T
0 40 80 120 160 200 240 280

Path distance from tube centreline (mm)

(b) Specimen: BBEC-6.3-8.8-50

RI ERll ERI!I RIV MRiun RV
' . ' Sl \
he | e M=50kN.m
i : ! - M=100kN.m
. . ~ M=150kN.m
' . . M=165kN.m
: . 8
8 A .
g a g
. . O/’O'H'T""'vOoor.,

0 40 80 120 160 200 240 280

Path distance from tube centreline (mm)

(c) Specimen: BBEC-5-8.8-50

RI RII RIII RIV RV

0 O . 0 RIRIR I
. . . . ————g L

L : s o~ M=50kN.m
St 1 M=100kN.m
<Mt ' M=140kN.m
et
yoie e 00000000

p S— : £ s : .P""’.»ut»,,

0 40 80 120 160 200 240 280

Path distance from tube centreline (mm)

(d) Specimen: BBEC-6.3-8.8-25

234



Chapter 6: Finite element modelling

6.3.6 Summary of FE modelling results

This section outlines the results from the finite element analysis and related
comparisons with the experiments. The modelling of bolt preload was
conducted using element death and pretension approaches. The numerical
strain results from the bolt preload modelling agree with the experimental
results. The numerical stress contours of overall test connections and their
constituent components were coﬁpared and discussed in relation to the failure
modes of the connections. The moment-rotation envelope curves predicted by
the solid element model and the solid & beam e]ement model correlate quite
well with experimental results in the‘ elastic range. The brief o(xtcome,
accuracy and limitation of the finite element models were discussed
accordingly. The analysis of the deformation distribution on the tube
connecting face and sidewall face, have demonstrated the direct influence of

the concrete strength and tube wall flexibility on the connection behaviour.

6.4 Parameter variation analyses

The moment-rotation response of the connections have been analysed so far

based on the experimental observations and subsequent finite element analysis, - -

The concrete strength and tube wall thickness are identified as the parameters
which have significant influence on the behaviour of the connection studied -
herein. Based on the finite element models described above, a parameter
variation analyses was introduced to gain a further insight into the moment-
rotation relationships of the connections within a given range. For the purpose

of comparison of the variation of these parameters, only one selected variable
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was changed at a time. The maximum moment and rotation results were

analysed by taking into account these parameters
6.41  Influence of concrete grade

As mentioned in the previous section, the concrete strength influences the
deformations of the tube connecting face and sidewall face. To have a closer
examination, the connections with the concrete grade of C40 were added for
the comparative study described in this section. The comparisons of the
numerical resufts for different concrete grades are shown in Figure 6.32. It is
evident that the increases of moment capacity when changing concrete grade
from C25 to C40 are more significant than those from C40 to C50. This
observation suggests that relatively high grade concrete generally has
moderate influence on the moment and rotation capacity of the connections.
By contrast, this influence becomes significant for the case of concrete grade
C25f The numerical solutions for BBEC-6.3-8.8-25 and BBEC-5-8.8-25
become un-convérged earlier than that for BBEC-5-8.8-50 which suggests the
solid elements used for concrete in these models most likely undergo large
local deterioration. As more and more local concrete failed with the load
progressing, it is supposed that the tube wall becomes the main component to

carry the moment and rotation for the connections with relatively strong bolt.

236



Chapter 6: Finite element modelling

FALS)
150
100
£ 50
5 1
€
£ -40 10 20 30 ap
o
= BBEC-8-8.8-50
->-BBEC-8-8.8-40
-150
~+- BBEC-8-8.8-25
=200
Rotation (mrad)
(a) t.=8mm
200 ;
£
<
2
- 1 1 1
c
[}
£ -40 20 30 40
(o)
s | - BBEC-6.3-8.8-50
oS -~ BBEC-6.3-8.8-40
s -150
—+ BBEC-6.3-8.8-25
=200
Rotation (mrad)
(b) £=6.3mm
269
E
z
x
:
£ 4 30 20 30  4p
(o]
& B . <M X L
S & 00 T BBEC-5-8.8-50
it ~>~BBEC-5-8.8-40
-150
~—+- BBEC-5-8.8-25
=266

Rotation (mrad)

(c) tc=5mm

Figure 6.32 Comparison of numerical results for varying concrete grades
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6.4.2 Influence of tube wall thickness
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Figure 6.33 Comparison of numerical results for varying tube wall thickness
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The comparisons of numerical results for different tube wall thicknesses are
shown in Figure 6.33. Three tube wall thicknesses, i.e., Smm, 6.3mm, and
8mm, are plotted for each concrete grade group for comparison. It can be seen
in all cases that when the tube wall was reduced to Smm, lower moment
capacity has resulted. This trend is more pronounced for the connections with
relatively low concrete grade. The numerical finite element solutions also
resultgd in lower resistance-solutions un-g:onverged at earlier steps. This
observation suggests that reduced tube wall thickness leads to weaker
confining effects of concrete infill as well as higher flexibility of tube wall
thereby increasing the local deformation of concrete elements. On the other
hand, low strength concrete causes weak anchorage for the blind bolts, which

also reduces the moment capacity of the connections.

6.4.3  Discussion on combined influence of concrete grade and tube

wall thickness

As the moment capacity are influenced by concrete grade as well as tube wall
thickness, the finite element results are further summarized and plotted in
Figure 6.34. Likewise, the moment described herein refers to the case that the

connections underwent maximum negative moment.

For the moment capacity, it can be seen that a greater improvement of moment
capacity for most cases with the increase of tube wall thickness from Smm to
6.3mm than those larger than 6.3mm. This trend is rather obvious for the case
of the concrete grade of C25 as shown in Figure 6.34. By increasing the tube
wall thickness from Smm to 8mm, the negative moment capacity is enhanced

by 38.2% for the connections with C25 -concrete grade while by 22.4% and by
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8.2% for the connections with C40 and C50 concrete grades respectively. It
turns out that the moment capacity may significantly decrease for the
connections with thin tube wall and weak concrete. On the other hand, such
increase would become moderate when relatively strong concrete and thick
tube wall are adopted. The evidence for this point can also be traced from a
previously reported monotonic test with similar joint configuration (Al-
Mughairi, 2009). In this test, the moment capacity is almost the same for the
connections with varying tube wall thickness from 8mm to 12.5mm. Moreover,
for the connections with 10mm and 12.5mm thick tube wall, the most range of

the moment-rotation curves are almost coincident, as shown in Figure 6.35.
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Figure 6.34 Numerical results of maximum moment capacity with varying

tube wall thickness and concrete strength

Based on the failure modes of tested connections in this study and previous
report, the combined influence of tube wall thickness and concrete strength
can be discussed from two aspects. For the case of weak concrete, the tube
wall would act effectively to restrain the pullout of the blind bolt as the bolt

anchorage is lost. In this sense, the moment capacity of the connections is
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determined by the strength of tube wall. Conversely, the concrete strength
would become the main influence on the moment capacity of the connections

provided that the tube wall is relatively flexible.
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Figure 6.35 Comparison of monotonic moment-rotation relationships of

similar connections with varying tube wall thickness (Al-Mughairi, 2009)

6.5 Concluding remarks

Based on the quasi-static cyclic loading test results of this innovative blind
bolted endplate connection to CFT column, 3D nonlinear finite element
models have been developed to analyse the mechanical response of the
connection. In this chapter, the moment-rotation relationships predicted by
finite element models were compared with the experimental cyclic envelopes
under positive and negative bending moments. The comparison showed that
the models are able to predict the initial stiffness and maximum moment
capacity with reasonable accuracy (refer to Figure 6.27). The strain results of
the blind bolts and tube connecting face and sidewall face were compared
against the experimental instrumentations which showed that the finite

element model is capable of capturing local strain distribution (refer to Figure
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6.24- Figure 6.26). From above analysis, it is concluded that this connection

can be simulated numerically in this study.

The validated finite element model was used to draw a comparison Qf the
failure modes of the connection components obgerved in the tests. Rel_ated
stress contours of the connection were described and discussed for further
understanding of the connection response. The displacement distributions of
the tube connecting face and sidewall face were also traced by finite element
models which provide a useful Supplement for the test recording in the study

of tube flexibility.

Parametric analyses were conducted to further investigate the influences of
concrete grade and tube wall thickness on the moméht capacity and rotation
capacity of the connections. The results showed that the increase of either
parameter affects moment—rotation response especially when the concrete
grade or tube wall thickness is in relatively low value. The combined influence
of both paraméters on the moment capacity of the connections is also

discussed.

The general coﬁclﬁsion to be drawh from the analyses is that this finite
elément model is capable of predicting the moment-rotation behaviour of this
innovative blind bolted endplate connection to éFT column. It offers a reliable
and cost-effective alternative to supplement éxperimental observation and
measurement. Based on the numerical predictions of moment-rotation
envelopes, the hysteretic moment-rotation relationship will be developed in

Chapter 7.
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”

As a note to this chapter, the purpose of the finite element analysis described
herein is to supplemerit the e;(perimental study of the connections with limited
range of parameters of the blind bolt, the concrete grade, and the tube section
as listed in Table 6.4. As for the general connection design, the understandings
obtained from this analysis act as a basis fér t;uture work with wider range of

related parameters which will also be discussed in Section 8.2.

Table 6.4 Model limitations

Items Limitations

Blind bolt size, grade & type M16 (Gr.8.8) Extended Hollobolts
Concrete grade C25~C50
Slenderness ratio of tube connecting face 25<b/1.<40

Ratio of the bolt gauge width (g) to the
width of tube connecting face (b.)

~ Ratio between the bolt pitch distance (p) to -

the width of tube connecting face (b.)

@/b.=0.6

p/b; =0.5
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'CHAPTER 7

JOINT HYSTERETIC MOMENT-ROTATION
RELATIONSHIP MODELLING

7.1 Introduction

The discussion of the finite element model in the preceding chapter has
provided a satisfactory prediction of the ascending branch of test moment-
rotation envelope c.urves. To simulate the hysteretic moment-rotation
relationship of the test connections, analytical models based on the relevant
mathematical representations will be presented in this chapter. The descending
~ branch of envelope curve, along with the loading, unloading and reloading
segments of hysteresis loop will be incorporated in analytical models with

respect to related geometric and material parameters.

Modelling the jéint moment-rotation relationship depends on the behaviour of
constituent joir;t components. In the case of practical design. for the joints
under monotonic loading, the simple component model based analysis
eliminates much of the variability arising from the connections. The so-called
component method in Eurocode 3 refers to using such simplified mechanical
models composed of extensional springs and rigid links to evaluate the joint
“behaviour by assembling the contributions of individual components. In this
study, the components in aforementioned joint tension zone were highlighted
| and related cyclic models are outlined prior to the analysis of joint hysteretic

moment-rotation relationship.

S
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Altﬁough mathematical representations are widely used in former studies of
joint monotonic. behaviour, appropriate hysteretic models incorporating
loading and unloading excursions are.' still needéd to simulate the hysteretic
moment-rotation relationship of this innovative blind bolted endplate
connection to CFT column. The characteristics of strength, stiffness and
energy dissipation were iﬁcorporated into the hysteretic models in this study..
The results of the finite element analysis, which incorporated the information
of joint" geometric and mechanical properties, were used tov provide basic
parameters, such as initial stiffness, yield strength and rotatidn, for the

mathematical representations.

This chapter will be structured as follows. The description of three typical
mathemétical representations is presented in Section 7.2. Their use in the
prediction of test envelope curves are also dgscribed andldiscussed. The cyclic
material model is outlined in Section 7.3 in which related experiments are
referred. The hysteretic moment-rotation models for the tests are presented in
Section 7.4 which includes the description for the excursion corresponding to
the loading and unloading branches of the envelope curve. The simulation of
test hysteretic moment-rotation curves is presented in Section 7.5. Finally, a
brief summary and discussion about adopted hysteretic models for the joint

behaviour modelling is outlined in Section 7.6.
7.2 Mathematical representations of rhoment-rotation envelope

To account for the nonlinear moment-rotation curve of the connection, two

i

types of mathematical representation are identified. The first type is related to‘

-

pure curve fitting formulations, and related parameters do not necessarily have
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clear physical meaniﬁgs. The seéond type, on the other hand, is developed on
the basis of relevant physical parameters. This also means that the
representations can be referred as strength, stiffness, and shape factor. In this
study, only the latter representation was used and related physical parameter
data are derived from finite element analysis. Thg mathematical representation
outlined herein consists o‘f Eurocode 3 based trilinear representation, power

representation and exponential representation.
7.21 Eurocode 3 based trilinear representation

Eurocode 3 suggests a trilinear representation of joint moment-rotation curve
with parameters of clear physical meaning. As shown in Figure 7.1, this curve
is assumed to consist of three parts. The curve in the first part is linear clasfic
until a level of 2/3 of the design moment resistance (M;grq) is reached, i.e. the
relationship between moment and rotation is linear. Thereafter, the curve goes
up nonlinearly until a yield plateau with the rotation &4 corresponding to the
moment first reaching M, rg. In this range, the moment of the connection can
be obtained from the product of the values of secant stiffness and rotation. The
final part of the curve ends at the joint rotation capacity (6.4) corresponding to
the same load level of M, rq. The stiffness expressfons im;luding initial and

secant stiffnesses can be written as follows:

(K,, when M <2/3M |, Equation 7.1
K
K= ﬁ when 2/3M |, <M <M ,,, Equation 7.2
[{1.5Mm '
Ui}

where, £ =2.7 is assumed for the endplate and welded joints.
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Kini Oxd Od

Figure 7.1 Trilinear representation of moment-rotation curve suggested by
Eurocode 3 (2005)

It is observed that the moment-rotation curve can be plotted provided that K,
and Mgy are available for this representation. This representation was adopted
by early researchers in the comparison of test moment-rotation curves
(Weynand et al, 1995). In this study, these two parameters are obtained from
finite element analysis results, and the calculated curve is then compared with
test envelope curve, as shown in Figure 7.2. An agreement can be seen at the
initial phase of the curve, however, the difference is noticeable regarding the
curve starting from the post-yielding point. This indicates that the strain
hardening effects are not taken into account by this representation as the

rotation varies between &g and G.4.
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Figure 7.2 Comparison of trilinear representations and test envelope curves

(Test No.1 & No.4)

7.2.2 Power representation

A nonlinear power representation of moment-rotation curve was proposed by
Richard & Abbott (1975) in modelling material elastic-plastic behaviour. This
model was later introduced and applied in the modelling of moment-rotation
relationship of beam to column joints, as reported by Faella ez a/ (2000) and
Simoes et al (2001). In this representation, four parameters are required:
reference bending moment (M), Kini, plastic stiffness (K;), and shape factor
(n). It is noted that this representation is able to account for the moment-
rotation curve with plastic development and softening branch, as shown in

Figure 7.3.
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Figure 7.3 Illustration of representative moment-rotation curves

Using above parameters, the power representation can be expressed in
Equation 7.3. The tangent to the nonlinear curve can be calculated by the
differentiation of Equation 7.3 which yields Equation 7.4. Likewise, the
parameters of M), Ki, and K, are obtained from previous finite element
analysis results, and then the shape factor is calculated by these equations
which give rise to a close correlation with the test envelope curves, as shown
in Figure 7.4. The shape factors in the equations for the negative loading and
positive loading curves are listed in Table 7.1. It is noted in the numerical
analysis that larger shape factor often produces the curves with greater slope in
the ascending branch. For test No.4 and No.6, there are two K, and » are
provided for the curves with and without softening branches. As such, a
representative curve correlation for this consideration is shown in Figure 7.5 in

which two power representations indicate such difference.

K
M = (X,

{H

ni KI")H

—+4 K .0 Equation 7.1

")

)

(Km_KI’)g

M

0
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)

Reference: Richard & Abbott (1975), Faella ez al (2000)

Table 7.1 Parameters for mathematical representations

Test results Shape factors
Test ——— -
Specimen reference Initial stiffness Maximum moment )
No. °P (KN.m/mrad) (KN.m) Power Exponential
Klm- 1<im+ Mm. Mm: n n' n n

| BBEC888-50.L1 1692 2351 133.79 16389 141 155 019 020

BBEC-8-10.9-50-LI 20.11 27.06 164.69 188.97 R
23 BBEC-8-10.9-50-LII 20.18 28.62 171.89 189.17 '3 151 025 025
121 142 005 0.03

4 BBEC-5-8.8-50-LI 14.06 17.95 115.80 157.72 119" 121° 024° 023
5 BBEC-6.3-8.8-50-LII 15.78 19.15 120.39 160.95 131 131 0.11 0.11

1.35 135 0.05 0.05
6 BBEC-6.3-8.8-25-LII 13.66 16.18 102.95 137.28 130" 131° 006" 006

Note: * denotes the representation parameter for the curves incorporating the
softening branch

Moment (kN.m)
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/g“ Testl:
4, Testenvelope curve
¥ ~A—- PO tation
-150 Testenvelope curve
-+~ P ower representation

286
=&UVu
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Figure 7.4 Comparison of power representations and test envelope curves
(Test No.1 & No.4)
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Figure 7.5 Comparison of finite element model based power representations

for the curve with or without softening branch (Test No.4)

.23 Exponential representation

Another nonlinear representation of moment-rotation curve is featured by

exponential parameters. This representation was firstly proposed by Yee et al

(1986) for moment-rotation curve modelling. The parameters required in this

representation are similar to those in power representation described

previously, however, the value of the shape factor should be different due to

the formulation. Again, the softening branch is allowed in this representation

which also can be illustrated in Figure 7.3. The moment-rotation relationship

can be expressed in Equation 7.5. The tangent to the nonlinear curve can be

written in Equation 7.6, which presents relatively simple form when compared

with the previous power representation.

(-6(K

i Ky +n9)\
M=M,| I—expL

M
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The curve fitting of the test moment-rotation envelopes with exponential
representation was also conducted and an example comparison plotted in
Figure 7.6. It is shown that a good agreement between the representation and
the test envelopes can be obtained by introducing the shape factors listed in
Table 7.1. Based on the numerical analysis results, a similar observation with
power representation was made that the slope in the ascending branch is
improved with the greater shape factors. However, it is noted that the
increasing magnitude of maximum moment predicted by exponential
representation is less than that by power representation which in turn produces

less agreement of moment in the softening branch.
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Figure 7.6 Comparison of representative exponential representations and test

envelope curves (Test No.l & No.4)
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Figure 7.7 Comparison of exponential representations for the curve with or

without descending branch (Test No.4)

Similarly, the exponential representation was adopted for the envelope curves
of test No.4 and No.6, in which different K, and » are adopted to allow for the
curves with and without softening branches. The basic parameter values are
derived from the results of finite element analysis. As shown in Figure 7.7, a
close correlation can be seen between the test envelopes and the curves

displayed by both representations.
7.3 Related material cyclic models for connection components

This section will briefly outline cyclic models which can be used to provide
basic evidences for the development of hysteretic moment-rotation model. The
attention herein is focused on the tension zone behaviour, which includes the
blind bolt in tension and CFT column in flexible deformation. The other
contributions, such as steel beam and endplate in bending, are neglected herein

which agree with previous assumptions for test specimens.
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In the component method, the connection response is based on the assessment
of force-displacement constitutive law of each component. The individual
extensional or rotational spring is used to allow for the response of certain part
of the connection under specific loading. The joint constituent components are
assembled in serial or parallel configuration with equivalent springs as
illustrated in Figure 7.8 (Wald & Steenhuis, 1993). The joint cyclic behaviour
may be greatly influenced by the weakest components. In the study herein, the
bolt & CFT column are taken as the primary components in the tension zone
which agrees with aforementioned test observations. Relevant explanations
will also be provided in the following study along with the description of
proposed analytical models. As a basis for this study, the material cyclic

models of steel and concrete are included in Appendix D.

ORILE. Serial Parallel
configuration
F
E Component |
| |
Component 2
Component
Component |
F-dcurve Component 2
Component /
3 5
i —
Resistance min (F gas Fords...Fira) FiratFarat...tFipa

Initial stiffness 1 /|:Z (1/k,, ):l Z ks,

i=1

Note: Firq and K, ; are design resistance and stiffness respectively.

Figure 7.8 Illustration of linear assembling method of connection components
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7.4 Development of hysteretic moment-rotation model
7.41 Basic envelope curve

Several models for featuring moment-rotation response of bolted endplate
connections are reported in the literature (Deng, et al, 2000). Using key curve
fitting variables, it is possible to characterize the moment-rotation response of
the connection which can be incorporated into frame model analysis. For the
connections studied herein, however, it is difficult to use reported models due
to different degrees of complexity in the joint configuration. To analyse the
connection behaviour in this part of work, the envelope response curves were
studied as a basis for developing hysteretic moment-rotation relationship. By
referring to previous test and numerical results, these curves are formulated
using the line of best fit through the maximum moment and its corresponding
rotation of positive and negative excursions. Two types of envelope curves are
introduced herein. The basic envelope curve accommodates loads from first
positive or negative cycle of each loading amplitude; the degradation envelope

curve outlines the points for repeated cycles related to load degradation.

Men K =ashKc K =K,

Rotation (£) & moment (M) at certain point

O, Mem  -Peak (max moment) point
6, M, -Yield point
O.r. My  -Residual point

-

9y gcm gsf o
Figure 7.9 Envelope curves for hysteretic moment-rotation models
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A representative envelope curve for hysteretic moment-rotation model is
illustfated in Figure 7.9. Prior to the peak (maximum moment) point (Eim,
M_.), the strain hardening stiffness (Ks) is calcﬁlated as ospKe. The moment at
the rotation range between 6, and 6.m can be formulated by K and 6. If the
deterioration is taken into account subsequent to the peak point, the linear
descending branch is represented by" the softening stiffness Ky which is equal
to oK., Apparently, the value of Ky should be negative, Based on the lincar

relationship in the softening branch, the moment can then be calculated as:

-M, W 6~-6
= (M:/ ou)( uv) +M

Equation 7.7
0:] - etn

‘The parah*neters of as and oy can be obtained from experimental data or
analytical model. In this study, the moment-rotation relationships derived from
the finite elerﬁent models mentioned in Chapter 6 were adopted for envelope
curve at the rotation range between & and .. The softening branch is then
predicted using asr obtained from experimental moment-rotation relationship
as vreferred to Chapter 4. The finite element model based envelope curve

serves as a basic step to be further associated with hysteretic model analysis.
7.4.2 Hysteretic moment-rotation models

Referring to the observed cyclic response of the connections, hysterctic.
models were developed for loading and unloading branches in order to
simulate the moment-rotation relationship analytically. It was noted that the
test hysteresis loops may not be simplified with the excursions in linear
relationship. Rather, the hysteresis loops have to be divided into several
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segments to represent the nonlinear behaviour of the connection. In order to
mathematically describe these segments, several power and exponential
functions were adopted and compared with the test curves in Chapter 4.
Implementation of theee functions requires several variables restored in the
previous hysteresis loops. The strength and energy dissipation deterioration
were also taken into account in these models. The hysteretic models for the
connection were identified for different behaviours of the connections in

categories [ & II and will be presented separately below.

7.4.2.1  Hysteretic model for connection category I

As mentioned previously in Section 4.5, the connections in category I are
featured by relatively strong CFT column and consequently failed by bolt - -
f_ractu%e and developed the full bolt tensile strength. Given the primary
contribution of the blind bolt to the response of the connection, the hysteretic
model was expected to be similar to that for the bolt in tension. However, it is
worthy of note that actual connection behaviour in this category is affected by
the mechanical interlock effect between the flaring sleeve, fhe threaded cone,
and‘the deformation of bolt clearance hole on the tube connecting face as well
as local concrete deterioration. The shapes of the unloading curves and
reloading curves tend to become nonlinear when approaching the zero moment
axis in the hysteretic moment-rotation relationship. On the ether hand, the
connection capacities are weakened when subjected to consecutive i:nelastic
deformation and cyclic loading. This is especially significant for the foregoing
test evidence of dramatjc reduction of the energy dissipation (see Figure 4.13

a-c,e) in the repeated cycles subsequent to the first ones of each loading
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amplitude. Thus, the hysteretic model developed for the connection in this

category should be able to accommodate these changes in the connection

behaviour.

An idealization of the proposed moment-rotation hysteresis loops consists of
three stages. The whole loading process is featured by combining the
hysteresis loops corresponding to each Ioadfng amplitude. Also, this
" idealization allows for repeated cycles under the same loading amplitude. As
an illustfation, Figure 7.10 shows the transition of the excursions in which
only the cycles related fo non-recoverable plastic rotation are considered.
Stage 1 corresponds to the first hysteresis loop under ith loading amplitude,
referﬁng to Figure 7.10 (a). The strength and energy dissipation capacities of
the connection commence to degrade during the repeated cycles in Stage 2
(see Figure 7.10b) when local cracks are assumed to appear in concrete.
During’ Stage 3, the hyéteresis loop continues as the loading increased to

(i+1)th amplitude, referring to Figure 7.10 (c).

Following the cyclic loading sequence described above, the hysteretic model

for the connection category I is outlined in details as follows:

-Stage I: On initial loading from last cycle under (i-1)th loading amplitude,
the curvé ascends and intersects basic envelope curve at point ai<|>(9¢c,i,Mec,i)o
as shown in Figure 7.10 (a). Afterwards, bthe unloading segment starts at this
point and moves downward linearly to point "> with decreased moment
value of ayM,.; but no changes of rotation value. Further unloading beyond
point ' follows a linear segment and descends nonlinearly adjacent to the

zero moment axis. The unloading segment ends when it reaches point
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cf"(ep,,i,O), where 6 can be regardéd as the rotation produced by the
residual or permanent deformation of the connection. The inelastic rotation

difference between point ¢;'

> and point ¢;.1", corresponding to the ﬁrst' cycle
under current and previous loading amplitudes respectively, on the zero
moment axis is assumed to be the same as that on the ba.sic envelope curve
which is also referred to as equal inelastic rotation increment. The unloading

segment from point 5" to point ¢;'” can be expressed by a power expression

in the form of Mg, as:

Equation 7.8

where, qu is the rotatipn variable varying from 6 to ... N, is the scaling'
“exponent controlling the smoothness of the transition of excursion branch. The
envelope curves represent gradual trends of étrain hardening to the peak point
of envelope curve and deterioration afterwards. Based on the test data
calibration, N. is related linearly with partial ductility ratio (#;) which can be

given as the value of 1.6y; in this study.
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Figure 7.10 Hysteretic moment-rotation model for the connection category |
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|
Following the unloading segment to point ¢;“”, no presence of negative

moment is considered in the moment-rotation relationship. This is because the
compression effect is primarily carried by the compressibn zone of the CFT

column with limited contribution of deformed plate elements in bearing,

-Stage 2: The manners of reloading and unloading in the repeated cycles under
ith loading amplitude are similar to those in the first cycle, but the degradation
of strength and energy dissipation should be taken into account in the model.
For this reason, the aforementioned degradation envelope ‘curve is established
as a contour of dropped peak points. Due to relatively strong CFT column in
this connection category, a slight reduction of the initial loading stiffness can
be assumed in Stage 2. As the repeated cycle continues, a family of dropped
peak points can be presumed for the second, third, fourth...cycles. Basically, it
is expected that the magnitude of strength degradation is increased with the
increased number of cyéles at each loading amplitude which corresponds to
the drop of the peak point of hysteresis loops. Td observe the locus of these
points, more cyclg:s at each loading amblitude are actually needed in the test
loading history which fis, howev?:r, beyond the scope of thiS study.
Notwithstanding that, the trends of reduction of strength and energy |
dissipation during three cycles at each amplitude have been demonstrated in
vthe test results as described in Chapter 4. For the purpose of simplicity, these
dropped peak points are idealized to coincide with previous unloading
segment at'pOint bi<'>(9,c'i, assM,.;) on the degradation envelope curve. ay is
the strength degradation ratio as the fraction of the morx{ent in the first cycle of

each loading amplitude. By relating asq to gi, as shown in Figure 7.11 (a), a
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power function based on the curve fitting of experimental data can be

expressed as:

a,, = 0.977 470 ‘ Equation 7.9

!

The energy dissipation degradation ratio, .4, is also introduc;ed as the fraction
of the dissipated energy in the first cycle of a loading amplitude. Likewise, a
simplification was used for the energy dissipation in the consecutive cycles.
As illustrated in Figure 7.11 (b), a curve fitting using power functions can be

written as:
Vg =0.46247°% ' : Equation 7.10

The parameters ag and 7.4 are calculated with the equations above each time
when the reloading & unloading segments cross the degradation envelope

curve and hysteretic loops corresponding to the repeated cycles are formed.

As shown in Figure 7.10 (B), the reloading in Stage 2 starts at point ¢;*"and
continues up to point d,>”, This segment ends when it intersects point 5;% at
the degradation envelope curve. For the purpose of simplicity, point b7 is
assumed to be at the same location of point b;"”(6.c.;, 0tsaMec). Afterwards, the
unloading path subsequent to reloading is directed from pbint 5% to ¢, The
mathematical expressions for réloading and unloading segments of this stage
are similar to the un'loading segment for the first cycle under ith loading
amplitude except the further consideration of degradations of strength and

energy dissipation.
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Figure 7.11 Strength degradation ratio and energy degradation ratio versus
partial ductility ratio for the connection category I (Note: test data are obtained

from related experiments)

<2

» . 5.2 > .
The function for reloading segment ¢~ -d;™" can be expressed in a power

expression form of M, as:

(N -m)
(n6, -6 )
M, :a”,MmL—Z—u'-J (1+n7,7.,) Equation 7.11
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And, the function unloading segment ;>-¢;>” can be given by:

(N +m,)

’720m - 0pl,l

M" = a-’ M“‘
) J( au,l _epl,l J

(-n7.) Equation 7.12

where, m; and 7, are the test calibrated parameters. &, and 6, are the rotation
variables varying from point ¢;® to point &> and the point ;= to point ¢;>
respectively. The scaling exponents for both equations are controlled by N;

and 7.

-Stage 3. After unloading of nth cycle under ith loading amplitude, the
reloading is directed towards a new cycle under (i+1)th ldading amplitude. As
shown in Figure 7.10 (c), the segment from point ¢j+;*'> to point dis*"
follows the similar manner in Stage 2 which can be given by Equation 7.11.
Prior to the arrival at point @;+1(6ec,i+1, Mec,i+1) 0n the envelope curve, likewise,
the intersection point at the degradation enveiope curve is undated by point

<|>
bin™.

7.4.2.2 Hysteretic model for connection category I

The hysteretic behaviour of the connections in category II are characterized
not'only by the plastic elongation of the bolt shank but also by the flexible
deformation of tube face. It was felt that more complex contribution of CFT
column to the hysteretic moment-rotation model of the connection should be
taken into account in this case. The energy dissipation analysis in Chapter 4
indicates that the flexibility of the tube face may cause deteriorated
conﬁnement of CFT column which in turn produces greater concrete

deterioration and decreases the moment capacity of the connection. On the
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other hand, the tube connecting face as a plate element in flexible deformation
improves the energy dissipation capacity of the connection when comparing
with relatively independent tensile action of the bolt shank for the connection
category I. This behaviour represents larger area enclosed by corresponding
hysteresis loops. During the reversed loading, the deformed tube face in the
tension zone of the connection will undergo compression thereby allowing
certain extension of unloading branch of the hystereéis loop\ below the zero
moment axis. Based on the obsefvations from the test results, the hysteretic
modelv for the connection category Il was considered with appropriate
mathematical expressions which differ from those for the connection category

L

According to the cyclic loading sequence, three stages are incorporated in the
idealized hysteretic moment-rotation relations which are presented in a similar
manner as in previous sub-Section shown in Figure 7.10. Siage 1 represents
the first hysteresis loop under‘ ith loading amplitude. Due to the damage of
concrete infill, compressive deformation of the deformed tube face will occur
in this stage. Stage 2 indicates that the strength and energy dissipation
cépacities of the connection reduce significantly during repeated cycles and
subsequent to Stagé 1. Finally, the hysteresis loops step forward to Stage 3
which’ relates to (i+1)th loading amplitude. The hysteretic models for the

connection category Il are outlined below:

-Stage I: The loading segment starting from point e;'>(0, M) in this case is
similar to that for the connection éategory I except vthe change of stiffness at

point g”(8.i.1,M,i) (here called the turning point) with the same rotation as
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the peak point on the basic envelope curve under (i-1)th loading amplitude.
Thereafter, the loading segment ends at point a;*'> on the basic envelope curve,

as shown in Figure 7.12 (a).

In order to account for the changing shape before and after the turning point

g, an exponential function and a linear function were considered. The

exponential function for the first nonlinear loading segment, ;<">-f">-g;*"”,

can be expressed as:

: om
M. = XM, -M o,n)em éc[’”"']-l
m= P

ec,t

+M' Equation 7.13

0,1

The function for the second linear loading segment, gi">-a;'”, can be given by:

(Mec,l - Mn)(eﬂz - eu‘,l-l)
6. ,-0

ec,t ec,i~1

M Equation 7.14

+M

N2 = /]

where, x. is the test calibrated parameter. 6y; and &g, are the rotation variables
corresponding to the ranges from point e;<i> to point g <" (i.e., from 0 to 6.ci.1)
and from point g;*'> to point a;*"(i.¢., from 6,11 to 6,.;) respectively. My is
the moment on zero rotation axis at the beginning of the loading path, which is
known from thé previous negative unloading excursion under (i-1)th loading

amplitude.

The segment a;“">-¢;"” represents the unloading path until the zero moment
axis is reached. Likewise, the rotation (8, at point ¢;'” can be regarded as

the rotation produced by the residual or permanent deformation of the
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connection. The segment from point @, to point ¢;*"” can be expressed as the

first part of unloading by a power expression in the form of M,y ; as:
Moment (M)}
Mec,i-l "Ii-] <>

Mec.i <1>
&gi (eec.i-h ML'
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Figure 7.12 Hysteretic moment-rotation model for the connection category []
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NI‘

(6,,-6,,)
Mnnl,l = ’73M¢g_1 LMJ Equation 7.15

ec,! pr

where, 7 is the test calibrated parameter. 4,n1; is the rotation variable varying
from 4, to 4,;. N, is the scaling exponent which is the same as that defined in

Equation 7.8.

The following unloading path is featured by a linear segment targeting at point
d:™" on zero rotation axis. Based on the experimental data, Figure 7.13 shows
the relation between the slope of this segment in first unloading path near the
origin of the curve, Ky, and the partial ductility ratio, u'. The linear trend line

expression for the first cycle of each loading amplitude is given by:

K,, =-0.194 +0.82 x Equation 7.16
in which, the variable range is given as: 1<y'; <3.5. Also, 6, instead of &, is
used in the calculation of 4,

The moment, M,;;, for this linear segment can be expressed as:

Equation 7.17

P )

Mul,l = Ko_,(.e.,[_' - 9

where, 8,; is the rotation variable varying from 0 to 4.

As the connection is subjected to reversed moment, i.e., the moment will
develop in the negative excursion of moment-rotation relationship, it is
assumed that the following cycles will join the points &' and &' on the

zero rotation axis.
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Figure 7.13 Relation between Ko; and y'; for the connection category I1

-Stage 2: On reloading in Stage 2, the drop of loading stiffness at the
beginning of loading is significantly increased when compared with that for
the connection category I. This can be attributed to the presence of more
extensive concrete deterioration during the continuous loading. As shown in
Figure 7.12 (b), the reloading segment ends when it reaches point 5% on the
degradation envelope curve. Similar to the definition in connection category |
referring to Figure 7.10, the point 5% in contrast to point @' has the same
rotation as 4., but reduced moment és asgM.,.;. The relationship between Osq
and y; is shown in Figure 7.14 (a) and the counterpart equation can be'

expressed as:

a,, =0.892, """ Equation 7,18

Likewise, the equation for the relationship between 7.4 and 4; can be written as:
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Vea =0.319u" Equation 7.19
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(a) Strength degradation ratio versus partial ductility ratio
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(b) Energy degradation ratio versus partial ductility ratio

Figure 7.14 Strength degradation ratio and energy degradation ratio versus

partial ductility ratio for the connection category Il

As shown in Figure 7.12 (b), it is also noted that the area enclosed by the
hysteresis loop in this case is to some extent limited by point b**” which also

determines the shape of the reloading segment.
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The expression for the reloading segment ei " -fi -5 can be formulated in

exponential function including the strength degradation as:

By

xc (a:dMec,i -M '0,2 )011 a("" -1
&l = 0 e

ec,i

+M,, Equation 7.20

where, & is the rotation variables varying from the rotations corresponding to
. <> . <2> /e . ’

point ¢~ to point b (i.c., from 0 to 6.;). Mo is the moment on zero

rotation axis at the beginning of a loading path from the previous negative

unloading excursion under (i-i)th loading amplitude. . is the test célibrated

parameters which can be expressed in relation to y.q as:

xc Ze

Vet = K, o Equation 7.21

T 1+0.5g,

As discussed in the case of the connection category I, a family of dropped
peak points can be supposed under repeated loading cycles, as indicated in
Figure 7.12 (b). For the connectioq category II, a significant moment reduction
is expected due to the compounded concrete deterioration. For this study,
however, the reloading and unloading paths were assumed to int;rsect the
degradation envelope curve ét point b ®. Although this assumption may not
" be consistent with the test results if more repeated cycles are considered, this
simplification was adopted for simplicity in representing basic hysteresis bloop.
Notwithstanding that, more experimental works are needed to be able to
provide test data for accurate expression of the locus of these points. Fﬁrther
development of the detailed paths for the case of repeated loading is a task for

future work.
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On unloading from the peak point b (Figure 7.12b), the segment b; -,

has similar relation as that for Stage 1. The first part of unloading path is
represented by a nonlinear segment; once the zero moment axis is reached

(point ¢;?), the path is directed linearly to point >,
NC
—"”J Equation 7.22

where, 7, is the test calibrated parameter.

As shown in Figure 7.13, the slope of linear segment in the second unloading
path, ¢;7-d:?, is lower than that in the first unloading path, ¢;*"-d;*">. This
observation suggests the reduced stiffness of the connection as more
substantial concrete crushing occur during the repeated loading thereby
indicating further redﬁced moment capacity of the connection. The linear trend

line expression for Ky ; can be expressed as:
Ko, ==0.05u,+0.3 Equation 7.23

The expression for the segment ¢;>>-d; > can then be obtained by substituting

Ko, into Equation 7.17.

-Stage 3: The loading path in Stage 3 is directed towards a new cycle under
(#+1th loading amplitude. Figure 7.12 (c) shows a nonlinear segment and a
linear segment incorporated in the path starting from pofnt ei1™” to point
ai+1™'. Since this loading path is similar with that in Stage 1, the expressions
for both segments can be related to Equation 7.13 and Equation 7.14

respectively in which the input values of rotation and moment are updated
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accordingly. Before the turning point at gir1*", it is assumed that the loading
* path is similar to the last 1oading path under ith loading amplitude, especially
when the steel components Becomes the main source of deformability of the
connection. By computing the equations presented above related to three

stages, the overall hysteretic moment-rotation curve can be obtained.
7.5 Validation of proposed hysteretic moment-rotation model

The application of the analytical model described in sub-Section 7.42 to
compare the test hysteretic moment-rotation curves is presented in this section.
The numerical models for the specimens BBEC-8-8.8-50-LI (Test No.1) and
BBEC-8-10.9-50-LI (Test No.2) were selected to feature the connection
category I, while those for BBEC-5-8.8-50-LII (Test No.4) and BBEC-6.3-

8.8-25-L1II (Test No.6) were used to feature the connection category II.

The numerical hysteretic m.oment-rotatiorjn relationships are developed starting
from the envelope curves obtained from the calibrated finite element models
indicated in Chapter 5. The proposed analytical model in this chapter may also
- be regarded as a further supplement for the finite elemeﬁt analyses in which
the numerical moment-rotation envelope curves were compared with
experimental'curves (referring to sub-Section 6.3.4); However, it is noted that
'Fhe curves predicted by finite element models for the connection category 1]
are not able to allow for the descending branch. For this reason, the softening
stiffness Ksr was accounted for based on the test calibration parameters o for

specimehs of the connection category 11, as listed in Table 7.2.
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The overall hysteresis loops for the connection can be obtaiﬁed by computing
equations each time for foregoing three stages presented in Section 7.4. _The
points on the envelope curve were plotted with resp.ect to the controlled
. displacement increment applied during the inelastic phase of th‘e connection.
The mathematical expressions for the nonlinear segments of the moment-
rotation relationship were calculated using the test calibrated parameters

_ indicated in Table 7.2.

Table 7.2 Summary of test calibration parameters

Connection category Test calibration parameters
I ™ ) 0.3
11 7 1.0 Olsr(Test No4)  =0.040 Xe 0.20
N4 1.18 (!sfMNo‘G) -0.046

Figure 7.15 illustrates the test moment-rotation envelope curves and hysteresis
loops for the specimens of the connection category I, superimposed with
‘relevant results from numerical analysis and proposed model prediction. As
can be seen graphically, the predicted hysteretic moment-rotation relationship
from numerical analysis matches quite well with experimental curve except
for a slight difference in the vicinity of peak point of the excursion. This
discrepancy can be attributed to the difference in the envelope curves
predicted by finite element model described in sub-Section 6.3.4. It also can
be observed that the predicted hystereﬁc loops corresponding to the repeated
cycles of each loading amplitude indicate a good correlation with the test

curves,

274



Chapter 7: Joint hysteretic moment-rotation relationship modelling

200
E
=2
=
o L L 1 | 1
o
£-1p0 -80 -60 20 40 60 80 100
o
S Test hysteresis loops
———— Test envelope curve
Proposed model prediction
Numerical envelope curve
=200
R otation (mrad)
(a) Test specimen BBEC-8-8.8-50-LI
260
a
P
L
‘: L | 1 1 1
o
€ -1p0 -80 -60 20 40 60 80 100
O
= Test hysteresis loops
—--—- Test envelope curve
Proposed model prediction
------- Numerical envelope curve
=200

R otation (mrad)

(b) Test specimen BBEC-8-10.9-50-LI

Figure 7.15 Hysteretic moment-rotation experimental and numerical curves

for the connection category |

275



Chapter 7: Joint hysteretic moment-rotation relationship modelling

E
<
=
e
c
)
e-1 80 100
]
= Test hysteresis loops
—--—- Test envelope curve
150 F Proposed model prediction
------- Numerical envelope curve
=200
R otation (mrad)
(a) Test specimen BBEC-5-8.8-50-LII
200
AR Poiinl | egiiue Ul
£
2
=
+—
o
g -1p0 ) 20 40 60 80 100
= Test hysteresis loops
| =--=- Test envelope curve
-150 Proposed model prediction
------- Numerical envelope curve
=200

R otation (mrad)

(b) Test specimen BBEC-6.3-8.8-25-LII

Figure 7.16 Hysteretic moment-rotation experimental and numerical curves

for the connection category I1

276



Chapter 7: Joint hysteretic moment-rotation relationship modelling

Figure 7.16 presents the test envelopes and hysteretic moment-rotation
relationships for the specimens of the connection category II together with the
analytical predictions of the propbsed model. It can be seen that the analytical
models yield good predictions of the most range of the test hysteretic moment-
rotation relationship. In fact, the closely correlated envelope curve acts
beneficially in the good prediction of the test response. The obscrved slight
overestimation of the moment during the reloading segments may be attributed
to the local concrete behaviour induced nonlinearity which can not be well
represented by numerical models. Notwithstanding that, the comparison for
both specimens indicates that the hysteresis loops for loading, reloading, and

unloading of the connections can be taken into account in a suitable manner.
7.6 Concluding remarks

This chapter has provided a detailed discussion of approaches in the modelling
of hysteretic rﬁomen&rotation relationship of this innovative blind bolted
endplate connection to CFT column. The mathematical representations, which
are wi;iely used for analytical model and mechanical models, were applied in
this study to characterize the moment-rotation envelope curve of tfle
connection. It has been shown the efficiency of power and exponential
expressions in fitting the nonlinear test envelope curves using appropriate

parameters of plastic stiffness, k, and shape factor, ».

By introducing material models of steel & concrete, the hysteretié response of
the connection has been discussed from the viewpoint of constituent

components. As the joint cyclic behaviour may be greatly influenced by the

-

weakest component, the introduction of this part of understanding provided a
277



~ Chapter 7: Joint hysteretic moment-rotation relationship modelling

" useful basis for the further analysis of the overall joint behaviour under cyclic

loading.

More efforts have been concentrated on the development of hysteretic
moment-rotation models on the basis of the envelope curves from finite
clement modéls. The relatively simple mathematical functions were used to
characterize the loading, unloading and reloading segments of the hysteretic
moment-rotation cufves of the connection categories I and II. This contains the
power and exponential expressions for the nonlinear segments while the linear
functions for linear segments. The soﬂeniﬁg slope, linear segment slope, and
degradation of strength and energy dissipation have been allowed for in the
proposed models in relation to partial ductility ratios. A good correlation of
the test curves with those from proposed model was presented for the
hysteresis loops corresponding to the most ranges of first and repeated cycles '
of the loading history. Also, similar promising predictions of test hysteresis
loops could be achieved whilst the proposed model was established using
aforementioned power and exponential expressions instead of finite element

analysis for the basic envelope curve.

The model proposed in this study has its limitations. Further experimental
work needs to be performed to establish consistent methods in the evaluation
of test calibration parameters (7, s s M Xos asf, Ko, asd, Yed). As for the
repeated cycles, the bosition of dropped peak points of the curve was traced
experimentally which can be used to feature the strength degradation. Due to
limited numbers of repeated cycleé under each loading amplitude in the ECCS
loading procedure, the experimental study was not able to provide sufficient
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data to determine the locus of these points. A more accurate prediction of this
locus which incorporates stability limit may further improve the accuracy of

the proposed model, especially for the hysteresis loops under repeated loading -

cycles.

279



Chapter 8: Conclusions and future work

CHAPTER 8

CONCLUSIONS AND FUTURE WORK

This thesis has presented the results of a series of full scale joint tests in which
open section beams were connected to CFT columns through blind bolted
endplates. The connector adopted for these connections is an innovative blind
bolt called the Extended Hollobolt which is based on the Lindapter Hollobolt.
This chapter summarizes the key findings of this research programme
presented in this thesis. Recommendations and further worzk are outlined in

Section 8.2.

8.1 Conclusions from current research programme

Based upon the experimental and analytical investigations conducted, the

following conclusions and observations can be extracted from this research

programme: |

"« The full-scale quasi-static cyclic loading tests have shown two
representative failure modes: modes I and II. For failure mode 1, the bolt
shank fractured ultimately with limited CFT column face yielding. For
failure mode II, the CFT column face deformed in moderate flexible
manner with local damage of concrete infill and slight bolt pullout with
likely local crack in the sleevés. The former failure mode is associated
with the bolt as a relatively weak component; in contrast, the latter failure
mode .is referred to relatively strong bolt with tube face in flexible

deformation and excessive concrete crushing. As such,.the connections
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were classified as two categories corresponding to the faiiure modes
mentioned above. The material and geometric parameters, such as bolt
grade, tube wall thickness and concrete grade, were shown in this study to
have inﬂuence‘on the joint failure modes.

+ The experiméntal observation demonstrated that this innovative blind bolt

~ can be successfully applied in the bolted endplate connection§ to CFT
column subjected to cyclic loads. The tests on the blind bolted
connections have indicated that the additional anchorage part of the
Extended Hollobolt remains almost intact duri;lg the cyclic loading which
may proQide stable improvement of strength and stiffness of the
connection as long as the surrounded concrete maintains certain load
carrying capacity. This observation also implies the merit of this blind
bolted connection over some other blind bolts developed in Australia (i.e.,
the extensions welded to the Ajax One-side blind bolts) which posed
undesired weld fracture under cyclic loading as reported in the literature.

« The moment-rotation curve presented certain nonlinear characteristics at
very beginn‘ing of loading. The hysteresis loops for test sbecimens showed
obvious pinching. The connections, which were subjected to .loading
procedures with varying displacement increments, demonstrated different
shapes of hysteresis loops but almost enclosed by similar envelope curves.

« The connections failed in mode I (bolt shank fracture with limited CFT
column face yielding) have less ductility that those in failure mode 11, i.e.
approximately 28-32 mrad and 86-92 mrad for connection categories 1
and Il under negative loading respectively. Based on the ductility

requirements suggested by Eurocode 8 for dissipative semi-rigid (and/or)
' 281



Chapter 8: Conclusions and future work

partial strength connections and ductilify classification in accbmmodating
plastic hinge rotation, it is concluded that test connections in category I
can provide more than 25 mrad rotation required for the connectioﬁs in
frames of medium ductility class (DCM) with behaviour factor (q) greater
than 2.0. On the other-hand, the test connection in category II are more
~likely to have more than 35 mrad rotation required for the connections in
frames of h.igh ductility class (DCH).

« [t was evident that the bolt grade, tube wall thickness and concrete grade
have positive influences on the basic joint moment-rotation behaviours,
which are represented by initial stiffness, yield rotation & moment, and
maximum rotation & moment. For category II connections, the resistant
ratio and full ductility ratio showed more significant drops than those for
the connections of categoryll. As for energy dissipation, throughout all the
loading progress the category I connection demonstrated a dramatic drop
of energy dissipation ratio subsequent to the first cycle of each loading
amplitude, which suggests greater reduction of energy dissipation
capacity during the repeated cycles of each loading amplitude. In contrast,
a similar trend was shown th the beginning of the inelastic cycles for the
connections of category II, but this drop is reduced as the rbtations
increased.

« The damaée indices incorporated into a cumulative damage model
analysis have been found to provide an approximation of the damage
progression Qf the connection. The energy‘ based cumulative damage
index was noticed fo represent a more reasonable evaluation of the

observed progressive damage process of the connections. By introducing
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the general Park & Ang damage level classification, the hysteretic
progress of the connection was further analysed in terms of damage stages
which seemed to result in a good agreement with the test observations.

3D nonlinear finite element models that incorporate advanced modelling

technique have been demonstrated to adequately predict the moment-

rotation behaviour of this connection within the limitation of parameiers

chosen. The numerical predictions of bolt preload and strain distribution
of connection components showed good agreement with test data for two
connection categories. The stress distributions indicated that the bolt

shank in failure mode I is the primary part to carry the tension loads with

limited'plasticity spreading on the tube walls. On the other hand, the stress

distributions suggested the concrete strength and tube wall flexibility play

~an important role in failure mode II. Through a parameter variation

analysis, a comparison and discussion is made for the moment-rotation

“envelope curves of a limited range of tube wall thickness and concrete

strength. These results showed that By increasing the tube wall thickness
from Smm to 8mm, the negative moment capacity is enhanced by 38.2%
for the connéctions with C25 concrete gréde while by 22.4% and by 8.2%
for the connections with concrete grades of C40 and C50 respectively.

A hysteretic.moment-rotation model, incorporating power and exponential
expressiqns to define the loading, unloading and reloading segments of
the hysteresis loops, has been develdped. It has been shown that the
softening slope, linear segment slope, and degradation of; strength and
energy dissipation can be allpwéd for by introducing test calibration

parameters (11, M, M, M Xeo @6, Koi, @sd, Yed) in relation with partial
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ductility ratio. The accuracy of the model has been demonstrated to be
reasonable for specimens in the cor.mection categories I and II. |

« The conclusions of this study reported herein indicate that the objectives
of this research have been satisfied primarily in terms of experimental
study based evaluation, finite element modelling and hysteretic moment-
rotation model study. The understanding of the progressive damage
evolution of these Extended-Hollobolt endplate connections, which
mainly relate to the blind bolt and CFT column, provides a basis for
further evaluating a range of such connections subjected to cyclic loading.
Moreover, incorporated with the contribution of beam endplate, the
developed hysteretic model for the hysteretic moment-rotation response of
the connection could be further applicable for the seismic performance
assessment of steel frémcs, where the semi-rigid connections are ‘
constituent part of the dissipative system. Additionally, for this type of
connection with over-strength beam andlcndplate the ductile performance
could be improved whilst relatively thin tube wall and/or weak concrete

infill (e.g. less than 6.3mm and/or C40 in this study) are used.
‘8.2 Recommendations and future work

The work conducted in this program is based on the full scale experimental
investigation_and finite element analysis of the joint pe:.'formance. Some
additional items are recommended to further develop the understanding of the
~ hysteretic behaviour of this innovative blind bolted endplate connection to

CFT columns.
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o Further investigation of the hysteretic moment-rotation response‘of the
connection with varying anchorage condition of the blind bolts. The
connections studied in this research project were based on the blind bolts

- of the same geometric configuration with the bolt shaﬁk length of 150mm.

| If the biind bolts are perfectly anchored (i.e. capable of developing the full
bolt tensile resistance), it is supposed that the bol.t shank will ultimately
fracture correspondi.ng to the failure mode I. In this case, furthér

- improvement of bol.t anchorage capacity has little effect on the further
increasing the strength and ductility of the ;:onnection. Conversely, the
reduction and gradual loss ‘of anchorage may lead to some other
components instead of the blind bolts to achieve vultimyate capacity; This
has already been demonétrated by the different failure modes of
specimens BBEC-6.3-8.8-25-LII and BBEC-6.3-8.8-50-LII with thé
change of the failure mode ‘when the bolt anchorage was weaken by
reducing the strength of the concrete infill. More material and geometric
parameters of the blind bolt and SHS section can be cons'iden;ed in tl{e
further study to improve the understanding of the cyclic behaviour of the
connections, such as the bond condition between anchored bolt and
concrete infill.

" Additioﬁal tests with varying loading procedure. An important area to
consider is the consgcutive failure mode of the ‘cohneétions under a given
loading amplitude leve!. This failure mode is unicjue as it appears to be

- related to the normal ultimate capacity as well as low cycle fatigué of the
connection components. Sﬁch oﬁsewation was made in the tests of this

study mainly for the specimens in failure mode II with significant strengtl{
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degradation during the repeated loading cycles. This evidence was
considered in the proposed hysteretic momeﬁt-rotation models és
indicated in Chapter 6, however, the ECCS procedure for the tests only
allows three cycles (i.e., two repeated cycles following the first -cycle) at
each loading amplitude which provide very limited data for this part of
sfudy. It is therefore recommended to apply 'a modified ioading procedure
for future tests to reduce the numbers of the amplitude levels but
incorporates more cycles at each amplitude. The test using the suggested
modified procedure may clarify the locus of decreased peak points
referring to the repeated loading cycles which will in turn lead to a greater
“understanding and improvement of the proposed hysteretic models.

» Further full scale joint testing. The endplate thickness in the study was
adopted as 25mm to exclude t'he endplate flexure for all test specimens, If
thinner endplate is used, subsequent reference to Eurocode 3 can be taken
in normal joint design to determine the flexure strength and stiffness of
the endplate in relation with the corﬁponent method as indicated in F igure
7.8. On tﬂe other hand, the endplate flexure will be added as a dissipative
component into the joint hysteretic moment-rotation behaviour. A
counterpart experimental study is needed to provide some insights of the
impro&ement of energy dissipation capacity of such joint configuration. A
further test programme can also be extended to tﬁe more complex issues
of cruciform blind bolted connections and composite connections with
concrete slabs. These issues have been investigated in the literature for the
connections with open section beams welded to tubular columns. The

introduction of this innovative blind bolt into those connections will
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provide useful data for its further application in the steelwork frame
system. Based on such future test data, further development of the joint
hysferetic models would also be required for the joint configurations
ment.ioned above.

« Application of numerical modelling. The tensile behaviouf of this
innovative blind bolt was previously determined numerically based on the
T-stub assembly model befére the starting of this research programme. It
demonstrated the good application of finite element model as a éost
effective way of investigating the load transfer mechanism and related
joint response based on a parametric study. In contrast, the computational
cost and convergence problem were highlighted for the joint model in the
finite element analysis due to the consideration of complicated joint
configuration as well as the incorporation of concrete model. For this .
reason, the finite element models would also be restricted for small range
parametric study espec>ially when some more compbnents were introduced
into this connection system. It is th_erefore recommended that a further
development of the finite element model§ uéing improved material models

-~ and advanced modelling techniques so as to accurately simulate the
moment-rotation hysteresis loops of the connection in a more efficient

manner.
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Appendix A rotation measurements in reported cyclic loading tests

APPENDIX A Rotation measurements in reported cyclic loading tests

- Test description

Joint rotation measurements

The column stub was rigidly fixed to the
testing frame. The deflection at the tips
of the beams at first beam yielding were
calculated by assuming that the
connecting were fully rigid

Dividing deflection at the tips of the beams by the corresponding beam length

Similar test rig with Korol (1990)

Column flange rotations were recorded for the un-stiffened connection. If these
rotations are multiplied by the cantilever length and then a subtraction made from the
overall displacement, the resulting displacements are due to a combination of bolt
extension and beam & endplate deformations. By recording the rotations of the end-
plate relative to the column and multiplying them by the cantilever length, the
contribution of the end-plate rotation and bolt extension was determined. What
remains will be the elastic and inelastic beam rotation, which could then be separated.

Similar test rig with Korol (1990)

The joint rotation was mainly contributed by beam rotation. The beam rotations were
determined by dividing the cantilever end deflections by the cantilever beam length
excluding the elastic effects of beam and column deformations.

Similar test rig with Korol (1990)

The joint rotation was mainly contributed by beam rotation. The beam-tip yield
displacement is defined as the beam-tip displacement corresponding to the expected
beam-tip load which would cause initial yielding in the un-stiffened beam.

Reference Connection types
Extended endplate
Korol (1990) A490, 25mm diameter
bolt
Ghobarah Extended n:a.v_ua
A490, 25mm diameter
(1990) bolt
. Extended endplate
Tsai (1991) A325 bolt
‘ Extended endplate
Z.oﬁma (1993) ~ HSBB fastener
. o Extended endplate
Dunai (1996)  sppR 80/105 bolt

The test concentrates only on the
connection zone rather than joint region.

The endplate deformation and the rotation components of the connection are measured
by relative displacement measurement devices. The relative displacements are
measured between the pertinent points on the edges of the two end-plates.
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Appendix A rotation measurements in reported cyclic loading tests

Table in Appendix A continues

Flush endplate

The column stub was rigidly fixed to the
testing frame. The deflection at the tips
of the beams at first beam yielding were
calculated by assuming that the
connecting were fully rigid

Dividing deflection at the tips of the beams by the corresponding beam length

The one batch of the tested samples
were - designed  with - endplate
significantly weaker than the beam &
column and the other were developed to
account for plastic moment capacity of
the beam. The frames were chosen as
horizontal and vertical loading types.

The test results are presented based on the beam end moment versus endplate
rotation. The endplate rotation was obtained by subtracting the beam end
rotation from the column panel zone rotation.

Bernuzzi Extended endplate in one/ both
(199) . . sides
Extended endplate
Adey (2000) A325/A490 bolt
) Extended endplate
Yorgun (2001) 16mm diameter & 10.9 grade
' bolt

The thickness of the panel zone was
selected much larger than that of the
column web to minimize deformation in
the panel zone of the column

The connection rotation was determined by dividing the cantilever beam tip
deflection by the cantilever beam length.

: Extended endplate in one side
Sumner (2001)  32mm diameter bolt (ASTM
A490 or ASTM A325)

The reported tests were designed with
strong endplate and connecting beam
failure. The instrumentation was
installed to measure the applied beam
rotation and endplate separation.

The total joint rotation is found by dividing the deflection achieved in the last
completed cycle by the distance from the load point to the face of the
connection, and subtracting the measured rotation of the test column and the
measured rigid body motion of the load frame. It is also clear that the primary
source of inelastic rotation was the connecting beam.
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Table in Appendix A continues

Anti-symmetrical loading case:

Ja? +b*(8,-5,)

\ =
Panel zone rotation: 2ab .
s Os—8c . 6,-0
The inelastic deformations were designed to gl =t g o ]
Extended endplate in two side  occur in the panel zone, connection, or in the Oo::noz.o: rotation: b b
Dubina (2001) 20mm diameter & 10.9 grade = beam. All the moment and rotation were . .8, =7+,
bolt considered at the column face for all Total joint rotation: ~ /-
. configurations. : Symmetrical loading case:
’ _1(s+s _PL, PL )
oL\ 2 6EI, 2G4, _
The last two terms accounts for the elastic rotation of the beam on the
length Ly,. \
Extended endplate16mm The test programs were performed on endplate The rotation is calculated referring the ‘joint reference section’ which is
Kovacs . P pe column-base joints to feature different failure  located at a distance equal to two times the column section height from
diameter bolt & 8.8 and J . 9 X
(2004) 10.9 grade co._ ¢ modes. The transducer measured the horizontal the endplate. : :

displacement of loading points.
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The rotation of the joint is given by following equation:
ﬁ?t: = QS-_ - ‘!o.—n_ - ﬁn_nu—.n

It can be obtained from several redundant measurements along the beam, corrected by deducting
the elastic rotation of the column and the beam and the rigid body rotations.

N ) Extended endplate24mm  The test includes six external g = tan” ﬂ%aag =%pn1s = Soris w =tan" ﬂ%u:_ ~Obriz
oguelro ° .
diameter & 8.8 grade double endplate joints with L, s
(2006 i . L \ (80rs=8prs )
] bolt varied column section. = tan™" Spri =Opr, +tan'| 2237 %prs
’ d 3 &.
: The rigid body rotation and the elastic rotation is given by:
(6,r5—8pre ) ( Fx*\ ML
b =tan~ | Zprs=01e 4t My T |/EI, +0.08898 —
d, 2 EI
Shi (2007)  Extended endplate20/24 Eight specimens of endplate  The joint rotation is taken including the shearing rotation and endplate mmv rotation. dy is the
. . . . . distance between the centrelines of the beam flanges. .
mm diameter & 8.8 and  joints with various details and A 5
. 10.9 grade bolt welded-plate columns and ﬁ.::.: = &:%_.s o
&\ &\
beams were tested. ’
Wang Flush endplateLindapter  Four cruciform shape endplate The connection rotations were determined by 50. difference between the measured beam end
(2009) Hollobolt joints to CFT column under rotations and the column rotations.

- symmetrical cyclic loading
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Appendix A rotation measurements in reported cyclic loading tests

i rotatiom of flange line

7 = T\ #ctual deforsmatlion
relative displacement % of end-plate edge
weasuring device

Dunai, 1996

tw
[column frees — |
S g . S% i B
= !
beam m\3 { - |
. > &H PE 380 93
| |
w/ 4 | i | et “
» g pT2 =
[ 8 L - s
1 2
Dubina, 2001

Figure A1 Illustration of rotation measurements in reports

Nogueiro, 2006
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Appendix B

APPENDIX B Bolt shank tensile test

Bolt shank length: 150mm
Bolt size: M16(Gr 8.8), M16(Gr 10.9)
Test machine: Zwick/Roell 1484 computer controlled universal test machine

Load cell: 200kN
Related codes: BS 5950-1 (2000), BS EN 10210-2 (1997) and BS 4-1 (1993)

Figure B1 Test set-up Figure B2 Bolt shank fracture after test

1000

800

Stress(N/mm?2)

400 M16(Gr 8.8)
—— MI16(Gr 10.9)
200 = —
0
0 0.03 0.06 0.09 0.12 0.15

Strain(mm/mm)

Figure B3 Calculated stress-strain curve of bolt shank
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Appendix C General yield and failure criteria for finite element analysis

APPENDIX C General yield and failure criteria for finite

element analysis

In general, tﬁe plasticity theory to predict the inelastic behaviour of metals
consists of three main concépts: a yield criterion (predicting the onset of
material inelastic response), a plastic flow rule (correlating the plastic strain
increments to stress increments under inelastic loading) and a hardening rule
(describing the changes of the yie‘ld surface due to plastic strains). Aithough
the brittle material is often known for different physical properties, the metal
plasticity theory based approaches ére often used to model irreversible damage
under lc;ads exceeding the elastic li'mit. The following subsection presents a
brief summary of theoretical basis in ANSYS related to the-material yieid and

failure criteria for finite element analysis.

The material yield criteria have been well documented in most solid
m¢chanics books (Kazimi et al, 1982; Chen et al, 1988). An emphasis l;erein
is given to the von Mises criterion and Drucker-Prager criterion. In the case of
multi-axial loading" condition, the material yielding is induced by the
combination of the stress components, including the hydrostatic pressure and
the deviatoric stress. Assuming the yield is independent of: the hydrostatic
préssure and the solid is isotropic, yield only depénd on the second invariants

of the deviatoric stress tensor, J;, which can be expressed in terms of the

principal stresses (o1, 02, 03) as:

Jy==l(6,-06,) +(0,-6,)" +(0,-0,)"] Equation C1

O\ | —

or in terms of the stress tensor components (o, Gy, G5, Txys Txz» Tzy) aS:
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Appendix C General yield and failure criteria for finite element analysis

Jy==lo,~0,) +(0,-0,) +(0,-0,)]+1] +11 + . Equation C2

As physical interpretation of the von Mises yield criterion, the yielding begins
- when the elastic energy of distortion reaches a critical value (Hencky, 1924)
and the octahedral shear stress reaches a (;ritical value (Nadai, 1937),
corrésponding to the maximum distortion strain energy criterion and the
maximtim octahedral shear stress criterion respectively. The yield equation for

the von Mises condition can be expressed in a simple form as:
fUD=J,-k=0 » Equation C3

where, & is a critical value of the octahedral shear stress, which can be defined
as 3% times lower than the yield stress, o, from uni-axial tension test. The

von Mises yield condition can be expressed in a concise manner as follows:

(6,-0,) +(a,-0,) +(0,-0,) =20] Equation C4
or
(6,-0,) +(0,-0,) +(c,-0,) +6(t] +1} +12)= 20" Equation C5

The use of von Mises yield criteri; has been extended to the study of concrete
under compressive stresses. As discussed in the book by Chen et al (1988), the
von Mises yield criteria based one-parameter models are generally used in
early finite element analyses. Due to ;'elatively weak teﬁsile capacity of
concrete, the criteria are usually supplemented by the maximum principal
stress surface or tension cut-off surface. The typical yield surface of von Mises

yield criteria is shown in Figure C1.’
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g,

Von Mises hardening Von Mises initial
yield surface »~yield surface

N\ o,

\

Drucker-Prager
yield surface

a,

Figure C1 Yield surfaces of von Mises and Drucker-Prager criterion

The Drucker-Prager criterion was developed through a simple modification of
the von Mises yield criteria, in which a hydrostatic stress component on failure
is considered (Chen et al. 1988). This criterion is also known as one of the
simplest types of two-parameter pressure-dependent models. This criterion has
a good application for concrete. The function of the Drucker-Prager criterion

is given as:

STy =al +\J7, -k =0 Equation C6

where, 7 is the second invariants of the deviatoric stress tensor, which can be
expressed as ‘ojtoyto;’. To feature the outer bound on the Mohr-Coulomb

failure surface, the constants, o, and k., can be expressed as:

2sing .
Q, = —pE———— Equation C7
4 \/;(3—sin ) :
6
il Equation C8

g itk S
* J3(3-sing)

where, ¢ and ¢ are the angle of internal friction and cohesion respectively.
Lubliner er al. (1989) suggested ¢ as 32° and ¢ as between 2.8 N/mm? to 3.6
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Appendix C General yield and failure criteria for finite element analysis

N/mm? for concrete. A comparison of yield surfaces of Drucker-Prager

criterion with von Mises criterion is indicated in Figure C1.

- The plastic flow rule provides a method to describe the plastic strain to stress
increments beyond yielding. The plastic flow equations can be derived by
differentiating the yield function with respect to stress. This relationship was
used by von Mises for fhe devélopment of plastic stress-strain relations for
metal (Chen ef al. 1988). In ANSYS, the flow rule is given in a simple foﬁn,
in which the plastic strain increment tensor {d£”'} can be expressed as:

{ds." }=4 {g%} Equation C9
where, A is the plastic multiplier which defines the amount of plastic straining,
Q is the function of stress termed the plastic potential which determines the

direction of plastic straining.

The hardening rule describes the changes of sizé and shabe of the yield surface '
with progressive yielding. The most widely used rules include those of
isofropic hardening, kinc;matig hardening, and a combination of both (Chen e¢
al, 1988). The material definition in ANSYS includes the isotropic hardening,
and the kinematic hardening r_ﬁle. For the isotropic hardening rule, the yield
surface expands in size which implies an increase for the tension yield stress
the same as that for compressive yield stress, as shown in Figure C2. Thus, the
isotropic hardening rule ignores the Bauschinger effect, which is described by
the fact that metals subjected to an unloading followed by a reloading will
exhibit lower yield stress than the original yield stress. The input command

‘TB, MISO’ is used in‘ANSYS to allow for the von Mises yield criteria with
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Appendix C General yield and failure criteria for finite element analysis

associated flow rule and multilinear isotropic hardening rule. The function of
the amount of plastic work done can be determined from the equivalent plastic
strain, €”, and the uniaxial stress-strain curve as shown in Figure C4 (a). For
kinematic hardening rule, the yield surface remains unchanged in size and
translates in stress space, as shown in Figure C3. Thus, the Bauschinger effect
is taken into account by the kinematic hardening rule. The input command
“TB, KINH’ is used in ANSYS to allow the von Mises yield criteria with the
associated flow rule and multilinear kinematic hardening rule. An assumption
is made for the material behaviour composed of various subvolumes. All
subvolumes are subjected to the same total strain whereas each subvolume
exhibits different yield strengths. The portion of total volume and yield stress
for each subvolume is obtained by matching the material response to the
uniaxial stress-strain curve, as shown in Figure C4 (b). The kinematic
hardening rule was adopted in the material definition of steel to allow for the

structure subjected to cyclic loading.

Subsequent yield surface

T

_Initial yield surface

Figure C2 Subsequent yield surfaces for isotropic hardening material
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_Initial yield surface
»

Subsequent
/yield surface\
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(a) Multilinear isotropic hardening
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(b) Multilinear kinematic hardening

Figure C4 lllustration of stress-strain curves for the determination of

hardening rule in ANSYS (ANSYS@Academic Research, 2009)

317



Appendix D Cyclic material models of steel and concrete

APPENDIX D Cyclic material models of steel and concrete

D1. Material cyclic model of steel

The kinematic hardening model and yield criteria of steel was briefly
introduced in sub-Section 6.2.2, the representative stress-strain relationship is
described here based on an idealized hysteresis loop with tension and

compression excursions as a basis for the cyclic models for connection

components.

»

As shown in D1, unloading and reloading are along a straight line oa or oa
for the strain less or equal to the yield strain (es éy). Thereafter, the strain
hardening is assumed during the line range of ab or a’c’ (e>¢y). By-translating
this line to cross the origin of the axis to form a new line_od or d'o, the
residual stress (¢y) and strain (¢r) can be obtained at the intersection of this
line and related unloading branch (point d or d’). Based on the linear

relationship, o ; can be written as:
o,=4,,Ez¢, _ : Equation DI
where, ‘E; is the modulus of elasticity of steel, Ay the strain hardening

cocfficient for hardening modulus, oy and €, the yield stress and

corresponding strain respectively.

Besides the previously mentioned Bauschinger effect, the Massing’s
hypothesis is also taken into account in this kinematic hardening stress-strain

relationship as:
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Appendix D Cyclic material models of steel and concrete

’a:|+ |o"v| =20, Equation D2

where, ¢’y and ¢y are the yield stresses for tension and compression loading

respectively.

oA
b
a
b oy ] /\s.hEs
A
t *
oy o, d
A Eg
¥ =¥ -
O *
: &y Er £

Figure D1 Representative kinematic hardening stress-strain relationship of
steel (De Stefano et al, 1994)

Unloading prior to o e.g., line bd, the stress-strain relationship is linear and
reversible. Given the loading in positive and negative directions, this

relationship can be expressed in absolute values form with reloading branch as:

|0' . G:' =E, ‘5 - gl when |g - el <eg, Equation D3

Likewise, the line beyond the yield point can be expressed using points d and
d’ as reference. The hardening modulus is introduced herein with A}, and the

corresponding relationship in this range can be expressed as:
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lo- - arl =0o,+4,,E, Ie -, - syl when le ~-&, | >, Equation D4

Although an idealized hysteresis loop can be expressed by concise expressions
above, its further application may be subjected to change according to the

structure details and loading pattern, which will be discussed later. '
D2. Material cyclic model of concrete

Concrete infill piays an important role in the rotation behaviour of the joint
system §ubjected to cyclic loading. Through the anchorage and bond
interaction between the concrete and the blind bolt, the tensile force from the
blind bolt is transferred to the concrete which implies that the concrete is
locaily compressed. D2 illustrates this concrete compression with respect to
two cases of joint rotation. In the case‘ of small joint rotation, the axial tensile |
force is developed in the blind bolts. The bolt anchorage arises from the
anchor nut initially bearing against the associated concrete. As for the
~ compression zone, the tube is assumed to supply sufficient resistance for the

compression of the connection.

Whilst large joint rotation takes‘ place, the tube connecting face deforms and
ti1e blind bolts inevitably undergo certain rotation in combination with the
axial loading. An assumption is made that the concrete infill in contact with
the anchor nut and bolt shank is in compression. This effect resists against the
separation of these components from concrete infill as the connection is
subjected to external loads. The tube in the compressfon zone is assumed to

deform locally which, in turn, compresses the concrete. The compression area
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Appendix D Cyclic material models of steel and concrete

can also be considered with force transferring via a | to 1 dispersion though

the stiff endplate to the tube connecting face.

Initial bearing Back bearing

Front compression

Stiff compression

Nen

(a) Small joint rotation case (b) Large joint rotation case

Figure D2 Assumed concrete compression with joint rotation

The cyclic stress-strain model of concrete has been investigated by many
researchers (Sinha ef al, 1964; Karsan & Jirsa, 1969; Blakeley & Park, 1973;
Yankelevsky & Reinhardt, 1987; Mander er al, 1988; Bahn & Hsu, 1998;
Sima & Climent-Molins, 2008). It was felt that the general knowledge of
loading and unloading relationships of these models could be extended in this
study to allow for the contribution of the concrete to the response of the

connection.

Based on the uniaxial reversed-cyclic loading tests, simplifications have been
made in early concrete models to use similar monotonic stress-strain curves
for envelope curves. As shown in D3, the experimental curve reported by
Sinha et al (1964) illustrates the locus of common points which control the
concrete degradation under loading cycles. There are two limits related to
common points. The reloading portion of any cycle crosses the unloading

portion may be defined as a stability limit. As the loads increase above this
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limit and peak stress maintained between cycles, further permanent stain fnay
accumulate. On the other hand, the maximum stress at which a reloading curve
intersect the original unloading curve may be taken as common limit. With -
thesé two limits, the common point can be adjusted with regard to the
envelope curve to control the cycle numbers leading to failure. Besides these
common points, Darwin & Pecknold (1977) suggested the locus of turning
pdint.s which control th¢ energy disgi;;ation, i.e.,‘ the lower the turning point,

- the greater the energy dissipated at a cycle.

A simplified concrete model proposed by Blakeley & Park (1973) is adopted
here to form the hysteretic stress-strain curve. \As shown in D3, all the loading
and unloading branches are plotted by a series of straight lines. If the
maximum concrete strain, ¢, is less than strain corresponding to peak stress -
("), &, then the unloading and reloading is assumed to take place in linear
relationship with a slope equal th> the modulus of elasticity, E (e.g., straight
line ed). This also means that no stiffness deterioration and energy dissipation.
The tensile loading is incorporated in this curve from point d to point fif there
is ﬁo presence of concrete crack, otherwise, the stress will return to point d

before a new cycle for compression.

If £ is greater than g, consecutive stiffness deterioration and energy
dissipation is accounted for by the introduction of the reduction factor, Ay

varying from 0.1 to 0.8 as:

0.7(z,, - .
2,=08-20Cm "5 g Equation D5

820: - 6.a
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where, &, and &y, are the unloading strain on the envelope curve and the

strain at which stress drops to 0.2 £.', respectively.

o (N/mm?)
Y * 30 Common point
20 " 7./ Turning
0 / 4 ‘m.-\'"‘f,/ |
0.002 0.004 0.006 0.008
Py a(&of:") £ (mm/mm)
e Typical experimental curve
,0,
..g(gcml em1) (Sinha et al, 1964)
i 4
i/ |
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Figure D3 Representative stress-strain relationship for cyclic behaviour of

concrete (Blakeley & Park, 1973)

The unloading branch is idealized as a bilinear path. From the point on the
envelope curve such as point g, it is assumed that 50% stress (i.e., 0.50y) is
reduced to the point # without decrease of strain. The subsequent path extends
with a'slope of 0.5An E, to point k which is determined graphically. Likewise,
if the concrete has not cracked, the tensile stress may develop to point / with a
slope of E. The reloading is assumed to follow the path kg with slope AgE,
back to the envelope curve. The case of the reloading occurring prior to
unloading attaining zero stress is permitted by following the path of ij instead
of kh, and the overall path is ghij. This relationship continues until the

concrete stress drops to 0.2, i.e., point b. Although this relationship is simple
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in expression, its good applicability not only for concrete but also for the case
with adding effect of steel or reinforcement which was also reported in the

literature.
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