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Abstract

It was reported that the beam-column connection in steel buildings acts as one of the weakest
parts in moment resisting steel framed structures during past catastrophic seismic event such
as Northnidge (1994) and Kobe (1995) earthquakes. The failure of beam-column connections
is the reason for the poor behaviour of welded steel frame constructions in different parts of
the world during earthquakes It was observed that the external connections expenienced more
damage than the interior connections during earthquakes. The failure of beam-column
connections during earthquakes prompted new interest to improve the seismic behaviour of
moment resisting frames Large number of studies were conducted on the beam-column
connections to improve the strength. energy dissipation capacity and ductility since 1994,
Engineers observed that column flanges in steel buildings were ruptured. welds were fractured
and there was imperfect plastic hinge development in the beam-column joint region particularly
during Northridge earthquake. Ideally, 1t 15 expected that plastic hinge will form in beam only.
But it was observed that plastic hinge formed in panel zones, joints and sometimes in column
also. These incidents established that there are needs for improvement of seismic performance
of connections to ensure adequate strength. energy dissipation capacity and ductility. Several
conventional methods of strengthening the beam-column connection were tried. But, these
conventional methods had many problems. However, these difficulties and problems could be
minimized by introducing reduced beam section (RBS). Hence_ recent research efforts were
focused on the use of RBS for improving the seismic performance of moment resisting frames
(MEFs).

Moment resistant frame connection, comprising of concrete-filled tube (CFT) column and
steel-J beam, has been widely studied. This type of frame gained popularity in construction of
multi-storeyved buildings over the last two decades. CFTs combine the advantages of both steel
tubes and concrete. The confinement provided by the steel tube removes the need for formwork
during construction, and the concrete lowers susceptibality of local tube wall buckhing.
Broadly RBS are classified in two categories: (7) shaved cut EBS (i) drilled cut EBS. Shaved
cut EBS has been one of the primary research areas after the Northridge earthquake. Large
numbers of research works have been carnied out on two different tvpes of shaved cut RBS: (i)
radws cut RBS (i) constant cut RB5. Studies on shaved cut RBS established that radius cut
EBS 1s efficient as compared to constant cut RBS. Radius cut RBS connection has large energy
dissipation capacity and ductilitv as compared to the other EBS. But. it was also reported that
higher out-of-plane deformation (twist) of the beam was observed in case of radius cut EBS.
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Steel beam-CFT connection are critical elements of frames because this element ensures all
components work together. Many connections types were studied to connect steel beam to CFT
column. Bolted steel beam-CFT connection was found to have potential of providing high
energy dissipation capacity, ductility and higher load-carrying capacity. In this study, seismic
performance of RBS-CFT connection with bidirectional bolts was evaluated.

Material properties of beam, CFT, bolts were evaluated using steel coupon tests. M30 grades
of concrete was used to fill the CFT. Four different types of RBS-CFT connection with
bidirectional bolts were designed based on guidelines reported in literatures. The proper design
procedures were followed to design the each of the RBSs. In this study, one new type of shaved
cut RBS designated as F-cut RBS is designed. The new RBS are developed with the following
objectives: (i) reduction of out of plane deformation, (7f) enhancement of energy dissipation
capacity and ductility. The seismic performance of [F-cut BEBES-CFT connection with
bidirectional bolts is evaluated and compared with conventional rads-cut EBS and drilled cut
RBS-CFT connections.

In this study, all the EBS-CFT connection with bidirectional bolts were subjected to
displacement controlled cyclic loading. Total six numbers of geometrically scaled EBS-CFT
connection were tested. Two types of strain sensors were used to record the strain value 1n the
EBS zone and panel zone of RBS5-CFT connections. Strains were measured in multiple
locations in the flanges of RBS zones to record the strain distributions. One inclinometer was
used to measure the rotation of the beam. Servo hydraulic dynamics actuators (Make: MTS,
USA, Model 244 31) are used to apply cyclic loads to the specimens Duning testing, a
hydraulic jack was used to maintain a constant axial load on the column to simulate gravity
loading. To avoid the accidental out of plane deformation, two specifically constructed vertical
posts were placed on either side of the test specimen The loading history was chosen in
accordance with the ATISC 341-10 and SAC/BD-97/02 standards.

Fecorded data was used to study hysteretic behaviour, envelope curve, stiffness degradation,
energy dissipation capacity, strain distribution. ductility for shaved cut connections first. In
terms of the above-mentioned parameters, seismic performance of RB5-CFT connections were
analvsed to arrive at the important inferences. It was observed that F-cut RBS had higher
ductility and energy dissipating capacity as compared to the radius cut RBS.

Similarly, recorded data also was vsed to study hysteretic behaviour, envelope curve, energy
dissipation capacity, strain distribution, ductility for two tvpes of the drilled cut connection. Tt
was observed that varied drilled cut (FD-cut) RBS had higher energy dissipation capacity and
stiffness as compared to constant drilled cut (CD-cut) RBS.
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Nonlinear finite element analvsis of EBS-CFT connections with bidirectional bolts was
performed using the general-purpose software ABAQUS (v 6.6-1, 2006) and Openbees
(v.17.7.3, 2006). The failure patterns of the connections were obtained by the ABAQUS
software. Force vs. displacement behaviour under increasing monotonic load were simulated
for the all the connections which were then compared with those obtained from the
experimental study. A simplified numerical model was proposed 1n OpenSees platform for
simulation hysteresis loops which were then validated by comparing with those obtained from
the experimental study.

Fragility function are useful tools for post-earthquake damage assessment. Developing the
fragility functions of RBS-CFT connections from experimental studies are considered to be the
most reliable one among the different approaches. However, studies on development of
fragility functions of semi-rigid connection from experimental data was limited, since such
experiments involve time, infrastructures and large investment An attempt was made to
develop expenimental fragility functions in the present study considering two damage states.
From this study, it was evident that adopted design of RBS-CFET connections satisfied strong
column-weak beam concept as no damage was observed in panel zone or CFT during the
experimental study. Semi-nigid nature of these connections ensured overall ductile behaviour
of the connections. All of the connections fulfilled requirement for special moment resistant
frames as per the recommendation of AISC (2016) by achieving the 0.04 rad minimum
rotational capacity. Thus, 1t 15 established that RBS-CFT connections with bidirectional bolts
would be effective in improving seismic performance of steel framed building in seismically

active regions.
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Abbreviations

MEFs: Moment resisting frames
EBS: Feduced beam section
UTM: Universal testing machine
CET: Concrete filled tube
SCWE: Strong column-weak beam

DEBS: Double reduced beam section
HSFG: High strength friction grip

LVDT: Linear variable displacement transducer
SHS: structural Hollow Section
CP: Concentrated plasticity
EDP: Engineering Demand Parameter
EEP: Extended End Plate
FEMA: Federal Emergency Management Agency
IDE.: Inter-story drift ratio
C3DBR:  Continuum 3-dimensional eight noded brick elements with reduced integration
C3Da: Continuum 3-dimensional six noded linear prism elements
RI: Fupture Index
L5: Life Safety
RE: Reference point
GOEF- Goodness-of-fit
MEE- Moment Resisting Frame
NLTH: Non-Linear Time History
NPE: Narrow Parallel Flange Beam
OREF: Ordinary Moment resisting Frame
PEEG): Equivalent plastic strain
EBS: Reduced Beam Section
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SHS: Square Hollow Section
SME- special Moment resisting Frame
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1.1 Background

Moment resisting frames (MRFs) are one of the oldest structural forms and used in seismically
active regions for many decades. MRF: have been popular among engineers for mamnly two
reasons i) highly ductile structural forms i) good space versatility. In these MRFs, beams are
rigidly connected to the columns by welding as shown in Fig. 1.1 Before 1994, welded flange,
welded web connections were the most general types of connection used in MEFs. These frames
resist the lateral loads effect in form of shear force and bending moment in the frame elements and
connections. The lateral stiffness of the entire MREFs depends on flexural ngidity of beam and
column [1]. But, in the Northridge earthquake (1994 many of the MRFs were damaged. Exactly

Fig. 1.1: Steel moment resisting frame [1]

1
TH-2899 166104029



a vear later, the Kobe earthquake (1993) confirmed the similar shortcomings in steel MEFs.
Observations after the earthquakes in Northridge (1994) and Kobe (1993) revealed that welded
MRF suffered brittle fractures. Northridee Earthquake resulted different tvpes of fractures in
welded moment connections. Fig. 1.2{a) showed a typical fracture failure in welded MRF
connection designed prior to 1994, The most commonly fractures were initiated 1n the beam flange
and extended to the column web and flange Fig. 1.2(b) showed the typical fracture paths of pre-
Northridge connections [2].
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These two seismic events drew global attention towards further research to upgrade the seismic
behaviour of steel MRFs. Many modifications in design procedures and its connection types were
started thersafter Reduced beam section (RBS) is one of the such modification in the beam-
column connections. Large volume of experimental studies on this RBS-column connection was

performed to improve the seismic performance of MRFs after the Northridge earthquake (1994)
[3]-

1.2 RBS-column connection

EBS-column connection 13 among one of the most widely studied steel connections developed

after the Northridge (1994) and the Kobe (1993) earthquakes. In this type of connection, a portion

2
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of the beam flange 15 shaved or drilled, depending upon the type of EBS_ at a small distance away
from the beam-column interface as shown in Fig. 1.3 Reduction of beam flange width makes this
zone weakest in the connection and hence, forces the formation of plastic hinge in the beam away
from the joint region [4]. Reduction of beam flange width was achieved by shaving the flanges or
drilling holes in the flanges. The idea of shaving the beam flanges to improve the seismic
performance of steel connections was first proposed by Plumier [5]. The experimental study on
EBS connection was first carned out by Chen and veh [6]. The results confirmed that RBS
connection significantly enhance the ductility and energv dissipation capacity as compared to

conventional beam-column connections.
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Fig. 1.3: Typical geometry of radius-cut RBS Fig. 1.4 Design principle of RBS

In an electrical circuit, a fuse has been used as a safety device that operates to provide overcurrent
protection of an electrical circuit. Similarly, the RBS acts as a fuse for steel MEFs. The steep
moment gradient in the beam under an earthquake excitation usually induce high level of stress
concentration at the interface between the beam flange and column. The reduction in cross
sectional area in beam would reduce its moment capacity at a discrete location to avoid high stress

concentration in the panel zone and column.
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It was found that by shaving or drilling of the beam flanges near beam-column connections, the
moment capacity of the beam can be reduced as shown in Fig 1 4. By this mechanism the provided
motment capacity is equal to or slightly less than that of the demand value. Thus, an enlarged plastic
hinge could be formed in the pre-defined location in the beam [7].

Reduced beam sections (EBS) are broadly classified into two categories: (i) shaved cut and (i)
drilled cut [6]. These two categones of EBS were primanly studied for enhancement of seismic
performance of MRFs. Constant cut. radius cut EBS can be considered as shaved cut while
constant drilled cut (CD-cut) and varied dnlled cut (FD-cut) RBS comes under the second
category. Fig 1.5 showed the different tvpes of reduced beam section (EBS).

Fig. 1.5 Dufferent types of RBS (a) Radius cut (b) Constant-cut RBS (c) Constant drilled cut RBS
(d) Varied drilled cut RBS (&) F-cut RBS

1.3 Problem identification

Steel beam-column connections play very significant role in seismic behaviour of steel MEF.

Welded beam-column connection experienced huge damages due to poor energy dissipation

capacity and ductility. In almost all connections, steel beam was connected to [ or H-shaped steel

4
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column using various types of welding [B]. After the Northridge earthquake (1994, efforts were
made to design a new type of connection with large energy-dissipating capacity and ductility. The
primary objectives for the design of the new type connection were to improve energy dissipation

capacity and ductihity [9].

Extensive research focusing on the seismic behavior of the steel beam-CFT connections was
carried out i the last two decades. Steel beam-CFT connections can be broadly classified into
three categories. Welding was used to join steel beam to CFT columns in the first category. This
sort of connection offers high bearning capacity, stiffness, and energy dissipation. But this class of
connection were found to be more prone to brittle fatlure of the weld when subjected to additional
bending during earthquakes [10]. In the second connection category, one of the rigid moments
resisting connections, the steel beam passes through the column via opemings in the steel tube. Due
to the complexity in fabrication, this category of connection 1z not generally adopted for practical
implementation [11]. Third category of connection consists of bolted steel beam-CFT connection
which improve overall ductility of the frame and enhances ease of fabrication. Bolted beam-CFT
connection generally behaves as a semi-rigid connection. This class of connection facilitates
relatively simple and low-cost reparability in case of any damage following an earthquake [12-
15]. Bidirectional bolted steel beam-CFT connections were considered as a viable alternative due
to simple fabrication process, and easy field installation. Their seismic behaviour were extensively

studied both experimentally and numerically [16-17].

The most common types of shaved cut RBS with potential of field implementation are rads cut
EBS, constant cut RBS for their excellent energy dissipating capactty and ductility. The radius cut
EBS was extensively studied by various researcher for ensuring formation of plastic hinges 1in
beam along with high energy dissipating capacity and ductility. However, some of the studies
reported that this EBS experiences out-of-plane deformation due to lateral torsional buckling. It
was also observed that the constant cut EBS experienced fracture failure due to sudden change in
geometry.

Therefore, 1t 1z necessary to develop new tvpes of RBS in order to mimmize out-of-plane
deformation and avoid sudden change in geometry for stable hysteretic behavior with enhanced

energy dissipation capacity by ensuring higher plastic rotation [18].
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Further, it was found that very limited experimental studies were carried out on seismic
performance evaluation of two popular drilled cut EBS designated as: CD-cut RBS and FD-cut
EBS. There were no available literatures on comparison of experimental response of shaved cut

EB5-CFT semirigid connection with that of the drilled cut RBS-CFT semi-rigid connection.

This research work focusses on design and fabrication of a new REBS_ desionated as F-cut, for
stable hysteretic behavior with higher energy dissipation capacity and lower of out-of-plane
deformation. In this present experimental study, geometrically scaled RBS-CFT connections with
bidirectional bolts were tested under cyclic loads for assessment of theiwr force-displacement
hysteretic behavior. Companson of energy dissipation capacity, ductility and out-of-plane
deformation of F-cut RBS was made with those parameters of the conventional radms cut RBS

and two variants of drilled cut RBS connection.

1.4 Objectives of the Present Study

Literature review carried out in the present study revealed that seismic performance of RBS-CFT
connection with bidirectional bolts has not been studied so far despite their unique earthquake-
resistant features. Therefore, an attempt has been made in the present studv to understand the
seismic behaviour of RBS-CFT connection with badirectional bolts. Present research work also
addresses the concerns and gap areas identified during the literature review. Primary objectives of

the present study are:

¢  Todevelop a new RBS specimen to ensure stable force-displacement hysteretic behaviour
and to reduce lateral-torsional deformation in the RBS-CFT connection with bidirectional
bolts.

¢  To carry out experimental study for the evaluation of seismic performance of four different
types of EBS-CFT connections with bi-directional bolts under cyelic loading.

¢ To carrvout comparative studv on seismic performance of different tvpes of RBS-CFT
connections with bidirectional bolts.

o To develop a finite element model of RBS-CFT connections for numerical studv on
ABAQUS for nonlinear monotonic behaviour and failure patterns of the RBS-CFT

connection. Also, to develop a simple nonlinear cyclic behaviour model of RBS-CFT
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connections in OpenSees platform for simulation of force-displacement hysteresis
behaviour.
To develop experimental fragility curves of RBS-CFT connections for assessment of their

seismic vulnerabality.

1.5 Scopes of the present study

An extensive study was undertaken to achieve the above-mentioned objectives by carrving out

several tests on RBS-CFT connection with bidirectional bolts and this was followed by numerical

simulation and seismic vulnerability study. Scopes of the present study were:

L

]

Design and fabrication of new RBS specimen (I-cut EBS) was carried out. The mechanical
properties of beam, column and bolts were experimentally evaluated under umaxial loading

conditions using universal testing machine (UTM).

Experimental test setup was fabricated for carrying out cyclic testing of the RBS-CFT
connections. Two steel post were placed on etther side of the test sample to avoid accidental

out-of-plane deformation of the RBS-CFT connections. A hydraulic jack fixed with A-type

frame was used to apply axial load to the column.

Seismic behavior of RBS-CFT connection were evaluated for the geometrically-scaled
specimens under cvelic loading. Displacement controlled evelic loading was applied using
servo controlled dynamic actuator. Response of RBS-CFT connections was captured by

means of several stramn sensor. inchnometer. LVDTs and load cells.

Finite element models of RBS-CFT connections were developed in ABAQUS platform to
analvze and understand their behaviour on the basiz of stress-distribution and failure

pattern under monotonically increasing load.

OpenSees platform was used to develop simplified numernical models to analvze the force-

displacement hysteretic behaviour of RB5-CFT connection with bidirectional bolts.

Fragility functions were developed for seismic vulnerability assessment. Data collected
from past research works and experimental data obtamned in the present study were

combined to develop the fragility curves for two distinct damage states.

TH-2899 166104029



1.6 Dutlhined of the dissertation

Besides the present introductory chapter, the dissertation consists seven more chapters. The brief
outline of the thesis 15 as given below:

o  Chapter 2: presents review of literature covering various aspects of RBS, CFT, and
bidirectional bolts along with the summary of the literature review and research gaps.

o  Chapter 3: describes the design outline for new EBS_ material testing. instrumentation
and experimental setup required to perform the present experimental study.

¢  Chapter 4: focuses on seismic performance evaluation of four nos. of shaved cut RBS-
CFT connection based on experimental study. Different seismic parameters are calculated
to evaluate the setsmic performance.

#  Chapter 5: highlights seismic performance evaluation of two nos. of drilled cut EBS-CET
connection by performing experimental study. Different seismic parameters are calculated
to evaluate the seismic performance.

¢  Chapter 6: presents numerical modelling of RBS-CFT connection with bidirectional bolts
using ABAQUS and OpenSees software.

¢  Chapter 7: focuses on development of expernimental fragility curves for seismic
vulnerability assessment of the RBS-column connections.

¢  Chapter 8: summarizes entire work reported in this thesis, major conclusions are

highlighted and the scope of future research 15 outlined.
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2.1 Overview

EB5-column connections have potential to become popular design option in seismically active
zones in different parts of the world. The seismic performance of RBS-column connections 1s
evaluated by their energy dissipation capacity. ductility and failure patterns, etc. The performance
of RBS evolved with time in terms of their geometrical shapes, design assumptions, joint details
and construction methodology. etec. Several expenimental and numerical studies have been carried
out in the past to understand its seismic behaviour. In this chapter, relevant literature has been
reviewed to evaluate the seismic behaviour of the EBS-column connection investigated by various
researchers. The seismic performance of connections in past earthquakes was discussed first
Concrete filled tube (CFT) 1s frequently emploved in civil engineering structures due to its unique
load bearing capacity, ductility, low cost and construction convenience. Due to these reasons CFT
are replacing normal [ and H shaped colummn in high-rise buildings. The benefits of concrete-filled
tube (CFT) column are explored. Different methods for modifications of connection are reviewed
to get some ideas about various design alternative of designing the connection. Thereafter, the
experimental behaviour of different types of RBS-column connections are discussed. Various
numernical models developed for simulating the lateral load behaviour of RBS-column connection

are also reviewed. This 1s followed by a discussion on design guidelines and their influence on the

overall behaviour of MEFs.
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2.2 Past performance of welded-frame structure

Welding 13 one of the oldest fabrication techniques used in steel construction to connect the beam
and column elements. Different types of welded-framed structures are constructed in seismically
active regions. Popularity of these structures 1s mainly due to their construction convenience and
its aesthetics [19]. But, Northridge (1994) and Kobe (1993) earthquake demonstrated that the
seismic performance of welded connections has been inferior compared to that of the bolted
connections. In the welded framed structure, fractures were nitiated at the junction of the beam-

column connection, as shown in Fig. 2.1

Fig 2.1 Typical fracture paths at the welded beam-column connection [20]

In general, high intensity earthquakes inflicted damages in the connection of welded-frame
structure due to poor welding quality, low toughness of weld, weld damaging, shear distortion of
panel zone, poor connection design, and poor-quality control. The extent of the damage
experienced by the welded-frame connections vary with types of connections. Most of damages
are attributable to the design methodology. All the connections were designed based on the
strength-based design approach before 1994, The design philosophy’ procedure of the beam-
column connections was modified to enhance energy dissipation capacity, ductility, and strength

after mid-nineties [20].

2.3 Modifications in connections
After the Northridge earthquake in 1994 researchers in different parts of the world focused on
improving the seismic performance of beam-column connections, particularly in countries with

10
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high levels of seismic activities. These research works led to the adoption of a new design
procedure. The latest design guidelines would help to avoid brittle fractures at beam-column
connections in steel structures [21-24]. Many numerical and experimental investigations were
carried out by researchers to improve the ductility and energy dissipation capacity of the
connections by either strengthening the column or weakening the beam section. The ultimate aim
was to achieve higher inelastic rotation capacity, without sudden degradation of strength, in the
connections.

Popov et al. [23] proposed that the connections must have flexural capacity 80% of plastic moment
M,, of the connected beam (M, = plastic moment of the beam) at (.04 rad rotation level to meet the

necessary criteria for special moment resisting frames. This recommendation was adopted in AISC
341 (2016). Broadly two different methodologies have been used to enhance the seismic
performance of the connection. In the following section, a detailed overview of these two

methodologies 1s discussed.

2.3.1 Strengthening the connection

Strengthening of connections was done by adding some extra elements to the connection
Strengthening of connection has been done by adding additional elements, including cover plates
and flange plates_ triangular haunches, straight haunches, upstanding ribs, lengthened nibs, side
plates and bolted brackets [26-30] az shown in Fig. 2.2 This method based on reinforcing the
connection so that the connection becomes stronger than the beam so that the plastic hinge moves
away from the column face to the beam. Therefore, this would help to avoid stress concentrations
at weld access holes, premature fractures resulting from potential weld defects, etc. However, the
strengthening strategies do have a few limitations, which are: (1) increased beam moments at the
column face, which necessitates the use of a larger column section to accommeodate increased panel
zone shear demand (i1) increased plastic rotation demands in the beams, (i11) complicated welding

processes and increased the field welding.

2.3.2 Weakening of the beam Section

The second strategy is the weakening of the beam section. Weakening of the beam section has

been done by reducing the flange width. Here, the beam flange width 1s reduced at a small distance

11
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away from the column face, thereby forcing plastic hinge formation at that location. The reduced
beam section (EBS) 15 broadly classified into two categories (7) shaved cut EBS and (i7) drilled cut

EBS. Various types of EBS connections are shown in Fig. 2.3,
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Fig. 22: Post-Northridge connection strengthening strategies [9]

Reduced flange width is used to improve the performance of the connection. In these methods
plastic hinge formed 1n the beam, away from the connection region. The performance of RBS
largely depends on the types of geometries of the RBS Zone, and types of connections. Various
investigations were carried out by Chen ef al. [31]. Engelhardt er af. [32] and Uang ef al. [33] to
find the effect of RBS on the performance of beam-column connection considering different
geometrics. The outcomes from these experimental studies indicated that RBS-column connection
performed better than the strengthened connections.

Here, two different methods related to the modification of different connections are discuszsed.
Weakening the beam section or RBS has been one of the popular and efficient methods to enhance
seismic performance in terms of energy dissipation capacity and ductility. In the subsequent

12
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sections, research works carried out on EBS by past researchers are discussed, and important
outcomes of these studies have been highlighted with critical comments. In the following section,
reasons for adopting CFT in place [ /H sections for experimental study on RBS-column connection
are highlighted.

Fig 2 3: Various types of RBS connection

2.4 Advantages of CFT column

Concrete filled tubes (CFT) have been used in MREFs since 1968, Application of CFT in buildings,
bridges, and other structures has been observed. Bridge ef al. [34] reported that a structural system
with CFT combines the advantages of both steel and concrete elements. Two types of structural
component that are widely used 1n practice for column members are open sections and Concrete
Filled Tube (CFT). Moreover, in comparison with open sections i1.e._ [ or H sections, tubular
sections are more efficient when dealing with bending, compression. and torsion because
generally, tubular sections have the advantages of symmetrical characteristics, large gvration
radius, and good local stability. Concrete-filled steel tubes have many advantages as compared to
other tvpes of columns, including 7) the tube elitminates the column formwork during construction,
ii) 1t provides longitudinal and confining reinforcement, so that usual reinforcement for concrete
columns 1s often not used. ii7) the steel pipe prevents spalling of the concrete, and iv) the concrete
prolongs the local buckling of the tube wall, v) CFTs possess more strength, lateral stiffness, and
ductility as compared to those of other columns of similar size. Extensive experimental and
analvtical works have been carried out to studv the behaviour of CFTs under different loading
conditions. It 1s evident from the Fig. 2.4, that the strength and ductility of the CFT is signuficantly
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higher than those of steel tube, reinforced concrete and steel tube R.C member. Therefore, a better
understanding of the behaviour of connections 15 needed to make CFT a vital alternative in steel

moment-resisting frames [35-38].
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Fig. 2 4: Axial behaviour of various types of column section [34]

2.5 Steel beam-CFT connection

Connections play an important role in the case of any steel framed buildings. Large volumes of
literature related to the expenimental investigation of beam-CFT connections are available.
Available steel beam-CFT connections mayv be broadly classified into three categories. A review
of available literatures on these three types of connection categories are discussed in the following

paragraphs.

2.5.1 Welded connection

Three different approaches have been used in the welded connections. In the first approach, the
steel beam 15 directly welded to the CFT columns. Xu et al. [39] studied the seismic performance
of welded beam-CFT connections. In the second approach, the interior, exterior, through
diaphragm was welded to the CFT column, and then the steel beam is welded to the diaphragms
shown 1n Fig. 2.5 Yu ef al. [40] performed an expenimental study on diaphragm connection. In
the third approach, stiffeners have been used 1n place of through diaphragm to connect steel beam
with CFT. Shin er al. [41] reported that the connection with horizontal or vertical stiffener shown

14
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in Fig. 2.6 performed better as compared to that of the other welded connections. Based on
experimental study, Mahin et al. [42] concluded that welded connection has a high bearing
capacity, large stiffness, and good energyv-dissipation capacity. However, these connections
experienced large tensile stress under bending This tension gets transferred to the tube wall
inducing large deformation in the tube wall. which causes the brittle failure of the weld. Moreover,
brittle fractures in the welded connection in special MREFs have been observed during a severe

selsmic event.

—— Column web

Column flange

External diaphragm Through-diaphragm

Internal-diaphragm External-diaphragm Through-diaphragm
connection connection connection

Fig. 2.5: Various types of diaphragm connection [40]

Fig 2 6: Steel beam-CFT connection with stiffener [41]
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2.5.2 Through beam connection

In the second type of connection, the steel beam passes through the hole made in the steel tube.
Sheet er al. [43] and Jeddi et al. [44] observed that these connections behaved as ngid moment-
resisting connections. However, the complicated fabrication process of these connections, limited

practical implementation of this category of connections.

2.5.3 Bolted connection

The performance of the third category of the connections has been investigated by various
researchers, including Tao et al. [43]. Wang ef al. [46]. Tizani and Pitrakkos [47]. to enhance the
overall ductility and energy dissipation capacity of MREF. This class of MEFs connection would
also improve both speed of fabrication and quality of connection. In addition, the restraint effect
of the pretensioned bolts improved the performance of panel zones. Existing studies indicated that
the bolted steel beam-CFT connections performed better as compared to that of the other categories
of connections during severe seismic events [48-49]. Bolted steel beam-CFT connections can
broadly be classified as: (i) blind bolted connections (i7) bidirectional bolted connections, as shown
in Fig 2.7,

Blind bolted connection: Yao et al. [50] conducted many studies on blind bolted connections
in the last several decades. including experimental studies, theoretical analyses, and numerical
simulations. Zhou et al. [531] first conducted the experimental study on steel beam-CFT tube
connection by blind bolts. Further, analytical models of strength, stiffness and moment-rotation
curve have been proposed by various investigators, mcluding Wang ef al. [52], Tizam er al_ [33].

Oktavianus et al. [34] and Thai and Uy 2016 [35].

Wang et al. [56] reported the typical failure modes of blind bolted connections, such as () local
buckling appearing in the tube wall near bolt holes and (i7) lacerations in the comer of the steel
tube. It was observed that the blind bolts 1n the tension zone are slowly pushed out when 1t 1s
subjected to a bending moment. Thus, the column wall bulges out when bolts are subjectad to
tension. In turn, the corner of the steel tube is lacerated due to the stress concentration. These

resulted the poor panel zone integrity, low bending capacity, and low stiffness of the connection.
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Bidirectional belted connection: Bidirectional bolted connections would facilitate ease of
construction, and provide better panel zone integrity, higher load-carrying capacity, and larger
initial stiffness as compared to these parameters for blind bolted connections. Bidirectional bolted
connection for a steel-concrete composite structure was proposed in the 1980z, and 1t has been
observed that this connection type ensured good seismic performance. Subsequently, many studies

on the performance of these connections have been conducted by various researchers [37-63].
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Fig. 2.7 (a) Blind bolted connection (b) Bidirectional bolted connection [57]

Zong et al. [64] studied stiffened bolted endplate connections and doubled split-tee plate
connections with different axial compression ratios to evaluate the seismic performance of the
connections. Wu et al. [65] investigated the seismic behaviour of bidirectional bolted connections
for CFT columns and H-beams. Experimental results established that the seismic performance of
the connection and their overall stability have been very good. Zong ef al. [66] reported that the
pseudo-static performances of stiffened bolted endplate connections were better than that of the
regular bolt-welding connections. However, Alighment of bidirectional bolts i orthogonal
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directions, particularly for interior joints, is challenging. It would be necessary to place the bolts

in different levels in the orthogonal directions in the connections as shown in Fig 2.7,

2.6 Experimental study on RBS-column connections

In the recent past, experimental studies on the evaluation of the performance of RBS-column
connections have attracted the attention of researchers in different parts of the world. Different
types of RBS-column connections have been studied to evaluate their seismic performance.
Seismic performance of EBS-column connections 1s influenced by their mechanical characteristics
in terms of ultimate loading capacity, ductility capacity, stiffness degradation, failure patterns,
strain distribution in the EBS and panel zone of the joint. The geometry of RBS also influences

the overall performance of RBS-column connections.

The seismic performance of the connection depends on many factors. Quasi-static testing of EBS-
column connections has been generally carried out to evaluate the seismic performance. It 15 used
to evaluate the influence of important parameters on the cyclic behaviour of such connections.
Low-frequency cyclic testing facilitates visual observations of crack growth and failure patterns
which provide better insight on the performance of the structure. Important results of past studies

are discussed here in the following sub-sections.

Failure patterns of connections mfluence the seismic performance. For all steel MRF systems, the
role of failure patterns is quite significant. Strong-column-weak-beam (SCWB) design principle
was widely adopted for design of these systems to facilitate formation of plastic hinge in the beams
while the columns and panel zones were allowed to remain in essentially elastic condition
However, after the Northridge Earthquake, many steels moment-resisting frames suffered from
damage. These damages occur in the panel zone areas, beams_ and columns. Nakashima ef al [67]
reported that most of these failed connections showed fractures around the beam-column
connections and in the columns. Several steel frame structures were studied using RBS to move

the plastic hinges from the connection region to connected beam.

Chen et al_ [68]; Popov et al. [69]; Jones et al. [7U]. Kulkarm et al. [71] reported that RBS could

shift the plastic hinge to the beam from the column ends compared to regular steel beam connection
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based on the experimental and numerical studv as shown in Fig 2.8 Thus, the EBS-column
connection satisfied the strong column weak beam (SCWB) concept, and plastic hinge formation
was observed in the beam in steads of the column or panel zone.

Oh et al. [72] reported that the RBS connection has a much higher energy dissipation capacity than
the normal steel beam-column connection due to the increment of plastic hinge length 1n the RBS
zone as shown in Fig. 2 8. Other past studies also showed that any form of EBS has much more

energy dissipation capacity than a regular steel beam connection [73-77]
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Chen et al. [78] reported that ductility of the RBS-column connection much higher than normal
beam-column connection because of large inelastic rotation in RBS connection. RBS-column

connection enhanced the ductility capacity by achieving 0 .04 rad rotation as shown in Fig. 2.9

The shape of the RBS also greatly influences the overall performance of RBS-column connections.

The seismic performance of different types RBS discussed in the following sub-sections.

In shaved cut EBS, two tvpes of configurations have been the subject of varions studies since
1994, Many pioneening research works have been carried out on RBS-column connections by
researchers. The first expenimental study was conducted on the constant cut RBS and the radius
cut EBS. Seismic performance of shaved cut EBS is reviewed and reported here 1n the following

paragraphs.

Plumier [5] performed the first experiments on constant cut RBS connections, using HEE 300
columns and HEA 260 beams. Moore ef al. [80] reported that the constant cut RBS exhibited
fracture due to the abrupt change in 1ts geometry. Due to this reason, the constant cut RBS was not
studied significantly. Pachoumis er al. [81] reported that the constant cut RBS performed poor in
terms of energy dissipation, plastic rotation and steady decrease 1n strength capacity as compared
to that of radius cut RBS.

Engelhardt et al. [82] reported that radius cut EBES minimize the stress concentrations in the panel
zone area of the connections. Hence, it also reduces inelastic rotations and enhances the ductility.
It was reported in literature that radms cut RBS performed better as compared to the constant cut
EBS in terms of energy dissipation, plastic rotation and ductility capacity. Based on expenimental
and analytical studies, Den et al_ [83], reported that the radius cut RBS performs better than the
polyline EBS. Morshedi ef al. [84] reported that the radius cut EBS-column connection enhanced
the ductility sigmificantly. Design criteria for the radms cut RBS were introduced into FEMA 350,
ANSIAISC 341, EC-8 part-3, and Indian standards also. A beam-column connection with a
radius-cut RBS must be designed to sustain a moment of at least (0.8 tumes the total plastic moment

of the connected beam_ according to Indian standard (I8 B00:2007).
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However, Eahnavard et al. [E3] reported that higher out-of-plane deformation of the beam was
observed in the case of radms cut RBS-column connection as compared to that of the other RBS

due to the large depth of cut in the RBS zone.

The first study on the drilled cut RBS was performed in 2012. Recently, drilled cut RBS connection
are becoming popular because of their good seismic performance. Limited nos. of expenimental
works have been carried out on these RBS connections. The first design of drilled cut EBS was
proposed by Vetr et al. [E6]. In addition to these two tvpes of RBS. Vajdian er al. [R7] studied the
rhombus-shaped drilled cut RBS. The experimental study reported that dnlled cut RBS has higher
energy dissipation capacity, ductility and less out-of-plane deformation, less inelastic strain

distribution 1n the flange as compared to radius cut RBS.

Fabrication of the drilled cut RBS is much easier as compared to the radius cut RBS. However,
very few experimental studies have been conducted on constant drilled cut RBS connection.
Experimental studies carried out by Fanaie ot al. [88]; Parveri et al_ [89] indicate that the constant
drilled cut RBS-column connection can delay and reduce out-of-plane deformation and increase
the energy dissipation capacity as compared to the radius cut RBS because of dnlling in discrete
location of the flange 1n the RBS zone. Fanaie et al. [88] reported that flange of drlled cut beam
experienced maximum strain level in the range 2-3 times of the yield stain level. Maximum strain
level in the dnlled-cut RBS 15 low as compared to that of the radius cut RBS because of reduced
drill size in the flange of KBS zone.

Limited studies are conducted on the varied drilled cut EBS-column connections by Rahnavard et
al. [90]; Deri et al. [91]. It was reported that the vaned drilled cut RBS ensured higher energy
dissipation capacity, a lower magnitude of out of plane deformation, and good plastic deformation
capacity as compared to these of the constant drilled cut RBS and radius cut RBS. Further, flange
of the varied drilled cut beam experienced the buckling phenomena during experiments at higher

rotational level in the range 0.05-0.07% rad as reported by Fanaie er al. [88].

The performance of conventional steel beam-column connection has been improved by
introducing EBS. Brittle fractures of welded connections have been reduced using RBS. It has

been reported that energy dissipation capacity, and ductility can be improved significantly as
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compared to those parameters in the frame conventional welded steel frame. Vaned dnlled cut
EBS iz capable of delaying and reducing out-of-plane deformation, energy dissipation capacity
and ductility as compared to those parameters of the constant drilled cut RBS. Furthermore, all

EBS fulfilled the requirements of special moment resisting frames after attaining 0 04 rad rotation
as specified by ANSIYAISC-341, 2016, clause G3-6 (b).

2.7 Numerical study on RBS-column connections

It may not be always possible to carrying out experimental works because of time or financial
constraints. In that case, numerical simulation proved to be a useful tool for evaluating the seismic
performance of steel MRFs. Using finite element software such as ABAQUS, OpenSees, and
ANSYS_ several numerical analvses of steel RBS-column connections were conducted. Based on
different types of modelling assumptions, many researchers carried out several numerical analyses
to understand the overall behaviour of RBS-column connections. Some of these numerical studies

are discussed as follows:

Pachoumis et al. [81] performed finite element analysiz on RBS-column connection using
ABAQUS. Two types of numenical simulations were carnied out here considening shell element
and solid element. The first model was developed using two-dimensional four-noded thin shell
elements (S4R) with reduced integration. Eight-noded solid elements (C3DER) were used for the
second model. Due to the biaxial symmetry of the specimens, only half model with the appropriate
boundary conditions was simulated to reduce the computational time and for better viewing of the
results. Numernical results based on eight noded solid elements showed similar trends as that

obtained from the expenimental studies.

Kulkarni and Vesmawala [/1] carnied out 3D finite element modelling in ANSYS to study the
seismic behavior of the radius cut RBS-column connection. An element SOLID-45 from the
ANSYS element library was used to model the subassemblies. A standard quasi-static loading was
applied at the beam tip to performed the analysis. Results from the finite element study were almost
sitmilar with the experimental studv. It was observed that conventional beam-column connection

failed to shift the plastic hinge from panel zone as shown 1n Fig. 2 10. But connection with the
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RBS effectively shift the formation of plastic hinge from the panel zone to the reduced zone of
beam. This study experimentally proved that radius cut RBS are effective to control the damage

of column.

Rahnavadh et al. [85] performed the numerical simulation on eight numbers of RBS-column
connections considering four different types of RBS. Four different numerical parameters were
calculated based on numernical study. Equivalent plastic strain (PEEQ), Rupture Index (RI), energy

dissipation capacity and out of plane deformation were calculated for each RBS-column
connection using ABAQUS software. It was observed that the varnied dnlled cut RBS ensured
higher energy dissipation capacity as compared to that of the others RBS. EBS with varied hole
has mimmum out-of-plane deformation as compared to other RBS connections. It was

recommended to use drilled cut EBS for moment resisting frames.
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Fig. 2.10 stress contours: (a) Eegular steel beam connection (b) RBS connection [71]

Morshedi et al. [84] carried out the numerical study on seismic behaviour of double reduced beam
section (DRBS) subjected to cyclic loadings. These analyses suggest that connection ductility got
enhanced in case of DRBS connection. The parametric study on the DRBS connection revealed
that it increased the deformation capacity up to 40%, as compared to that of the common reduced
beam section connection. Moreover, adding a second cut to ordinary RBS connection distributed
the strains over the two reduced beam sections. It helps to reduce the equivalent plastic strain at
the reduced sections. It was reported that the depth of cut of the RBS are the most influential
geometrical design parameter, which effects the energy dissipation capacity and ductility.
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Parvari et al. [89] studied first numerical study on drilled cut EBS using finite element software
ABAQUS. Twentv-four nos. of numerical models were studied to find the different seismic

parameters.

Based on the parametric study, it was reported that types and number of holes sigmificantly affect
the ductility of the connection and decrease stress concentration in the area of beam-column
connection. It was reported nos. of hole effectively increased the plastic hinge length. The
parametric studyv on the RBS connection also revealed that it increased the deformation capacity
up to 10%, as compared to that of the commeon reduced beam section connection. Results of this

paper proved that performance of drilled cut EBS better as compared to other EBSs.

Li et el [92] proposed an analyvtical model for RBS-CFT using OpenSees. A simplified rotational
spring were used to find the force displacement behaviour. The stiffness of rotational spring was
calculated based on expenimental results of simple beam-column connection. The results of

numerical model showed that it can simulate the experimental results quite well.

Nia er al. [93] developed the 3D finite element models which were validated using two sets of
experimental studies on sloping RBS. Based on the results, slope angle and beam depth were found
to be the most significant factors influencing all the response variables. Both beam slope angle and
beam depth inflenced the cyclic response characteristics. RBS connections with smaller beam

slope angle and beam depth experience lower strain demands and potential for fracture.

Sofias et al. [77] performed the numerical simulation on two radius cut RBS specimens. Numerical
study was conducted in order to provide a safe assessment for the RBS application in European
steel profiles. Different parameters were calculated from the numerical results. It was found that

experimental and finite element analysis results matched quite well.

Horton et al. [94] carried out an extensive parametric analvsis on 90 number of different RBS
specimens in order to find the geometrical parameters which effects the design parameters of RBS
connections including. Yield Moment, Peak Moment, Ultimate Rotation, Ductility and Energy
dissipated capacity. It was reported that the depth and width of the RBS cut are the most influential
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geometrical design parameters, affecting up to 30% changes in the performance as compared to
those of a full beams section. Finally, based on the results of this study, practical design equations

are proposed to predict the seismic performance of EBS connections.

2.8 Research zaps

Implementation of EBS-CFT connection in moment resisting frames improved their overall
seismic performance. However, the application of RBS concept 15 not very common in India.
Therefore, the study related to different types of RBS-column connection are required for their
installation in the steel moment resisting frames Emphasizing advantages and usefulness of
application of the RBS concept in the moment resisting steel frames are needed. Following gap

areas are identified based on critical review of the previous research works.

e [t was reported that higher out-of-plane deformation of the beam was observed in case of
radius cut EBS, due to larger depth of cut. decreased the effectiveness of radius cut EBS.
Therefore, it 1s necessary to develop new types of RBS in order to reduce the out-of-plane

deformation and to ensure stable hystersetic behaviour with enhanced energy dissipation

capacity.

* Experimental studies on varies types of RBS were conducted to evaluate the seismic
performance. Most of these studies concentrated on seismic evaluation of either constant
or radius cut RBS. The literature review indicated that although extensive experimental
investigations were carried out to understand the behavior of shaved cut EBS, vet very few

records could be found covering the expernimental studies on drilled cut EBS.

*  Majonty of the connections have been made using various tvpes of welding. stiffeners_ and
diaphragm_ In almost all prior experiments, radins cut EBS was emploved to connect 1 or
H-shaped steel column. There 1s stall lack of information on performance of RBS-CFT with

bidirectional bolts for moment-resisting frames.
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o Mozt of the available research classified regular steel beam- CFT connections as rigid. No
EBS5-CFT connection has been studied to determine if it was a ngid or semi-ngid
connection. There are very limited studies on EBS-CFT semi-rigid connections using

bidirectional bolts for achieving higher ductility under cyclic loading.

¢ FE analysis of RBS-CFT connection with bidirectional bolts are very challenging tasks. It
requires proper modelling, including characterization of material and interaction
properties. There were very limited studies on finite element modelling to simulate the
hysteretic behaviour of RBS-CFT connections with bidirectional bolts under cyclic loading

considering multiple interactions.

* Development of fragility curve are needed for the assessment of seismic volnerability. Very

few studies on seismic vulnerability were found for the MRFs where EBS was used.

2.9 Concluding Remarks

In this chapter, a large number of studies on steel moment resisting frames were reviewed
critically. Different tyvpes of damages in the welded connections responsible for their poor
performance dunng Northridge earthquake (1994) were highlishted Modification of the
connections for the overall improved performance during high intensity earthquake were studied.
Benefits of CFT column were highlighted. Performance of the different tvpes of connections
(welded, bolted) were critically reviewed to understand their overall seismic behaviour. Large
nos. of experimental and numerical studies on KBS, CFT and steel beam-CFT connection were
critically reviewed. Efforts were made given to find the gaps in the state-of-the-art on bolted EBS-

column connection. Finally, the gap area was identified based on the detailed studies of literature.
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3.1 Introduction

In this chapter, characterization of matenal samples from steel tube, I- beam and bolts used for
fabrication of RBS-CFT connection were discussed first. Design of concrete mix as well as
evaluation of mechanical properties are crucial for design and fabrications of test specimens. The
mix design was carried out as per provision of relevant standard codes. All the constituent materials
such as cement, fine aggregates, coarse aggregates were tested. In order to evaluate the tensile
strengths of steel beam, column and tube, standard coupons were made and the coupons were
tested. Four different types of KBS specimens were designed as per provisions of relevant standard
codes and papers. This RBS specimens were used for performance evaluation of EBS-CFT
connections in this study. Geometrically scaled specimens of RBS-CFT connection with four
different types of EBSs-CFT connections were tested in this expenmental programme.
Description of the test set-up along with details of instrumentation has also been fumished here.

3.2 Identification of specimen

It was observed that during severe earthquakes. the exterior connections had suffered more damage

i1 comparison to the interior ones. Seismic performance of exterior RBS-CFT connection would
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be evaluated in the present smady. A typical exterior EBS-CFT connection of frame with location
of points of inflexion found nearly at the mid-points of beams and columns under the action of
lateral loading is shown in Fig. 3.1 It comprised of half of a column at top and bottom as well as
half of a beam.

A 7 e

Fig 3.1 Isolated exterior RBS-CFT connection

Symmetric boundary condition was maintained at both the ends of column for 1solation of a single
unit of beam-column connection. In this study, a typical geometnically scaled model column for
isolation 1dentical building wath floor to floor height as 2200 mm and the beam of 1000 mm
effective span was considered. The present study was limited to seismic performance evaluation

of an external beam-column connection as shown i Fig 3.1,

3.3 Concrete mix for CFT

Concrete mix was used to fill the CET column. Concrete mix designed was done as per IS: 10262-
1982 [95] 1n order to arrive at the desired target cube strength. Ordinary Portland cement of 33
grade was used. Cement, fine aggregates and coarse aggregates were proportioned to achieve M30

grade of concrete. In this present study, target strength refers to the characteristic strength of the

28
TH-2899 166104029



concrete obtained from the 28 days compressive strength of concrete cubes of size 130 mm x 150
mm x 150 mm Eighteen nos. of concrete cubes have been cast duning fabrication of CFT.
Compressive strength of the concrete (f,,) is obtained from compression testing of the cubes.
Elastic modulus (E,) and tensile strength (f, ) of the concrete have been calculated using f;, as per
clansenos. 6231 and 6.2_2 of IS 456 (2000) respectively. The values of elastic modulus and tensile

strength are furnished 1n Table 3.1

Table 3.1: Material properties for M30 concrete (unit: MPa)
Grade of concrete fer | E, | £

'M30 (Standard condition at 28 days) - 3257 | 28x10° | 399

Coarse aggregate size used for the concrete mix were 10 mm down. All the aggregates used were
angular and well graded. Thus, three numbers of mix designs were done for target strength of 30
MPa. The sand used for making concrete conforming to zone-II as per IS: 383-2002 [96]. The
details of material properties used in the mix designs are furnished in the Appendix A

3.3.1 Cement tests

OPC 33 grade cement was used for casting the concrete specimens, and no chemical admixtures
were used. The cement was tested for 1ts standard consistency, initial setting time, specific gravity
and compressive strength following relevant Bureau of Indian Standard (IS) codes. The details of
test results are presented in the Appendix A. Further, compressive strength of the cement was
determined as per provisions of IS: 4031(6) [97]. The values of compressive strength found from
compression test as per 15:12269 [98] are shown in Appendix -A. It was ensured that the cement

used satisfied the compressive strength criteria of 53 grade cement.

3.3.2 Fine aggregate tests

The fine aggregate (sand) was procured from a locally available source. The specific gravity of the
sand was found to be 2.51 as per the provisions of IS: 2386(11I) [99]. Further, the sieve analysis of
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sand was carried out as per IS: 2386(1) [100]. The percentage weight retained in the sieves is

shown 1n Appendix A Finally, the zone to which sand sample belong was ascertained.

3.3.3 Coarse aggregate tests

The nominal sizes of well graded coarse aggregate used were 10 mm down for concrete specimens.
The specific gravity of aggregate was found to be 2. 62 as per the provisions of I5: 2386(111)-1963.
The sieve analysis of agoregates was carried out as per IS: 2386(1) [101]. Results of typical sieve

analvsis 15 shown in Appendix-A. The fineness modulus of aggregate was found to be §.06.

3.3.4 Concrete mix design

Concrete mixing was done using a horizontal pan concrete mixer. Details of three concrete mixes
designed in thiz study are furnished in Table 3 2. CFT specimens were placed in the vertical
position, and a high-frequency needle vibrator was used to consolidate the concrete during filling
into the CFT column. The same mix proportion was used for all the specimens. The specimens

and the compression cubes were left to cure 1n the ambient temperature and humidity.

Table 3.2 Details of concrete mixes

SL. | Target strength Nominal size of Mix ratio wic | Average compressive
No. (N/mm) coarse aggregates P A strength (N/'mm)

1 30 | 10mmdown | 1:1.72:2.69 0.57 32.6

2 30 10 mm down 1:1:72:2.69 0.57 322

3 30 10 mm down 1:1.72:2.69 0.57 316

3.4 Steel coupon tests

Tension tests were conducted using servo-controlled umiversal testing machine (UTM) of
maxiumum capacity 250 kN and the stroke length of 160 mm (Make: BISS, Model: medium 250).
Test coupons were prepared from the flanges and webs of the steel beams (NPB 250 x 125 x6x9),
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and tubes (SHS 220 x 220 x 6) and bolts (M16, 10.9 Grade) for evaluation of their tensile strength
of steel. Fig 3.2 showed the dimensions of a typical beam and tube coupon sample.

315 mm

L

A

e By il |l———————— W i ———|

Fig. 3.2 Details of the test coupon

Fig 3.3 Test set up for coupon test

The mechanical properties of the steel were calculated in accordance procedure prescribed in the
ASTM ES/EEM-13a [102]. Test set up for the coupon test are shown in the Fig 3.3 Values of the
vield strength (f,). vltimate strength (f,) and Young's Modulus (E,) of the steel in each

component were obtained by testing three coupons. The strain rate for the umiaxial tension test
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was kept at Imm/min_ The photograph of the test setup 1s shown in Fig 3 3. Mechanical properties
obtained from the coupons made from the different components of the RBS-CFT connections are
furnished in the Table 3 3. Tensile stress-strain plots of bolts. beams and tube are shown in Fig.
34

Table No.3.3: Mechanical properties of steel

Material Sample Thickness i Fur E, elongation
(mm) — (MPa)  (MPa) (MPa) (%)
NPB 250 flange =~ 9 352 471 202x10° 10
web ] 373 538 1.92 x 10° 11
SHS 220 flange/web § 376 665 1.96 x 10° 14
10.9 Grade bolt M16 bolt 16 a7 1115 2.09 x 10° 16
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Fig 3 4 Stress-strain curves for: (a) bolt specimen (b) beam and tube specimen

3.5 Design principle of RBS specimens

RBES test specimens are designed to ensure formation of plastic hinges in beams of the steel frame
buildings subjected to seismic loading. Conventional radius cut EBS are designed as per procedure
prescribed by Engelharth et al. [7] and ANSIAISC 358-16 [103]. Where as drnilled cut RBS are
designed as per gmidelines prescribed by Vetr. et al. [6]

Linear profile of the proposed F-cut RBS is nearly similar to the variation of bending moment
under lateral load in the RBS zone 1-3 as shown in Fig 3.5, This profile would ensure almost
simultaneous vielding of 1-3 zone of the RBS for achieving higher plastic rotation. Further, this
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unsymmetrical profile also needs lower depth-of-cut and hence lateral out-of-plane deformation
of the beam is likely to reduce. Further, higher level of energy dissipation iz expected in V-cut

EBS-CFT connection as compared to that of the conventional radius cut RBS.
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Fig 3 5 Moment gradient of I'-cut RBS Connection.

Distribution of the flexural demand and capacity of the proposed J-cut EBS 1s shown in Fig 3.6
Ratio of bending moment M; at anv section in the RBS and corresponding section modulus which

1s used for estimation of depth of cut of the RBS can be expressed by the following equation.

My o Ma o Mawo My G.1)
Zy  Za  EZ3  Zi )
L,
M; = oM, (*) (32)
13
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M, = CprRyE,Z, (3.3)

Cpr="222 512 (3.4)
"y

where, @ =0.85 to 1. R, =ratio of the expected yield stress to the specified minimum yield stress:
F, = yield stress. D; = depth of the cut at different section of the beam. Z, = plastic section modulus
at the location of plastic hinge, C,. = Factor to account for peak connection strength, Z, = plastic
section modulus of steel beam, M, = Maximum moment of RBS section. F, = ultimate stress_ Z;=
Plastic section Modulus at different section, L/2 = length of the beam_ d=beam depth, L; = distance
of different section from column end, t; = thickness of flange. M, .= Maximum moment of full

beam section.

Panel zone of the CFT column was designed. to remain in elastic condition. as per recommendation
of Wu etal. [17]. High strength friction grip (HSFG) bolts, used for semi-rigid lidirectional bolted
connection, are also designed to remain in elastic condition. Thus, RBS-CFT connection was

designed to facilitate yvielding only in the RBS region.
3.6 Description of the specimens

In this experimental investigation, four sets of geometnically scaled RBS-CFT connections with
bidirectional bolts were tested under cyvclic loads for assessment of their se1smic behaviour. Details
of four sets geometrical scaled RBS-CFT exterior connections test models, considered in this study
are shown in Fig. 3.6 to Fig. 3.9. First set of connection are fabricated with conventional radius
cut RBS while second set of connection 1s made with new F-cut EBS. Third set and fourth set are

constant dnilled cut (CD-cut) and varied dnlled cut { FD-cut) respectively.

Each connection 1z fabricated using a narrow parallel flanged beam, NPBE250 (IS 12778), [104]
with effective length of 1000 mm and a concrete filled square tubular column, SHS220 (IS 4923)
[105] with effective length 2200 mm. M30 grade concrete was used to fill the tube. Geometrical
details of shaved cut EBS and drlled cut EBS are given i Table 3.3 and Table 3.4 respectively.

In each of these connections, CFT and RBS are connected using two end plates and bi-directional
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bolts as shown in Fig. 3.6 to Fig. 3.9 One end plate 15 welded with one end of the beam using 6
mm fillet weld. High strength friction grip (HSFG) bolts of size M16 and grade 10.9 are used for

connecting two components of the connections. Torque wrench, with appropriate specification. 1s

used for tightening the bolts.

Table No.3.4: Geometrical details of the shaved cut specimens

RES Beam” Column™ Geometrical details (mim)
a b £
Fadiz-cut-ITI NPB230x123x9x6 SHS220x220x6  0.50b; =623 0.754= 1873 0.23b; =285
Frout-ITI NPB230=x123x9x6 SHS220x220x6  0.30b; =623 0.734=1873 0 14bs =170

*NFB-Narrow Parsllel flansed beam (I3 12778-2004), *#SHS section (IS 4923-1907), all dimensions are in mm

Table No.3.5: Geometrical details of the drilled cut specimen

RES Beam’ Colurmn™ Drilling details (mm)
Sec1-1 Seor 22 Sec3-3
CD-cut NPB250x125x9x46 SHE220=x220x4 12§ 124 12¢
FD-cut NPE230x 135206 SHE20x220x6 104 124 148

*NPB-Narrow Parallel flanzed beam (IS 12775-2004), +*SHS section (IS 4923-1907). 2l dimsensions are in mm
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Fig 3.6 Radius cut RBS-CFT connection details
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Fig 3.7 P-Cut RBS-CFT connection details
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Fig 3.8 CD-Cut EB5-CFT connection details
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Fig 39 FD-Cut RBS5-CFT connection details
3.7 Test set up

Photograph of the test setup and schematic diagram of the test set-up used are shown in Fig. 3.10.
MTS actuator (Make: MTS, USA. Model 244 31) of 250 kN capacity and =250 mm stroke length
fixed in vertical strong floor horizontally. “A™ type of frame was fixed with horizontal strong floor
to hold the hydraulic jack. Hydraulic jack was used to apply the axial load into the CFT column.
The column was placed in horizontal position while the beam was placed in vertical position in
the set-up. Two specially built steel post were placed on either side of the test specimen to avoid
an accidental out-of-plane deformation of the RBS-CFT connections. An axial load of 10% of
gross capacity of column was applied to the column to represent gravity load. Axial load on column
was applied by a 300 kN capacity hydraulic jack. The jack was abutting against the “A™ frame,
which was fabricated for the required load carrving capacity. To simulate support condition at both
ends of the column, roller supports were fabricated by making grooves inside mild steel plates.
The servo-hydraulic actuator 1s of double ended and double stroke tvpe which 1s equipped with
internal load cell and LVDT for measurement of applied load and displacement respectively.
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() (b)
Fig 3.10 Test set-up: (a) photograph. (b) schematic diagram

3.8 Instrumentation

Two types of strain gauges are used to measure the strain values at different locations of RBS-CFT
connection during experimental study. An inclinometer was used to measure the beam rotation.

Details of the all the sensors are described in following subsection.

3.8.1 Strain Transducer

Panel zone area of column (CFT) are instrumented with strain gauges to record the strain values
during experiments. Four reusable stram transducers (make: BDI, USA, Model: ST-350) are
attached to panel diagonally_as shown in Fig. 3.11. Specification of the strain transducer are given
in Table 3.5.

22 | Strain Transducer \
et 400 »l

Fig 3.11 Strain transducer arrangement in CFT panel zone
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3.8.2 Strain Gauge

Foil type electrical strain gauges were pasted to the test specimens. Detailed specifications of
electrical strain gauge in the Table 3.5 Each strain gauges were connected to a “wheatstone™
quarter-bridge configuration. Electrical resistance strain gages were pasted in the RBS zone of the
connection along the longitudinal direction of the beam to record the distribution of strain along
the length. Four nos. of electrical strain gauges (make: TML, Japan, Model: Type FLA-6-350-11-
1L) having resistance 330 Q and gange length 6 mm are employved in radius cut EBS.

Bl

L)

: : 2

7 n % n
£ E =1

i 28

= " E -y
? 2

(a)

44

243
-—.-f-‘-: — —
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b X .2 'E E.;---
i 4 7 F——‘@ﬂ{lﬂ
uny . - :
g ;' ",; I ! 3 !
= [ =]
(c) (d)

Fig 3.12 Location of the strain gauge 1n EBS zone: (a) Radws cut RBS (b) F-cut RBS
() CD-cut EBS (d) FD-cut RBS
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Whereas eight nos. of strain gauges EBS are used for F-cut-EBS, CD-cut-EBS and
VD-cut-EBS respectively. Locations of strain gauges, for all the radius cut RBS are shown
in Fig 3.12. X7, R] represents locations of the stram gauges s in the front flange whereas A2, B2,
represents locations of the strain gauges s in the back flange Similarly, locations of all the strain
gauges, for the front flange of F-cut RBS, CD-cut RBS, Fl-cut RES are also shown i Fig. 3.13.
Acquisition of the strain values 13 carried out using a DAQ (make: HBM, Germany, Model: MGC

plus) of 20-bit resolution. A sampling frequency of 100 Hz was considered for all the experiments.

Table 3.6: Specifications of different types of strain sensor

Sensor Types Stram Transducer Strain gauge
Manufacturer BDI, USA TML, JAPAN
Designation ST 350 FLA-6-350-11-1L
Gage Length 76.20 mm 6 mm
Gage Factor 2.11+0.5% 2.13%1%
~ Resistance 3509 350Q
Temperature Range -50° Cto+80°C 20°Cto+80°C
Strain Limit - +4.000 pe +£50000 e

3.5.3 Inclinometer

An inclinometer (make: HEM_ Germany, Model: MEAS, WS-53/ P} wazs used to measure beam
rotation. The rotational capacity of the inclinometer is = 0.087rad (£5%). Photograph of

inclinometer are given i Fig 3 13,

Fig 3 13 Inclinometer Photograph
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3.9 Concluding remarks

In this chapter, experimental tests on cement, fine aggregate and coarse aggregate for evaluation
of their mechanical properties are reported. Details of design of concrete mix of grades M30 1s also
presented. A detailed description of the tensile test of all steel materials are furnished. Design
principles of F-cut RBS specimens are outhined along with design procedure for radmus-cut
EBS, CD-cut EBS and FD-cut EBS. Detailed description and detaithing of four different tvpes of
EBS5-CFT connection with bidirectional bolts are presented. Details of the expenimental test setup
and specifications of different tvpes of sensors used in this present study are also discussed.
Finally, details of the test set-up used for cyclic test of RBS-CFT connection with bidirectional
bolts under cyvclic loading are highlighted.
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CHAPTER-4
Experimental Study of Shaved cut RBS-CFT Connection
with bidirectional bolts
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4.1 Introduction

The experimental results and discussion on behavior of two types of shaved cut RBS (radius cut,
V-cut) and CFT connections with bidirectional bolts are reported in this section. Two specimens
of each tvpes of connections were tested under simultaneous action of axial load in CFT and cyclic
load at the beam ends. A constant axial load of 10% of gross capacity of the column was applied
during the application of cyclic displacements at the time of testing. The recorded data were used
to study hysteresis behaviour, envelope curves, vaniation of stiffness, classification of connections,
energy dissipation, ductility and damping with respect to rotation or displacements. Force-
displacement hysteresis loops of both the specimens of each types are presented. The mechanical
characteristics of both the specimen of each tvpes are presented here. Detailed discussions on
experimental behavior of both type of specimens are furnished in the following sub-sections.
Comparisons of test results for radius cut and F-cut were made 1n tenm of all above-mentioned

parameters and finally conclusions were drawn.
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4.2 Cyclic test loading protocol

A horizontal loading protocol under displacement control mode, as shown in Fig 4.1, was
applied wsing a 250 kN capacity dynamic servo-hydraulic actuator (make: MTS Inc., USA,
Model 244 31) having a stroke length of = 250 mm. Applied displacement protocol, as prescribed
by AISC 341-10, is a sequence of triangular cyclic displacement history with displacement
amplitudes of U =375 mm, U =45 mm_ U = =75 mm repeated six times; displacement
amplitude of U = 10 mm repeated four times. and displacement amplitudes U ==15 mm_=20
mm_ =30 mm and £40 mm repeated two times. Cyclic test was stopped as soon as the horizontal
displacement amplitude of the beam reached 40 mm_ Application of command protocol through
the servo-hvdraulic actuator and acquisition of feedback signal are carried out using the controller

(make: MTS Inc . USA Model: FlexTest-GT).

Time {Sec)
100 200 300 400 S00 600 OO 800 900 1000 1100 1200
' ' ! ' ' ! ! : : ; - 40
- 30
- 20
- 10
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Displacement (mm)

Ll e e wa
L A Y
i
b

e
[ =
R
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[== [ = = ==

=
L=

12 18 24
No. of Cycle ()

Lk
=

Fig. 4 1 Loading protocol in the experimental program.

4.3 General Observation

The expenimental results and discussion on behavior of two types of RBS (radius cut, -cut) and
CFT connections with bidirectional bolts are reported in this section. Both types of the test
specimens attained maximum rotation of 0.04 rad as per AISC 341(2016) critenia for composite
special moment resisting frames Force displacement hysteresis behavior of both types of
specimens (radius cut, F-cut) exhibited stable ductile behavior during cyclic test. The plastic

hinges are formed in the RBS region as expected. The column and panel zone area remained
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elastic at all times. Therefore, same CFT was used in all the test specimens. Detailed discussions

on experimental behavior of both type of specimens are furnished 1n the following sub-zsections.

4.3.1 Visual Observation of Radius-cut RBS-CFT connection

The test arrangement of RBS-CFT connection of radius cut and F-cut RBS specimens are already
shown in chapter 3. A close view of the damaged specimens at end of cyclic test of radius cut RBS
are shown in Fig 4 2 Load-displacement hysteretic loops of both radius cut specimens are shown
in Fig 4 3 and Fig 4 4. The plastic hinge formed mainly 1n the radius cot RBS region away from
the column and panel zone. The specimen yielded at a rotational angle of 0.015 rad. Plastic hinges
were formed on both the flanges duning the 23rd and 24th loading cvcle after beam rotation of
0.015 radians. Flakes of the silver colour paint got separated from narrowest part of flange first at
(0.015 rad rotation as shown in Fig 4 2. It was observed that vielding spread to adjoining region of
reduced zone at rotation of .02 rad. The strain gauge data_ as indicated in the section 4.8, also
confirmed these observations. The loading was stopped at 40 mm displacement corresponding to

beam rotation of 0.04 rad.

(a) () (c)

Fig. 4.2 Visual observation of different damage states for Radius-cut RBS at various rotation:

(a) 0.015 rad (b) 0.02 rad (c) 0.04 rad
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It was observed that the radius cut EBS experienced residual twist of 6° about longitudinal axis of
the beam. Twisting of beam, due to eccentricity between line of action of cyclic load and center
line of the web, could not be restrained by the lateral supports. However, there 1s no apparent
yielding to the CFT and bolts during the entire test. Thus, formation of plastic hinge in the radius

cut RBS-CFT connections 1s observed only 1n the reduced beam section.
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Fig. 4.3 Hyvsteresis loops of radis cut-1 RBS-CFT connection
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Fig. 4 4 Hysteresis loops of radius cut-IT RBS-CFT connection
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4.3.2 Visual Observation of F-cut RBS-CFT Connection

The damage specimens at end of cyclic test F-cut RBS are shown in Fig 4.5 Load-displacement
hysteretic loops of both the F- cut specimens are shown in Fig 4.6 and Fig 4 7. The plastic hinge
formed mainly i the V- cut EBS region away from the column and panel zone. The specimen
vielded at a rotational angle of 0.013 rad. Plastic hinges were formed on both the flanges during
the 23rd and 24th loading cvcle after beam rotation of 0.015 radians. Flakes of the silver colour
skins got separated from reduced part of flange first corresponding to 0.013 rad rotational angle as
shown in Fig 4 6 The strain gauge data, as indicated in the section 4.8, also confirmed these
observations. It was observed that minor cracks originated between endplate and beam at a
rotational angle of 0.02 rad. The loading was stopped at 40 mm displacement corresponding to
beam rotation of (.04 rad. The final angle of twist for F-cut beams 1s about 2°. Due to the smaller
depth of cut. the angle of twist of this specimen 18 observed to be lesser than that in the beam with
rads cut RBS. Twisting of beam due to eccentricity between line of action of cvelic load and
center line of the web, could not be restrained by the lateral supports. However, there 1s no apparent

Subsequent
yielding

. Initiation
of yiclding

b

(a) (b) (©

Fig. 4.3 Visual observation of different damage states for F-cut EBS at various rotation:

-
3

(a) 0.015 rad (b) 0.02 rad (c) 0.04 rad
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vielding to the CFT and bolts during the entire test. Thus, the failure of the F-cut EBS and CFT

connections 15 observed only in the reduced beam section. Photograph of the disassembled CFT

member, used 1n all the specimens, after completion of the test program 1s shown in Fig. 4 8.
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Fig. 4.6 Hysteresis loops of -cut-I1 RBS-CFT connection
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Fig 4 7 Hysteresis loops of F-cut-1I RB5-CFT connection
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Fig 4 8 Vizuval observation on panel zone and CFT column

4.4 Envelope curves

Envelope curve obtained from the load-displacement hysteretic curves are shown in Fig 4 9 In
this figure. plastic moment (M,,) capacity 1s also indicated for both radius cut and F-cut RBSs are

also indicated. Plastic moment (MF:I:WE'S computed using the matenal properties obtained from the

coupon test. The load displacement curves are linear for both the specimens till 15 mm

displacement. F-cut RBS has higher load carrying capacity as compared to that of the radis cut

EBS in the displacement range 15 mm to 40 mm_
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Fiz. 4 9 Envelope curves of shaved-cut RBS-CFT connections
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The connection can be categorized as full-strength or partial-strength based on the ratio of its

maximum bending moment (M, ) to the plastic moment of the beam (M,).

Radius cut and F-cut EBS connections can be considered as full-strength connections since the
maximum bending moment (M, ) prior to fatlure 15 30% to 60% greater than of the beam plastic
moment (M) as indicated in Table 3. This implies exitance of considerable strain hardening n
both the specimens. In addition, at 4% story drift the bending moment capacity (M) of radus cut
and F-cut RBS. are 80% higher than the beam full plastic moment (M, ). Thus, satisfying the
specification for special moment frames (SMF) in ANSLAISC 341.

4.5 Classification of connections

EBS-CFT connection can be classified as fixed, semirigid. or nominally pinned as per Eurocode
3 Part 1-8 1992 [106]. To identify typology of RBS-CFT connection with bidirectional bolts,

normalized moment and rotation plots are extracted from experimental data.

-1 -0.75 -

L}

-0.15 L] 015 05 0.7s 1

12
A = Riyrid Joint

i
8
EF‘

Fig. 4.10 Classification of shaved-cut RBS-CFT connection
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The relationship between 5— and oo 1s used to identify the joint typology [107]. Plastic rotation
Mp '

of the beam &, 1= expressed as:

_ 2LMg (4.1}
= EL,

where M,= plastic moment of beam, 6, = plastic rotation of beam, I = beam length, E = elastic

modulus of steel, and I, = moment of inertia of beam.

Bending moment (M) 15 determined multiplyving force P by span of beam L; # 15 the rotation of the
steel beam., which 1s measured with the inclinometer. The beam-to-column connection 1s classified
as rigid, if the normalized M-8 curve 15 above the red line and pinned, if the normalized M-8 curve
15 below the green line as shown in Fig 4 10 Experimentally generated normahzed M-# curves of
both the connections lies between the limiting boundary line of fixed joint and pinned joint

Therefore, both these connections are classified as semi-nigid.

4.6 Ductility

The maxiumum strength P, of the RBS-CFT connection 1s defined by the peak load of the envelope
curve_ and the ultimate strength P, is defined by 83% of P, as shown in Fig 4 11. The displacement

corresponding to B, 1s ultimate displacement U,

The displacement ductility coefficient u, 15 defined as the ratio of the ultimate displacement U, to

vield displacement U,

=2 42

Table 4.1 presents the displacement ductility coefficients for the tested connections. The
displacement ductility of the T-cut RBS 15 7% higher az compared that of the radms cut EBS. This
indicates that the -cut RBS marginally better plastic deformation capacity as compared that of
the radius cut RBS.
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4.7 Stiffness degradation ratio

The stiffness degradation ratio () 1s defined as ratio of secant stiffness to initial stiffness.

- 43)

The deterioration of the stiffness of the connections 1= measured using secant stiffness. Secant
stiffness at each displacement amplitude imposed on the specimens corresponding to different

displacement cycles 18 expressed as:

N et

E =
L S AR B S

“4)

where, +P, and —F, are the positive and negative peak loads corresponding to the imposed positive

and negative displacement amphitudes +U; and —U; respectively, K,= mitial stiffness.

The stiffness degradation plots for both specimens are shown in Fig. 4.12. Stiffness coefficients
for both specimens remained nearly same as their ihitial value vp to 15 mm displacement.
However, this parameter for both the specimens decreased approximately linearly with the increase
of the lateral displacement thereafter Stiffness degradation of F-cut EBS 1z marginally lower as
compared to that of the radius cut RBS, which s evident from the Fig 412, 1n the displacement

range 15 mm to 40 mm.
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4.8 Strain distribution in RBS and panel zone

The strain distributions for radius-cut RBS and I-cut RBS along the length of beam flange are
shown from Fig.4.13 to Fig. 4.16 respectively. The yield stramn (£,) of the beam flange 15 1750,
which was calculated using material properties obtained from the coupon tests. The strain
distributions in the positive and negative loading conditions are nearly syvmmetrical. All the strain
gauges in the both types of RBS region reached their vield strain at the rotation of £0.015 radians.
Initially strains increase linearly with rotation up to £0.015 radians. All strains measured in RBS

zone varies the nonlinearly with increase in rotation after attaining yvield strain.

Table No.4.1: Summary of the test results for shaved cut RBS-CFT connection

. - —

B 7, B W B, M, M 8. PETRRT TR T
Commaction Type B,
KN mm KN mm rad K- rad K %
F 923 1504 122 3188 0015 112 158 00318 211
Radius-Cut1 - 884 1586 118 3410 0014 118 1.53 .0341 215 13639 0Ol6
Avg 903 1545 120 3299 D049 115 1.56 00330 213
¥ 936 1504 123 3168 00151 116 132 T S K
Radins-Cut-Il — 920 1596 121 3415 00159 113 1.30 0.0362 227 13850 016
Ave 928 1550 120 3307 00153 1155 131 00342 2.20
¥ W8 1520 137 3430 0015 122 1.54 00342, 225
V-Cut-I - 102 1584 132 3660 00154 120 147 00366 231 15378 017
Avg 05 1552 135 3540 00152 121 1.50 Bo3se 22
+ 110 1530 130 3430 00156 113 134 00983 226
ViCutll - 100 1575 127 3650 00154 111 141 D0.0263 228 1543 017
Avg 105 1553 128 3540  0.0155 113 142 00354 237

P = the yield load; P = the ultimate load; u = yield displacement; 1 _= nltimate displacement; u = ductility; M_= peak moment; M =
plastic moment; M =Moment at 4% drift; B;= ultimate rotation; &_= yield rotation; E, = Total energy dissipation;{__ = viscous damping
of 29th evele,

Formation of plastic hinge in RBS zone was observed from the recorded strain values by the gauges
R1. R? and X7, X2 for radius cut RBS. Yielding in flanges was observed simultaneously in the
strain gauges X/, X2, VI, ¥2, ZI, Z2 and V1, V2 at rotation £0.015 radians for F-cut EBS. This
would ensure increase in plastic hinge length and in turn increase in plastic rotation in F-cut RBS
i1 spite lesser depth of cut. It 1s observed that relatively larger strains were developed in radius cut

EBS as compared to that in the -cut RBES. Further, strain distributions in the flanges of radius cut
EBS are asymmetric at higher rotations because of higher twisting of beam.

In the panel zone, strains in both the specimens were measured by four reusable strain transducers

indicated that the behavior of the panel zone region was well within the elastic range for the both
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the specimens. The variation of strains recorded by four strain transducers along two diagonals in
the panel zones of the RBS-CFT connection with rotation are shown tn Fig 4. 17 and Fig 4 18 The
vield strains (s,) of the steel tube 1s 1550uz. It 1s observed that measured strains are substantially
lower than the vield strain of the steel tube. Therefore, it can be concluded that the panel zone of
both the connection remain elastic. Thus, it may be concluded that the connections with both radius
cut and F-cut RBS have achieved the design objective of plastic hinge formation only 1n EBS zone
without any damage in the panel zone of the CFT.
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Fig.4.13 Strain vs rotation plot along the length of Radius-cut-I RBS
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4.9 Energy dissipation capacity

Energy dissipation capacity of a structure play a crucial role in enhancing its performance during
high intensity earthquakes Area of the force-displacement hvsteretic curve was used to calculate
the dissipated energy. Fig. 4 19 shows the average energy dissipated in each of the applied displ -

acement amplitudes from step-1 to &
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Fig.4.18 Strain vs rotation plot along the diagonals of Panel Zone for radius cut-II and F-cut-1I

It 15 observed that eneroy dissipation is not significant between cyele 1 and 4, which implies that
both the RBSs were in an elastic state. However, energy dissipation capacity improved
significantly for both the EBSz with the increase in displacement amplitudes after cyele -5 onward.
It 13 observed that the total energy dissipation capacity of F-cut RBS 15 12-13% higher as compared
to that of the radius cut RBS in the displacement cyecles 7-8, because of increase in plastic hinge
length 1n the RBS regions. It mayv also be mentioned that energy dissipation in the EBS-CFT

connections 15 mainly due to the plastic hinge formation in RBS zone.

Equivalent viscous damping coefficient factor (£,,) for both the connections 1s given by [108]

{ _ 1 area of the hysteresis loop ABCDA (4.5)
€4 27 (area of the triangle OBE + area of the triangle ODF) ’

where, area of the hysteresis loop ABCDA, area of the triangle OBE and the area of the tnangle
ODF shown in Fig. 4 20.
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The equivalent viscous damping factor ¢, for all displacement amplitudes are shown in Fig 4 21
and Fig. 4 22, and it 1s imncreasing with displacement. It 1s observed that the equivalent damping
factor for F-cut EBS at highest displacement amplitude 1s about 17% which 15 about 1% higher
than that of the radius cut RBS. Thus, £, for the J~cut RBS 1s margmally higher as compared to

that of the radms cut EBS 1n spite of experiencing low strain level due to lower depth of cut.
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Fig. 4 19 Comparizons of the dissipated energy in RBS-CFT connections: (a) Radius cut-I vs F-cut-I
(b) Radius cut-1T vs F-cut-II
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4.10 Concluding remarks

In this chapter, the experimental results of radius cut and F-cut RBS-CFT connections with
bidirectional bolts were analvzed and various mechanical characteristics are evaluated to

understand the behaviour of the connections Based on analysis of the experimental results

reported in this chapter following conclusions are drawn:

1. T-cut RBS-CFT connection have higher plastic moment capacity and marginally higher
displacement ductility capacity as compared to those parameters of conventional radius cut
RBS.

2. In both types of connections, hysterstic energy dissipation was confined in the EBS zone

due to plastic hinge formation there. Energy dissipation capacity was 12-13% more in -
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cut RBS, due to the increase of plastic moment capacity and plastic rotation capacity, as
compared to those of the conventional radmus cut RBS.

3. Suffness degradation ratio was found to be higher in case of F-cut RBS due to lesser depth
of cut as compared to those of the conventional radius cut RBS for all drift levels.

4. Both tvpes of the RBS-CFT connections were found to be semi-rigid in nature and this
would ensure their ductile behavior.

5. Residual torsional deformation 1s less for F-cut RBS due to the less depth of cut as
compared to that of the radius cut RBS.
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CHAPTER-5
Experimental Study of drilled cut RBS-CFT Connection

with bidirectional bolts
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5.1 Introduction

This chapter describes the results of experimental results and discussion on behavior of two types
of drilled cut RBS and CFT connections with bidirectional bolts. One specimens of each types of
connection were tested under simultaneous action of axial load in CFT and cveclic load at the beam
ends. A constant axial load of 10% of gross capacity of the column was applied during the
application of cvelic displacements at the time of testing. Force-displacement hysteresis loops of
constant dnlled cut (CD-cut) and varied drilled cut (FD-cut) specimens are presented. All the
mechanical parameters of both types of EBS-CFT connections are presented. Detailed discussions
on experimental behavior of both type of specimens are furnished in the respective sections.
Finally, comparisons of test results for constant drilled cut (CD-cut), varied drlled cut (FD-cut)

were made in term of mechanical parameters.
5.2 Cyclic loading protocol
A horizontal loading protocol under displacement control mode, as shown in Fig 5 1, was applied

through a 250 kN capacity dynamic servo-hydravlic actuator (make: MTS Inc.. USA, Model
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244 31) having a stroke length of = 230 mm. Applied displacement historv, as prescribed by
ATSC, 15 a sequence of triangular cvclic displacement history with displacement amplitudes of U
=£3 75 mm,  U==5mm_ U==75 mm repeated six times; displacement amplitude of U ==£10
mm repeated four times, and displacement amplitudes U = £15 mm_ +20 mm_ £30 mm and =40
mm repeated two times. Cyclic test was stopped as soon as the rotational displacement amplitude
of the beam reached 0.04 rad or at the failure of specimens. Application of command protocol
through the servo-hvdraulic actuator and acquisition of feedback signal are carried out using
built-in DAQ of the controller (make: MTS Inc._ USA. Model: FlexTest-GT).

5.3 General Observation

The experimental results and discussion on behavior of CD-cut RBS-CFT and FD-cut RBS-CFT
connections with bidirectional bolts are reported in this section. Both the test specimens attained
maximum rotation of (.04 rad as per AISC (2010} criteria for composite special moment resisting
frames. Force displacement hysteresis behavior of both types of specimens (CD-cut, FD-cut)
exhibited ductile behavior during cyclic test. The plastic hinges are formed in the dnlled region
of the beam as expected. The column and panel zone area remained elastic at all times. Therefore,
same CFT was used in all the test specimens. Detailed discussions on experimental behavior of

both type of specimens are furnished in the following sub-sections.
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Fig. 5.1 Loading protocol 1n the experimental program.
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5.3.1 Visual Observation of CD-cut RBS-CFT connection

The test arrangement of EBS-CFT connection of CD-cut and FD-cut EBS specimens are shown
in chapter 3. A close view of the damaged specimens at end of cyclic test of CD-cut RBS are
shown in Fig.5 2. The damage states of the CD-cut EBS specimens at 0.015 rad. 0.030 rad and
0.04 rad are shown in Fig. 3 2. Load-displacement hvsteretic loops of CI)-cut specimens are shown
in Fig 5.3 Silver colour paint flakes got separated from the narrowest part of the flange of this
specimen nearly at 0.015 rad rotational angle. This indicates initiation of plastic hinge got started
at 1-1 section of the RBS nearly at a rotation of 0.015 rad {corresponds to 23rd and 24th loading
cvcle). Subsequently, vielding spreaded to the adjoining region of RBS zone (section 2-2 and
section 3-3) at higher rotation level in the range of 0.02 rad to 0.03 rad and yielding is confined
only in the EBS zone of the beam away from the column and panel zone. The strain gauge data,
az indicated in the section 5 8, alzo confirmed these observations.

(a) (b) (c)
Fig. 5.2 Visual observation of different damage states for CD-cut RBS at various rotation:

(a) 0.015 rad (b) 0.03 rad (c) 0.04 rad

The loading was stopped at 40 mm displacement corresponding to beam rotation of 0.04 rad. It
was observed that the CD-cut RBS experienced residual twist of 4.17 about longitudinal axis of

the beam. Twisting of beam, due to eccentricity between line of action of cvelic load and center
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line of the web, could not be restrained by the lateral supports. However, there 1s no apparent
yvielding to the CFT and bolts during the entire test. Thus, formation of plastic hinge 1n the CD-cut

EBS-CFT connections 1s observed only in the reduced beam section.
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Fig. 5.3 Hysteresis loops of CD-cut RBS-CFT connection

5.3.2 Visual Observation of FD-cut RBS-CFT Connection

A close view of the damaged specimens at end of cvclic test of FD-cut RBS are shown in Fig 5. 4.
The damage states of the FD-cut EBS specimens at 0.013 rad, 0.030 rad and 0.04 rad are shown
inFig 5.5 Load-displacement hysteretic loops of both the FD- cut specimens are shown in Fig 5. 5.
The plastic hinge formed mainly in the FD- cut RBS region away from the column and panel zone.
The specimen vielded at a rotational angle of 0.015 rad. Flakes of the silver colour paint separated
first around the drilled hole section 1-1 in the flange for this specimen at 0.015 rad rotational angle.

Thus, development of plastic hinge got initiated at the drilled hole section 1-1 region for FD-cut
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Initiation of yielding

() (b) ()
Fiz. 3 4 Visual observation of different damage states for FD-cut EBS at various rotation

(a) 0.015 rad (b) 0.03 rad (c) 0.04 rad
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Fig. 5.5 Hysteresis loops of FD-cut RBS-CFT connection
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Fig 5.6 Vizuval obzervation on panel zone and CFT column

EBS, which 15 away from the column face and panel zone Thereafier, yvielding spread in the RBS
zone between drilled hole section 1-1 and 3-3 at higher rotation in the range of 0.02 rad to 0.03
rad. The strain gauge data. as indicated in the section 5.8, also confirmed these observations.
Finally, test was stopped for the specimens after attaining (.04 rad rotation corresponding to 40
mm displacement. The final angle of twist for FD-cut RBS is about 3. 7% Due to the smaller drilling
s1ze, the angel of twist of this specimen 1s observed to be lesser than that in the beam with CD-cut
EBS. Twisting of beam due to eccentricity between line of action of cyclic load and center line of
the web, could not be restrained by the lateral supports. However, there is no apparent vielding to
the CFT and bolts during the entire test. Thus, the failure of the FD-cut RBS-CFT connections 1s
observed only 1n the reduced beam section. Photograph of the disassembled CFT member, used 1n
both the specimens_ after completion of the test program 1s shown in Fig. 5.6,

5.4 Envelope curves

Envelope curve obtained from the load-displacement hysteretic curves are shown in Fig 57 In
this figure, plastic moment (M, ) capacity for both CD-cut RBS and FD-cut RBS are also indicated.
Plastic moment (M, ) was computed using the matenial properties obtained from the coupon test.

The load displacement curves are linear for both the specimens till 15 mm displacement. F'D-cut
EBS has higher load carrying capacity as compared to that of the CD-cut EBS in the displacement
range 15 mm to 40 mm. The connection can be categorized as full-strength or partial-strength

based on the ratio of 1ts maximum bending moment (M,,,) to the plastic moment of the beam (M,,).
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Fig 57 Envelope curves of drilled-cut EBS-CFT connections

CD-cut and FD-cut EBS connections can be considered as full-strength connections since the
maximum bending moment (M, ) prior to failure 1s 40% to 50% greater than of the beam plastic
moment (M, ) as indicated 1n Table 5.1. This implies exitance of considerable strain hardeming in
both specimens. In addition. flexural strength (M,) of CD-cut RBS and FD-cut RBS. at 4% story
drift are 80% higher than beam full plastic moment (M, ). Thus, satisfying the specification for
special moment frames (SMF) i ANSTVAISC 341,

5.5 Classification of connections

M
In this chapter, classification of RBS-CFT connections was made using non-dimensional = and
o)

% relationship. Eq 4.1 defiming relationship between plastic moment ( M, ) and plastic rotation

( 8, ) used to calculate the plastic rotation.

Bending moment (M) 1s determined multiplying force P by span of beam L; # 1s the rotation of the
steel beam. which 1s measured with the inclinometer. The beam-to-column connection 1= classified
as rigid 1f the normalized M6 curve 15 above the blue line and pinned, 1f the normalized M-8 curve

is below the green line as shown in Fig 5.8 Experimentally generated normalized M-@ curves of

67
TH-2899 166104029



both the connections hes between the limiting boundary line of rigid joint and pinned joint.

Therefore, both these connections are classified as semi-nigid.

e
8,
]

-1 -0.78 05 .15 .15 0.5 0.75 1

L

I = Tnn¥

-1 -0.78 -5 -0.15 015 0.5 075 1

Fig. 5 8 Classification of drilled-cut RBS-CFT connection
5.6 Ductility
Generally, the ultimate strength (P,) of the connection is defined from the envelope curve, and it
is considered as 85% of maximum strength (B,,) as shown in Fig_ 4 11 in chapter 4. Here sufficient
degradation of strength was not observed from the envelope curve shown as in Fig. 5.8 after
achieving the maximum strength corresponding to the displacement of 35 mm (0.035 rad). Thus,
ultimate displacement (U ) 1= not obtained from the envelope curve. Due to these reason 40 mm

displacement 1s considered here as ultimate displacement (IJ,,). Table 5.1 presents the displacement

ductility co-efficient for the tested specimens.

5.7 Stiffness degradation ratio

The stiffness degradation of EBS-CFT connections was defined using by non-dimensional
stiffness ratio f. The Eq. 4.2 and Eq. 4.3 were used for calculation of fi.
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The stiffness degradation plots for both specimens are shown in Fig. 3.9 Stiffness coefficients for
both specimens remained nearly same as their initial value up to 15 mm displacement. However,
this parameter for both the specimens decreased approximately linearly with the increase of the
lateral displacement thereafter Stiffness degradation of FD-cut EBS i1z marginally higher as
compared to that of the CD-cut RBS. which 1s evident from the Fig. 5.9, in the displacement range

15 mm to 40 mm.
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Fig. 59 Stiffness degradation ratio of RBS-CFT connection

5.8 Strain distribution in RBS and panel zone

The strain distnibutions for CD-cut RBS and FD-cut RBS along the longitudinal direction of beam
flange are shown i Fig 510 and Fig. 5.11 respectrvely. The yield strain (g,) of the beam flange
s 1750us, which was calculated using material properties obtained from the coupon tests. The
strain distributions in the positive and negative loading conditions are nearly symmetrical. During
visual inspections, it was also observed that flakes of silver colour paint come out of the surface
of the steel flanges of RBS zones at a rotation of 0.015 radians, indicating onset of yielding. All
the strain gauges in the both types of EBS region reached their vield strain at the rotation of £0.015
radians. Initially strains increase linearly with rotation till its value 1s 20015 radians. All strains
measured in KBS zone varies the nonlinearly with increase in rotation after attaining vield strain.

Formation of plastic hinge in KBS zone was observed from the recorded strain values by the gauges
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D1, D2 and X1, X2 Y1, Y2, ZI, £2 for CD-cut EBS. Yielding in flanges was observed
simultaneously in the strain gauges X7, X2, Y1, ¥2, 21, Z2 and HI, H? at rotation =0 013 radians
for FD-cut RBS. This would ensure increase in plastic hinge length and in turn increase in plastic
rotation in FD-cut RBS in spite less drill in size. It 15 observed that relatively larger strains were
developed 1n CD-cut RBS as compared to that in the F'D-cut RBS. Further, strain distributions in

the flanges of CD-cut RBS are asymmetric at higher rotations because of higher twisting of beam_
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Fig 5 10 Strain vs rotation plot along the length of CD-cut RBS
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In the panel zone, strains were measured by four reusable strain transducers for both the specimen.
It was observed that the behavior of the panel zone region was well within the elastic range for the
both the specimens. The varnation of strains recorded by four strain transducers along two
diagonals in the panel zones of the RBS-CFT connection with rotation are shown in Fig 5 12 The
vield strains (g, of the steel tube 1s 1550uz. It 1s observed that measured strains are substantially
lower than the yvield strain of the steel tube. Therefore, 1t can be concluded that the panel zone of

both the connection remain elastic.
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Fig 512 Strain vs rotation plot along the diagonals of panel zone

Thus, it may be concluded that the connections with both CD-cut and FD-cut EBS have achieved
the design objective of plastic hinge formation only in EBS zone without anv damage in the panel
zone of the CFT.

5.9 Energy dissipation capacity

Energy dissipation capacity of a structure play a crucial role in enhancing its performance during
high intensity earthquakes. Area of the force-displacement hysteretic curve was used to calculate
the dissipated energy. Fig. 5.13 shows the average energy dissipated in each cycle with any applied

displacement amplitudes from step-1 to & It 15 observed that energy dissipation 1s not significant
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between cycle 1 and 4. which implies that both the RBSs were in an elastic state. However, energy
dissipation capacity increased significantly for both the REBSs with the increase 1n displacement
amplitudes after cvcle -5 onward. It 1s observed that the total energy dissipation capacity of FI)-
cut EBS 15 1-2% higher as compared to that of the CD-cut EES 1n the displacement cycles 7-§,
because of increase n plastic hinge length in the RBS regions. It may also be mentioned that
energy dissipation in the RBS5-CFT connections 15 mainly due to the plastic hinge formation 1n
RBS zone. Equivalent viscous damping coefficient factor (£.,) for both the connections i1s

calculated vsing Eq.4 4 [108].

Cumulative energy dissipation at any particular displacement amplitude can be calculated by
summing the areas corresponding to the preceding displacement amplitudes with energy
dizsipation of that displacement amplitude. Fig 5 13 shows that the cumulative energy dissipation,
are nearly same for both the EBS-CFT connections.
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Fig.5.13 Comparizons of the dissipated energy in RBS-CFT connections: (a) average (b) cumulative

The equivalent viscous damping factor ¢, for all displacement amplitudes are shown in Fig 5.14.
It 1s observed that £, 1s increasing with increase in displacement. Equivalent damping factor for
FD-cut EBS at highest displacement amplitude 15 about 15% which 1z same as of the CD-cut RBS.
Thus, £, for the FD-cut RBS 1s same as compared to that of CD-cut RBS 1n spite of expeniencing
low strain level due to lesser dnlling size.
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Fig 514 Equivalent damping factor (£, ) for CD-cut and FD-cut RBS

5.10 Concluding remarks

In this chapter, the expenimental results of CD-cut and VD-cut REBS-CFT connection with
bidirectional bolts specimens were analyzed and various parameters are calculated to understand

the behaviour of the joints. The failure modes. hysteresis curve, envelope curve, typology of the

connection, the stiffness, energy dissipation. damping and strain distribution of the specimens were

analyzed. Based on experimental study reported in this chapter following conclusion are drawn:

Table No.5.1; Summary of the test results for drilled cut RBS-CFT connection

By Uy M Uy Bp M Hu HE Ee {og
Cennection Type M,
N mm WN- mm rad WNm 0 KI %
m
+ 118 1562 169 40 Q0156 153 256 146
CD-Cut = 112 1508 187 40 00130 135 265 145 15022 015
Avg. 115 1535 168 40 00153 135 260 1435
+ 122 1582 183 40 00158 17¢ 23 453
FD-Cut — 118 1518 181 40 00156 172 263 150 15269 015

Avg. 120 1550 182 40 00157 171 258 151

P_= the yield load; u,= yield displacement; M_= peak moment; M_= plastic moment; M = flaxural strength at 4% drift; 8 _=yield
rotation; £, = Total enerzy dissipation;£, = viscous damping of 29th cycle; w,= Ultimate displacement; pt, = ductility
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1.  FD-cut RES connection has higher plastic moment capacity than CD-cut EBS connection.

2. Cumulative energy dissipation capacity of FD-cut EBS 15 marginally higher as compared
to the CD-cut RBES. However, equivalent damping factor for FFD-cut RBS is almost of the
same order as that of the CD-cut EBS.

3. Stiffness degradation ratio for all dnft levels was found to be higher 1n case of connection
with FD-cut RBS as compared to with the CD-cut EBS due to smaller drilling size of the
beam flange.

4. Residual lateral torsional deformation is lower for FO-cut EBS due to less drilling size at

section 1-1 as compared to that of the CD-cut RBS.

L

Both the connections ensure ductile behavior because of their semi-rigid nature of the RBS-

CFT connections.
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6.1 Introduction

In this chapter, FE based numerical simulation of force-displacement charactenistics of EBS-CFT
connection using ABAQUS (v 6.6-1, 2006) [109] is presented first. Force displacement back-bone
curves for the model EBS-CFT connections are simulated and the same are compared with the
experimental force-displacement back-bone curves. Numerical modelling of EBS-CFT
connections with bidirectional bolts, are very challenging task. in view of multiple interactions
amongst various load effects. Therefore, a simplified numerical modelling of REBS-CFT
connections 18 also proposed in OpenSees (v.17.7.3, 2006) [110] platform for stmulation of their
force-displacement hysteretic behaviour. Simulated force-displacement behaviour of the EBS-
CFT connections are compared with the experimental force-displacement relationship for

validation of the numerical models.

6.2 Detailed numerical modelling

Three-dimensional finite element models of the RBS-CFT connections with bidirectional bolts
were developed using the general-purpose FE software ABAQUS and details of the modelling

procedure are reported in this section. These numerical models consist of a combination of various

tyvpes of element. The models consider matenial nonlineanty, contact issues, surface interactions
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along with constraint conditions. This advanced modelling approach are intended for realistic
understanding of the overall behaviour of the connections, including the location of the damage

and load displacement characteristics.

6.2.1 Simulation for validation of the modelling approach

A specimen, designated as EEP, of steel beam-column connection studied by Elflah et al [111] 1
modelled using ABAQUS finite element software as shown in Fig 6 1. The specimens are analyzed
under the increasing monotonic load and the numerical results are compared with experimental
ones. All components of the specimen are modelled by using the continuum three-dimensional
eight noded solid element with reduced integration technique (C3DER). Table 6.1 shows the
materials properties used in the analysis. Several mesh densities were considered for the sensitivity
analvsis. The contact between the various non-welded components of the joint was modelled by
using the surface to surface contact definitions available in ABAQUS. Surfaces discretized with
course meshes were selected as master surfaces, while the more finely discretized surfaces were
selected for salve surfaces.

The contact pressure-clearance relationship was defined as hard contact for the all cases to allow
full transfer of the compression loads and separation after contact. The penalty method with a
friction coefficient of 0.3 was defined for the tangential response of all contact surfaces. Finite

sliding contact formulation was employed for all other contact pairs.

]
-
W

W

284

Fig. 6.1 Connection details [111]
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Table No. 6.1 Material properties of beam-column connection [111].

E T2 To.i T, Ef
Specimen MPa MPa MPa MPa (%)
1-240x120x12x10-flange 196300 248 306 630 66
1-240x120x12x10-web 205700 263 320 651 65
End plate 198000 282 343 655 54
M 16 bolt (A4-30) 191500 617 703 8035 12

A monotonically increasing displacement upto 40 mm was applied to the end of the beam. The
motment-rotation response obtained from both numerical and experimental studies were plotted.
Numerically simulated and experimental moment-rotation curves for the connection were found
to be 1n good agreement as shown in Fig 6.2 It mav be observed that both simulated and
experimental failure modes of the connections were found to be in reasonably good agreement.
Simulated failure modes and experimental failure modes are shown in the Fig. 6.3. Validation of
this numerical model established that interaction properties. mesh size, mesh types, and boundary
conditions of the simulated specimen are good encugh to replicate the results obtamned by
experimental work. Hence_ a similar modelling method can be adapted for computation of response

of the sample model EBS-CFT connections with bidirectional bolts using ABAQUS finite element

programime.
[T]
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Fig. 6.2 Validation of numernically simulated M-8 curve
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Fig. 6.3 Failure modes between tests and FE simulation adopted for present study (a) Experimental
fatlure modes [111] (b) Numerical failure modes [111] (¢) Numerical failure modes (present study)

6.2.2 Modelling of RBS-CFT connection

The numerical models of EB5-CFT connections with bidirectional bolts consisted of a
combination of solid elements and constraints conditions. These were refined 3D solid elements
incorporating the nonlinear material properties, contact elements_ surface interaction with friction.
These advanced modeling methods were intended to provide a detailed and accurate understanding
of the overall behavior of the connections, including the stress distributions in the RBS zone and
identification of damage location of the connection.
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Finite Element Modelling: Three dimensional (3D)) deformable solid types of elements were
chosen for the modelling of different components. The s1x basic components (concrete core, steel
tube, bolts, endplate, stiffener, beam) are shown as assemblies of 3D solid elements in Fig 6.4
Cross-section of each section was first created and then extruded to provide the desired length. For
generating bolt parts, the revelution techmique was used, in which a section of the bolt was created

first and then rotated by 360°. Close-up view of the corresponding RBES connection areas 15 also

shown in Fig. 6.4

Radius-cut RB

CD-cut RB
RP1 E

RE5-CFT connection with bidirectional bolts FD-cut RBS i .

Fig. 6.4 3D models for all RBS-CFT connection
In these figures, C3IDEE (Contimuum three dimensional eight noded brick element with reduced

integration) elements are adopted for the end-plate, stiffeners and beam. C3D6 (Continuum three
dimensional six noded linear prism) element were used for the bolt specimen also shown in Fig 6 4
on the top-right. These elements provide reduction in the number of elements and enhanced
associated computational efficiencies. C3DER. elements are adopted for concrete core and steel
tube. Several mesh densities were considered for the sensitivity analysis. Sensitivity analysis was
carried out to choose optimum size of elements. It was observed that at least two elements needed

along the thickness of thin-walled components such as end plates, flanges and webs of the beam
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to accurately capture their flexure behavior and avoid shear locking. A sufficiently good member
of elements 1z considered to sumulate the realistic failure of the connection. Detailed meshing of

different RBS-CFT connection are shown in Fig. 6.5 to Fig. 6 &

Meaterial Properties: Material properties for each component were kept similar. The steel matenial
properties for each component members were modeled with fully nonlinear isotropic
characteristics coupled with von-Mises wyield critertion. The Young's modulus values
characterizing the elastic material response and the stress-strain values used to define the plasticity
model were derived from the tensile coupon tests reported in chapter 3. For the material property
of these components, different grade of steel was chosen with the modulus of elasticity and
Poisson’s ratio as 210000 N /mm? and 0.3 respectively. The density value was kept as 7.85e™ ton
Jmm3. Stress-strain curve for different grade of steel components were used in the study with
calibrations. The material stress-strain data was then converted to true stress and plastic strain. The
concrete was modelled as an elastic material because of no damage in the panel zone was observed

during the expenmental study.

Constraint and Interaction propertics: The welds between the beams and endplates were not
explicitly modelled. since their response are nigid and no weld failure occurred during testing. The
Tie constraint was used to connect the beam and endplate for the simulation. Here Tie constraint
ties two separate surfaces 1.e. endplate and beam together so that there 1s no relative motion between
them. Different tvpes of interaction are considered for defining the interactions between various
components like concrete-tube, endplate-tube, bolt head-end plate. and bolt shank-bolt hole.
Interactions provided between different contact surfaces are: i) surface 1: outer surface of filled
core concrete and the inner surface of steel tube, i7) surface 2: Outer surface of steel tube and the
inner surface of endplates, i) surface 3: Outer surface of endplates and the surface of bolt heads,
iv) Surface 4: Surface of bolt shank and the surface of bolt holes. The interface interaction between
different components of the model were defined by the surface to surface algonithm available 1n
ABAQUS. The surfaces discretized with finer meshing were selected as the Slave surface and the
surfaces discretized with coarse meshing were selected for the Masfer surface. Hard contact
pressure-overclosure with allowed separation after contact relationship was defined as normal

behavior. Here this option would allow surfaces to transfer full bearing pressure and separation
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after contact. For behavior in the tangential direction, Penalty friction formulation was used with
the value of the coefficient of friction as 0.3, For interaction between filled core concrete and steel
tube, the value of the coefficient of friction was taken as 0.6

Fig. 6.5 Meshing details of radius cut EBS-CFT connection

Fig. 6.6 Meshing details of F-cut RBS-CFT connection
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Initial boundary conditions and loading: The boundarv conditions of the FE models simulated
the support conditions imposed in the experimental study. Top and bottom end cross-section of
the column were coupled to reference points RP-2 and RP-3 respectively, while the free-end

h

Fig. 6.7 Meshing details of C'D-cut RB5-CFT connection

Fig. 6.8 Meshing details of FD-cut EBS-CFT connection
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surfaces of the beam coupled to RP-I1. The upper end of columns was assigned pinned boundary
condition which allowed movement in the longitudinal direction of the column (1e,
U1=U3=UR1=UR2=0, U2+#0, UR3#0). The movement in the longitudinal direction was
allowed to consider the axial shortening of column due to application of an axial load on the
column. The lower end of the column was also assigned pinned boundarv condition, but the
longitudinal movement was restrained (1.2, Ul=U2=U3=UR1=UR2=0, UR3+#0), otherwise 1t

could cause rigid body motion.

The loading in the models were applied in two steps. In the first step apply axial loads and 1mitial
boundary conditions were imposed while in the second step was used to apply the displacement
control monotonic loading was applied at the RP-J point 1n ¥ (U2) direction 1n the beam. Necessary
precaution was taken to apply the monotonic load at RP-1 point in the model. For monotonic
loading, the load was generated by imposing a support displacement at the RP-] point of the beam.
A displacement-type boundarvy condition was used to apply monotonically increasing
displacement loading upto a maximum value of 40 mm_ The postprocessor 1in ABAQUS
automatically calculated the equivalent forces for each displacement step. Finally, based on the
developed FE models the force-displacement response of the connections was computed and

compared with expenimental results.

Load-displacement behavieur: Fig. 6.9 shows the comparnison of the experimental and numerical
load-displacement response of different EBS-CFT connections. The numerical load-displacement
response of different RBS-CFET connection matches quite well with the experimental load-
displacement envelope curves. Comparison of numencal and expernimental envelope curve
established that FE model develop n this study can predict the different parameters of all the EBS-
CFT connections with reasonable accuracy as error varies from 0 87 %6 to 7.58% as shown in Table
6.2. Most of the numencal study including Elfah et al. [111], Castro et al. [112] and Silva et al.
[113] for analvsis of beam-column connection with bolts were carried out under application of
monotonically increasing loads. Numerical analvsis of bolted beam-column under cyclic loads are
challenging task because of the multiple interaction and convergence issues. In view of the above,
this numerical modelling technique can be adopted for further studies on RBS-CFT connections
with bidirectional bolts as the predicted error varies from 1%-8%.
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Fig. 6.9 Comparison of numerical and experimental envelope curve: (a) Radis-cut-I1 RBS
(b) P-cut-IRBS (c) CD-cut RBS (d) FD-cut RBS

Table 6.2 Comparison of different parameters based on experimental and detailed numerical study

Tvpes Maximum loads (KN) Initial stiffness (kN/mm) Energy dissipated (KN-mm)
RC]g: S Exp. Num. Eror Exp. Num.  Emor Exp. Num. Error
Radiuscut-1 145 134  7358% 470 503  7.02% 1275 7617  4.50%
V-cut-1 152 145 460% 329 521 153% 8169 8112 6.98%
CD-cut 170 165 294% 564 569 1.03% 8993 0086  1.02%
VD-cut 188 175 691% 583 581 1.02% 0624 9540 0.87%

Failure pattern of connections: One of the aims of the detailed FE simulation of EBS-CFT

connection was to predict failure patterns, stress concentration at RBS zone of the EBS-CET

connection as observed in the expenimental studv. Fig 6.10 to 6.13 shows the damage pattern

obszerved at various locations in the RBS zone of different RES-CFT connections. It was observed

TH-2899 166104029
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that FE prediction of the failure pattern matches well with the experimental observations. During
the monotonic loading, the entire RBS zone yielded corresponding to 0.013 to 0.02 rad rotation.
wvon-Mises stress distributions showed that the higher stresses were mainly located at the RBS zone
area of the beam. Highest stress levels are observed at the narrowest part of the cross section. From
Fig 610 to Fig. 6.13, 1t can be observed that the numerical model was capable of sitmulating failure
pattern similar to that observed in the experimental study. The plastic hinge formed in the RBS
zone for all the RBS-CFT connection can be identified from these figures. From the Fig. 614, 1t
is evident that no damage occurred in CET column specimens. From the numerical study, it 1s
established that reduced beam section 1s effective for the formation of plastic hinge away from the
column, hence column and panel zone essentially remained in elastic. Hence, all the RBS-CFT

connection with bidirectional bolts fulfilled the requirements of strong column weak beam

concept.

6.3 Simplified numerical modelling

The simplified numernical model was created in OpenSees as shown in Fig6.15 From the
experiment, it 1s established that the RBS region in beam undergo vielding (plastic hinging) while

the column and panel zone remain elastic. Fig. 6 15 shows the proposed simplified connection

RES Zone

Plastic hinge

Fig 6.10 Failure patterns of radins cut-1 RBS-CFT connection
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Fig 6.12 Failure patterns of CD-cut RBS-CFT connection
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Fig 6.14 (a) Experimental test specimen (b) Dissembled simulated CFT column specimen
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Fig 6.13 Simplified model for RBS-CFT connection

element to represent the joint region.

6.3.1 Modelling of beam-joint and rotational spring

In the OpenSees model, 2-noded an elastic beam-coliwmn element was used to model the beam of
RBS-column connections. Nonlinearity in the connection was considered using a rotational spring

between node 1 and node 2 of the connection. Concentrated plasticity (CP) approach [114] was

used to model the rotational spring elements.

6.3.2 Calibration technique

The nonlinear force-deformation response behavior of the CP model relies on the behavior of the
nonlinear springs (zero-length element). To make the nonlinear spring accurately simulate the
cyclic behavior of the simplified model, three requirements are satisfied here: 1) availability of
reliable response data, which represents the cyvclic behavior of the member. The target data here

obtained from the experimental study. 11) selection of a proper nonlinear spring model to simulate
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the nonlinear response of the member 111) accurate and efficient calibration needed for
identification of the required parameters of the nonlinear spring from the expenimental data. Here,
experimental force-displacement relationship was used to generate the M-8 response of the EBS-
CFT connections. The modified Ibarra—Krawinkler—Medina deterioration model with peak-
oriented hvsteretic response ( ModIMEPeakOriented) [113] was adopted to model the nonlinear
gprings of the CP model. The hysteresis rules defined by the model are shown 1n Fig. 6.16.
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Fig. 6.16 Hysteresis mles defined by JME model [114]

A backbone curve 1z used to limit the ultimate capacity of the nonlinear spring. The backbone
curve i1s divided into three stages, namely a linear stage. a pre-peak stage and a post-peak stage.
Byv defining a descending post-peak linear, the CP model 1z able to simulate the cyclic strength
deterioration of the RBS-CFT connection. To obtain the required input parameters for the Mod-
IMEK-Peak oriented model from the experimental data, accurate and efficient calibration has been
done by trial error methods. The required parameters could be grouped into two categornes,
namely, the backbone parameters and the deterioration parameters. The calibration of the
backbone parameters is directly extracted from the envelope of the experimental data. The cyclic
deterioration parameters are generated by the calibrating both bilinear model and Mod-IME-Peak

oriented models using web based interactive tools for performance-based sarthquake engineering.
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After calculating the all parameters for the cvclic detertoration, the hysteretic response of the
calibrated CP model and the experimental M-8 are plotted. Fig 6.17 has shown the calibrated curve
for different RB5-CFT connections. A fairlv good agreement between the experimental M-8 and
the CP model prediction was observed. The elastic stiffiess, the ultimate load and the backbone
curve are captured well by the nonlinear spring A similar method was adopted 1n several past

studies [111, 116-117] for calibration and validation of numerical models.

To evaluate simulated hysteretic response of the connections under cyvclic loading, cyclic
horizontal displacement protocol was applied at the free end of the beam (node3). For each stage
of the analvsis, the reactions at nodel and nodal displacements at node3 are tabulated and
thereafter, force-displacement hysteresiz loops are plotted. The reaction force and nodal

displacement plots obtained using OpenSees 1s compared with that obtained from the experiments
in Fig. 6.18.

It was observed that the numerical models are reasonably good in reproducing hysteresis response
similar to that obtained from the experiment. As the numerical and expenimental results were 1n
fairlv good agreement, the similar simulation methods can be adopted for prototype RBS-CFT
connections in steel moment resisting frames. The comparisons shown that the present FE model
can predict the different parameters of all the EBS-CFT connections with reasonable accuracy as

error varies from 1 %o to 12% as shown in Table 6.3

Table 6.3: Comparison of different parameters based on experimental and simplified numerical study

Types Maximum loads (kN) Tmitial stiffness (KN/mm) Energy dizssipated (kN-mm)
Rg < Exp. Num = Emor Exp. Num. Error Exp. Num. Error

RadiuscutI 143 160 1189% 470 503 7.02% 13639 13921 2.02%

Radwscut-ll 145 160 1035% 472 510 745% 13850 14036 132%

V-cut -1 152 158 394% 529 521 153% 15245 15542 1.92%

V-cut -II 162 158 247% 535 525  186% 15378 15120 1.67%

CD-cut 170 160 588% 564 569 087% 15022 14969 035%

FD-cut 188 175 691% 583 581 034% 15269 15023  161%
6.4 Concluding Remarks

In this chapter, numerical analvsis of RB5-CFT connection with bidirectional bolts 1s presented.
Detailed and simplified, modelling techniques were developed using two finite element software
ABAQUS and OpenSees for: (i) The finite element analysis of REBS-CFT connections using under
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monotonically increasing load applied at beam tip for simulating their force-displacement behaviour
and (i7) Simplified numerical analysis of RBS-CEFT connection using OpenSees under cyclic
loading applied at beam tip for simulating their hysteretic behaviour. The detailed finite element
analysis predicts the load-displacement behaviour, failure patterns of the connections and these
responses are i close agreement with that obtained expenimentally. Simplified numerical models
were capable to simulate the hysteretic loops of the EBS-CFT connections reasonably well as
compared to that obtained from expenimental studv. Based on numerical study reported 1n this

chapter following conclusion are drawn:

1.  The finite element models developed 1n ABAQUS_ satisfactorily predicted not only the
lateral load-displacement response of EBS-CFT connections under monotonically
increasing load but also failure patterns of the RBS specimens similar to those observed

in the expeniments.

[l

Based on the comparison of numerical results and experimental observations_ 1t can be
concluded that the finite element can predict the failure patterns of the RBS-CFT
connection. The contact interface satisfactorily predicted the expected behavior of the
connection. Hence, the numerical models can be used conveniently for the studv of

monotonic behavior of different EBS-column connections.

3.  The simplified models with the rotational springs elements simulated the hysteretic
response of different types of RBS-CFT connection reasonably well under cyclic load
as compared to that obtained from the experimental studies. Hence, similar kinds of
modelling approaches can be used for different types EBS-CFT connections with
bidirectional bolts.
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7.1 Introduction

Fragility functions are developed to estimate the probability of reaching or exceeding various
damage states of KB5S beam-column connections as a function of engineering demand parameter
(EDP). There are many ways to obtain fragility functions. Developing fragility functions from
experimental data 1s considered to be the most reliable one among the different methods.
Availability of fragility functions developed from experimental data are very limited because of
time and economic constraints along with other difficulties for conducting experiments. This
chapter presents the development of the fragility functions using experimental data obtained in the
present study along with experimental data obtained from the literatures published since 2009, The
data set consists of 20 tests on RBS moment connections. Inter-story drift ratio (IDE) considered
as EDP 1n thiz study. Damage states are identified from the test reported in literatures. Four
probability distributions were fit to the data, and suitability of each distnibution were evaluated

using standard statistical methods.
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7.2 Fragility functions

Fragilitv functions are probability distributions that are used to indicate the probability that a
component will reach or exceed a particular damage state as a function of an EDP. The
mathematical form of fragility function given by Porter ef al. [118] using lognormal distribution
15 defined as
D
In (E]

F(D)=® gy (7.1)

where F; (D) 1s the conditional probability that the component would be damaged to a damage
state 7" as a function of demand parameter (D)), @ denotes the standard normal (Gaussian)
cumulative distribution function, 8; denotes the median value of the probability distribution and
B; denotes the logarithmic standard deviation. These parameters can be evaluated using the

following expression (Ang and Tang, 1973

£ = exp [iz‘;’;l ln*ri] (7.2)

B= |—Xm, (nl? (73)

where N=number of samples, i = index of specimens and »; = EDP at which damage was observed

to occur in specimen i
7.3 Engineering demand parameter (EDF)

An EDP is a measure of demand imposed by events like earthquake on a structural component. In
developing fragility functions, it 13 important to identify an EDP that most accurately and precisely
relates to damage states. Gulec ef al [119] reported that many researchers used IDR as a demand
parameter. IDRE which 1s defined as the ratio of beam tip displacement to the height of the floor

was used as an EDP in the present study.

7.4 Damage state definitions

Damage measures provide a description of the extent of damage sustained by a component during

an earthquake. The extent of damage 1s charactenzed by damage states. Thus, identification of the
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appropriate damage states is the most important step for developing fragility functions. Damage
states describing observed damages experienced by EBS-column connections either by wvisual
inspections or by measurement through appropriate instrumentation. The damage states identified
by Lignos et al. [120] from the results of previous experimental research were used in the present
study. These damage states were assembled from the analysis of the progression of damage
observed from 6 numbers of specimens tested 1n this study. RBS-column connections typically
experienced different tvpes of damage such as vielding, lateral torsional buckling, and fracture.
Yielding may occur at various locations (e g at the beam flanges_the beam web), whereas buckling
and fracture may occur at any parts of the connections. Two distinct damage states, DS1 and DS2
are adopted in this study. These damage states were characterized by visual observation on the

damaged specimens which are presented in the following sub sections:

7.4.1 Definitions of damage states 1: (DS1)

Yielding can occur first at various locations w1 RBS-column connections, such as flanges or webs
of beams. Strain gauges, direct current differential transformers (DCDTs). LVDTs were used to
detect vielding in the flange of the beam However, most of the studies used IDR corresponding

to the strain/displacement at which vielding was initiated, for defining this damage states.

Yielding was detected from the force displacement plots provided in the literatures in case it was
not recorded. Yielding in RBS-column connections occurs mainly in the beam flange. However,
in this study, the first recorded incidence of vielding somewhere on the beam flange was
considered to define the IDE. at which this damage state was induced. Fig. 7.1(a) illustrates an
example of this damage state. Table 7.1 showed the damage states and its corresponding associated

drift value.

7.4.2 Definitions of damage states 2: (D52)

This damage state was defined by cases where buckling of beam flanges were observed and

occurrence of fracture was noted anvwhere in the connection after vielding in the beam flange.
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Table 7.1 Damage states and associated drift value:

No. Damages states (DS) Damages lDl?::. ;’;'.lue
L DSs1 Yielding in the flange of REBS 0075-0725
Torsional buckling
5 D52 Welding fracture between beam and end plate 0.6 — 0.50
; Lateral buckling of flange ? =

Ductile tearing with in RBS zone

(c) (d)
Fig 7.1 (a) Yielding in flange (b) Fracture between beam and end plate (Photo: 5. Paul)

{c) Lateral buckling of flange (d) ductile tearing in RBS zone (Jones ef al. [121])
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Fracture can occur in various forms in RBS-column connections, like welding failure, bolt failure,

ductile tearing failure etc. [122-123]. Fig. 7.1(b). Fig. 7.1(c), Fig. 7.1(d) provides an example of

fracture, lateral torsional buckling and ductile tearing.

Table:7.2 Properties of RBS-column moment connections used in this study

Yield
Geometry
No. Eeference source StreHgth TR

(MPa) Column section Beam section {1:::]_?11} Slab
1 Lietal [122] 350 Round426x8  H496x199x9x14 495 No
2 Lietal 330 Round426x8  H496x199x9x14 494 Yes
3 Leeetal [72] 385 Wl4dx9 W24x9 609 No
4 Lee et al. 385 W14x9 W24x9 609 No
5 Lee et al. AT Wi4=9 W24x9 609 No
(i} Kulkami et al. [71] 344 WEBI130 NEB200 200 No
7 Parvan et al. [89] 345 Box240=200=x20 W30x1s 762 No
B Parvar et al. 345 Box240=200=20 W30x16 762 No
9 Parvar et al. 345 Box240x200x20 W3lx17 762 No
10 Parvar et al. 345 Box240=<200x20 W30x18 762 No
11 Vajdian et al. [87] 367 Box250=x230x10 IPE360 360 No
12 Vajdian et al. 367 Box250x250x10 IPE300 300 No
13 Vajdian et al. 367 Box500=x5300x10 IPEZT0 270 No
14 Vajdian et al. 367 Box250=250x10 IPE430 450 No
15 Paul & Deb [73] 330 SHS 220x220x6 NPB250 230 No
16 Paul & Deb 350 SHS 220x220x6 NEB250 250 No
17 Paul & Deb 350 SHS 220x220x6 NPB230 250 No
18 Paul & Deb 350 SHS 220x220=6 NPB250 250 No
19 Paul & Deb 350 SHS 220=220x6 NEB250 250 No
20 Paul & Deb 350 SHS 220x220x6 NPB250 250 No

7.5 Experimental results used in this stady

Results of experimental research on RBS-column connections, that have been reported during the

past 13 years were used to developed the fragility curves for the two damage states DS1 and DS2.

The data set consists of 20 tests on EBS-column moment connections. Both types of shaved cut

and drilled cut moment connections were considered. Information on each test was extracted from

research papers for collection of deterioration properties of beams and columns, reported by the

researchers, are presented in Table 7.2, Information about the material and geometrical properties

of all specimens considered 1n this study is summanzed in Table 7.2, IDRs corresponding to each

of these two damage states were reported with respect to the centerline of the column or beam

depending on whether the point of load application was at the end of the beam or column. IDRs
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associated with each of the two damage states were identified. Yield strength of all structural steel
beam specimens used in this study varies between 350-385 Mpa. As vielding 15 observed 1n the
reduced beam zone of the RBS-column connection, the wield strength of the column 1s not
considerad for the study. Extracted M-8 data are used to verify the connection typology as per the
Eq. 4.3 reported 1n Chapter 4. After the venification. 1t was observed that normalized M-£ plots are
bounded between the A-line (red line) and C-line (green line), as shown 1n Fig 7.2 Hence all the

connections are classified as semi-ngid Joint.

1.5 ="z
1.3 . WL Ly T L L rarindat?
1.1 ...
0.9
0.7
0.5
0.3
M 01
My 0.1 ine —— CLine: Rigid Joint
0.3 ALl —o— X Lietal 2008 (2
0.5 & - Fnffnrmi er al 2014 {1}
-0.7 s Lo etal 3014 (3
-0.9 -5 Parveri et al 2020 {4)
e - % - Vjdian stal 2020 ()
-1.3 —=— 5 Pl et ol 2021y%)
-1.5 — A Fing- Pimnad Joine
-1 -0.75 -0.5 -025 — : 2 |

Fig. 7.2 Moment- rotation curve of reported specimens

7.6 Statistical analysis of damage data

Statistical analysis of damage data carried out to develop fragility functions for REBS-column
connections. Collected data shown in the Table 7.3 were utilized to relate EDPs using standard
probability distributions. The maximum likelihood method was used to fit these distnbutions to
the data. The standard goodness-of-fit (GOF) test was performed to evaluate suitability of the

considered probability distributions. Finally, most suvitable distribution was identified for
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development of fragility functions. Four standard probability distributions were considered to
model the data. The distributions considered are lognormal, Weibull, beta (Haldar and Mahadevan
[124]) and gamma distribution (Hayter [125]). Each of these probability distributions was defined
by two parameters that were determined using the method of maximum likelthood. The lognormal

distribution was commonly used in most fragility curve analysis.

Table 7.1 IDEs used to develop the fragility functions
Number IDRDSI [DRDSZ Number [DRDSI [DRDSZ

1 001  0.030 11 00075 0.040
2 002  0.040 12 00075 0.040
3 002  0.040 13 002  0.050
4 002  0.040 14 0.02  0.050
5 002  0.040 15 002  0.050
6 001 0035 16 0.01 0030
7 001 0035 17 0015 0025
8 001 0035 18 00149 0029
9 001 0035 19 00152 0030

10 0.0075  0.040 20 0.015 0.022

7.7 Evaluation of fragility functions

shinozuka [126] was the first to introduce the hypothesis testing to evaluate the fragility functions.
Once the standard probability functions have been fit to the data, standard goodness-of-fit (GOF)

tests were used to evaluate how well the probability functions model the data. Two standard GOF

tests were considered, namely, Kolmogorov-Smirov (K-5), the Chi-Square (32) tests.

7.7.1 Kolmogorov-Smirov (K-5) test

The K-5 goodness-of-fit test (GOF) 13 a nonparametric test based on the cumulative distribution
function (CDF) rather than the probability distribution function (PDF) of a continuous variable.

The K-S test provides a numernical confirmation of the visual analysis for the best fit of the curve
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when comparing selected distribution function. The K-S test requires the computation of the

maximum difference between two CDFs (D,,) depends on the sample size », defined as

Dn = max | [F.x [xz,} - Sn{xi}] (?4}

F.(x;) is the CDF of the assumed distributions at the i*” observations of the order of sample X;,
Sn(x;) 1s the corresponding stepwise CDF of the observed ordered samples.

GOF 1= determined from the companson of the K-5 parameter (D,,) to the critical value (DF) fora
selected significance level (o). The critical walue is determined from a standard mathematical table
where the number of data points and the sigmificance level must be known. The significance level
@ 1s related to the probability of the K-S test parameter (D, ) as:

P (D,<=D%)=1-0 (73)

0.8
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Ge {2-parameter)
f

o+
0.0

x

Fig. 7.3 K-8 for one-sample goodness-of-fit test (Kottegoda and Fossa, [127])

According to the K-8 test, if D, 1s less than or equal to the tabulated value of DS the assumed
distribution 1s acceptable at the significance level @, The highest probability determines the best

fit distribution. A commonly used confidence level 1s 93%, i which the corresponding

significance level 1s 3%. Typical K-S goodness-of-fit test for one-sample 15 shown in Fig 7 3.
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7.7.2 Chi-square (x?) test

The chi-square test compares the observed and theoretical frequencies. The observed data are sub-
divided into m intervals and the number of observations 1 sach interval n; 15 compared with the

theoretical number of observations e;. The theoretical distribution i1s acceptable at the significance

level (a), 1f

n;—e; 2
i e el —— < . (7.6)
I

F=mdel (7.7)

where Cy_, ¢ 1s the value of the y? distribution, f=is the degree of freedom. X is the number of
parameters in the distribution which is two for all distributions. In applyving the y®test, it is
desirable that the numbers of interval (#) and the number of observation (e,) should be at least 5
for satisfactory results [127] and the total number of data points should exceed 50 (Kottegoda and
Rosso) [128].

K-S test have the advantage over the y° test as it is not necessary to divide collected data into
number of mterval (m). Thus, the error of judgement associated with the number or size of the

distribution could be avoided.
7.8 Development of fragility functions for RBS connections

Identification of DS was done based on recommendation of the paper bv Lignos ef al. [129] and
observations made during experiments for different levels of EDPs. All the collected damaged
states (DS) were used for the development of fragility functions. Cuomulative frequency

distribution function was obtained by plotting demand parameter in ascending order for a given

- - . . i—0.5
damage state which was observed duning experiment against [ =

]= where i*" 1s the position of

the drift level within the sorted data and » 1s the number of samples. This derived cumulative
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frequency distribution functions provides the data set which does not exceed a particular value of
demand. Four probability distribution functions were fitted to the denived cumulative frequency

distribution functions in order to evaluate best fit probability distribution.

7.9 Fragility functions for the damage states

Fragility functions corresponding to four selected probability distributions for two damage states
are shown in Fig 7 4 and Fig 7.5 respectively. It 1s observed that each of the distributions provide
nearly similar good fit to the data. Graphical representation of the K-S goodness-of-fit test for 3%
significance levels has also been shown in the Fig. 74 and 7.3 The best distribution was
determined using the K-S test where the parameter (D, ) or the error was evaluated. The error was
compared to a crtical value (DS for the selected significance level of 3%. The values DS were
obtained from Table VI [124]. Distnibution providing highest probability was considered as the
best fit distribution, in which the error was less than the critical value. The complete results of K-
5 test are furnished in Table 7.4. It may be concluded that each of the distnbution functions
provided comparable zood fit to the data. However, the lognormal distribution provided the best
fit among all the selected distributions when the critical values for each of the distributions were
compared. The Chi-square GOF test method was also used in the present study. The results of Chi-
sguare test are furmished in Table 7.3, The critical values were obtained from Tables II [125].
where the result of (Cy_,, ;) was found to be 5.991 1 both the cases. The values furnished i Table
7.5 indicate that the Chi-Square value (error) i1s smaller than the Chi-Square critical value for
degree of freedom (f) 2 1n both cases. However, the lognormal distributions provided best results

among all the distributions considered in the study.

The above GOF tests showed that each of the distribution functions provides comparable good fit
to the data. However, the lognormal distribution provided the best fit among all the distributions.
As mentioned earlier, many researchers [130. 131] developed fragility functions based on
experimental results using different probability distributions. It was reported that lognormal
distribution 1z the best fit for variety of structural component failure. In this study also, 1t was
observed on the basis of GOF test that each of the distribution provides comparable good fit to the

data.
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Fig 7.4 Fragility functions for damage states DS1 defined by four probability distributions:
(a) lognormal (b) Weibull (c) gamma and (d) beta.

But the lognormal distribution provided the best fit among all the distributions. Therefore, the

lognormal distribution was chosen as the preferred distribution because (1) the lognormal

distribution 15 commonly used for definition of fragility function and (1) GOF test results indicates

that lognormal distribution provided the best fit among all the distributions.
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Fig 7.5 Fragility functions for damage states DS2 defined by four probability distributions:
(a) lognormal (b) Weibull (¢) gamma and (d) beta.

7.10 Concluding remarks

In this chapter, fragility functions for exterior RBS-column semi-rigid connections were developed

considering the experimental data obtained in the present study along with data collected from the

past studies. The results of the study indicate that the probability of beginning of initial vielding,

1e. DS1, occurring at an IDR ranges from 0.10% to 0.25%, whereas the probability of lateral-
torsional buckling, 1.e. D52, occurnng at an IDR ranges from 0.30% to 0.50%. Four standard
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Table 7.4 K-5 test results for selected distributions for experimental data

IDRpsy IDRpsa
Sample size n 20 20

Critical Value (DF) «=005 0294 0294
Median (6) 0917 2758

- Std_ deviation (B) 0.598 0.457
booomal dSmbimon o e ) 0.102 0.101
P(D,=D%) 0.928 0.961

Piaraaic ) 0365 0.887

o Pararhcter (k) 1.650 2.740

Gamma dstribullon ™ § ‘G 1o ierons 0.109 0.103
P(D,=D%) 0.902 0.957

Pardhctedin) 1150 2.660

I Pataictie () 0.810 0.863
Weibull distribution K8 pganer (D) 0.120 0.110
P(D,=D%) 0.842 0.941

N () 1370 1231

Lowes bouind (2) 0.210 2293

Beta: distribution Tioseer bidud (5 2 400 7.580
K-S paramacter (D) 0.182 0.168

P(D,<D%) 0.801 0.896

Table 7.5 Chi-sguare test results for selected distributions for experimental data

el IDRpsy IDRps2 Degree of
Dhistributions freedom
Error B Error B A
lognormal = 1286 0525 0692 0824 2
Gamma Ze— 1395 0485 0717 0807 Z
Weibull =1 1585 0425 1388 0793 2
Beta 1.681 0402 1415 0715 2
Critical Value Cr iy 5.991

Note: P (D,=D7)=P

probability distributions were used to model data. The results of the GOF test showed that each of
the distributions provided comparable fit to the data However, in general the lognormal
distributions provided the most acceptable when compared to the crtical values for each of the
damage states. Therefore, experimental fragility function for semi-nigid RBS-column connection

developed in the present study would be useful for se1smic vulnerability assessment of steel MREFs.
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CHAPTER-8

Summary, Conclusions and Future work

CONTENTS

8.1 Summary 109

8.2 Conclusions 111

8.3 Scope of future work 112
8.1 Summary

In the present study, the seismic performances of exterior EBS-CFT connection with bidirectional
bolts under cyche loading were evaluated and documented 1n terms of vanous parameters such as
hysteretic load carrving capacity, stiffness degradation. energy dissipation_ displacement ductility
etc. Four different types of RB5-CFT connections with bidirectional bolts under were considered,
namely, (a) Radms cut RBS-CFT connection (b) F-cut EBS-CFT connection (c) CD-cut EBS-
CFT connection (d) FD-cut EBS-CFT connection. Geometrically similar specimens with radms
cut, F-cut, CD-cut and VD-cut RBS were tested under cyclic loading for evaluation of their seismic

performances.

The test setup was designed and fabricated for carrving out cyclic testing of specimens in the
dynamic structural testing laboratory at IIT Guwahati. Servo hydraulic dynamic actuator of
capacity 250 kN having a maximum displacement range of = 250 mm was used for application of
cyclic displacement histories. Displacement loading histories were applied as prescribed by AISC
341 (16).

Two types of strain sensors were used to record the strain values of the REBS zone of RBS-CFT
connection. Reusable strain gauges were placed diagonally to record the strain value of panel zone
of CFT. Foil type strain gauges were used to record the strain value of reduced zone of the beam.

An inclinometer was used to measure beam rotation of the EBS-CEFT connection.
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All specimens of each tvpes of EBS-CFT connections were tested under simultaneous action of
axial load i CFT and cychic load at the beam ends. All the test specimens attained maximum
rotation of .04 rad as per ATSC (2016) criteria for special moment resisting frames. All relevant
mechanical characteristics of all types of RB5-CFT connections are calculated and reported.
Force-displacement hysteresis loops of all the specimens of each tvpes of EBS-CFT connections

are used to find the different mechanical characterizstics.

Recorded data was used to study hysteretic behaviour, envelope curve, stiffness degradation,
energy dissipation capacity, strain distribution. ductility for all the RBS-CFT connections. In terms
of the above-mentioned parameters, seismic performance of RBS-CFT connections were analvsed
to arrive at the inportant conclusions. It was observed that F-cut EBS had higher ductility and
energy dissipating capacity as compared to these of the radius cut EBS whereas varied drilled cut
{(FD-cut) RBS had marginally higher energy dissipation capacity and stiffness as compared to these
of the constant drilled cut (CD-cut) EBS. It was observed that the plastic hinges are formed in the
EBS zone of the connections, whereas the column and panel zone area remained elastic at all

times.

Nonlinear finite element analysis of RBS-CFT connections with bidirectional bolts was performed
using the general-purpose software ABAQUS (v 6.6-1, 2006) and OpenSees (v.17.7.3, 2006). The
faillure patterns of the connections were identified by the ABAQUS software. Force vs.
displacement behaviour under increasing monotonic load were simulated for the all the
connections which were then compared with those obtammed from the experimental study.
Simplified model was proposed in OpenSees platform to simulate hysteresis loops these were then

validated bv comparing the same with those obtained from the experimental study.

Fragility function were developed for the semi-nigid EBS-column connections. Developing the
fragility functions from experimental studies were considered to be the most reliable one among
the different approaches. Here, development of fragility functions carried out using experimental
data recorded in the present studyv and experimental data collected from past studies. Two damage
states were considered. Four probability distribution functions were used to fit the data. Goodness
of fit test were conducted to find the best fit distributions. Finally, it was reported that lognormal

distributions were best fit distribution for both the damages states.
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5.2 Conclusions

In this study, two different class of RBS-CFT connections are studied. ({) shaved cut EBS-CFT
connections (i7) drilled cut RBS-CFT connections are studied. Following major conclusions can

be drawn from the exhaustive experimental, numerical, and statistical study:

1. Proposed I-cut RBS-CFT connection have higher load carrving capacity, margimnally
higher ductility and stiffness as compared to those parameters of radius cut RBS-CFT

connection.

[l

Residual torsional deformation experienced by the connection with F-cut EBS 1s less as

compared to that of the connection with radmus cut EBS.

3.  Energy dissipation capacity was 12-13% more in F-cut RBS, due to the increase of plastic
hinge length, as compared to that of the radms cut RBS.

4. VD-cut EB5S-CFT connection have higher load carrying capacity, stiffness and similar
order of ductility as compared to those parameters of the CD-cut RBS.

5.  Residual torsional deformation 13 less for the FD-cut RBS due to the lower drill s1ze close
to beam-column interface as compared to that of the CD-cut RBS

6.  Energy dissipation capacity was marginally high in case of FD-cut RBS_ due to the increase
of plastic hinge length as compared to that of the CD-cut EBS.

7. Adopted design for all the RBS-CFT connection fulfilled the requirements of strong
column-weak beam concept as no damage was observed 1n panel zone or CFT.

8. All the RB5S-CFT connection achieved a rotational capacity of 0.04 radians without any
damage in the joint panel region, and thereby meets the seismic provisions of the AISC
prescribed for a special composite moment-resisting frame.

9. All types of the RB5-CFT connections were found to be semi-nigid in nature which would
ensure their ductile behavior.

10.  The developed FE models in ABAQUS were found to be satisfactory in predicting the
lateral load-displacement behaviour of RBS-CFT connections with bidirectional bolts. The
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developed FE models were capable of predicting the peak response of the RBS-CFT

connection as well as failure patterns in all the connections.

11. The simplified model i1 OpenSees was capable to simulate the force-displacement
hysteretic loops for all types of EBS-CFT connections. Numerically simulated and
experimental force-displacement hysteresis loops for all tvpes of connections were found

to be in good agreement.

12.  Expernimental fragility function for semi-rigid RBS-column connection developed in the

present study would be useful for seismic vulnerability assessment of steel MRFs

8.3 Scope of future work

In this study experimental and numerical investigations are carried out to evaluate the seismic
performance of RBS-CFT connection with bidirectional bolts under cyclic loads. Experimental
and numerical study was reported for the evaluation of seismic behavior. The results of the study
highlight the significant conclusions for RB5-CFT connections with bidirectional bolts. However,

future research directions can include the following:

1. The effect of the concrete slab on the behavior of the EBS-column frames can be
investigated by conducting expenimental study.

2. Different sizes of RBS-CFT connection specimens were considered for size effect
investigation for better acceptability of results.

3. The advanced numerical modelling techmique can be extended by considening the
interaction properties of bolts and concrete in the micro level for simulation of hysteresis
loops obtained from expernimental study.

4 Non-linear time history analysis may carried out for evaluation of setsmic response of the

composite moment resisting frames with different types of RBS-column connections.
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APPENDIX-A

A.1 RESULTS OF TESTS ON CEMENT

” Name of test Details of relevant code Test result
SL. No.
5 i
L Standard Consistency IS: 4031(4)-1988 28%
) Initial Setting Time IS: 4031 (5)-1988 1 hr 20 minutes
3 Final setting time IS 4031: (5)-198% 3 hr 25 minutes
4 Specific gravity (p) 15: 4031(11)-1988 3.12

A.2 COMPRESSIVE STRENGTH OF CEMENT

No of days Compressive strength (MPa)
According to Test results IS 12269-1987 Test results
3 27 2696
7. 37 3842
28. 53 55.36

A3 SIEVE ANALYSIS OF FINE AGGREGATE

SL. No. Sieve size Weight %6 Weight. | Cumulative %% fine Remark
retained retained % weight about Zone
(gm) retained
1 475 mm 0 0 0 100
2. 2.36 mm 31 i1 31 969
3. 1.18 mm 52 3] 83 917
4. 600 u 388 388 471 521 Falls
Zone I1
A, 300 u 348 348 819 181
6. 150 137 13.7 956 4.4
T T 34 34 99 |
Al
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TABLE A.4 SIEVE ANALYSIS OF COARSE AGGREGATE

sL No. Sieve size Weight retained %% Weight. Cumulative %o %5 fine
{gm) retained weight
retained
1 10 mm 1401 2335 2335 76.65
2 7.5 mm 3785 63.08 86.43 13.57
3 4.75 mm 730 12.17 98.6 14
4 236 mm 36 0.93 09.53 0.47
5 1.18 mm 10 0.16 9969 031
6 600 p 2 0.03 9972 0.28
7 300 p 2 0.03 99.75 0.25
g 150 p 3 0.05 99 80 02
9 =150 10 0.16 99.96 0

TH-2899 166104029




APPENDIX-B
B.1. DESIGN OF RADIUS CUT RBS
Beam NPB 250 X 125 (IS 12778: 2004)
Grade IS 2062 E350 (Fe 490)
Yield Stress Fyw = 350 MPa, Ultimate Tensile Stress Fu =490 MPa
Column SHS 220 x 220x 6 mm
Grade I5: 4923 (1997) YST 310 MPa
Yield Stress Fye = 310 MPa, Ultimate Tensile Stress £ =450 MPa
Gravity load on the beam 1s due to floor tributary and exterior walls loads.
1.2D + 0.5 Load Combinations as per section 9 2c of AISC seismic provisions.
Section Properties of beam NPB 250X 130

Mass Ay dy B b tss 7 B

(kg/m) (mm*) (mm) (mm) {mm) {mm) (mm®) (mm?)

3011 3836 250 125 & a 373650 T3630
Section Properties of Column (TUBE) 220 x 220 x 6

Mass A d: bys Ein ter Vil Z oy

(kg/m) (mm?) (mm) ‘ (mm) (mm) (mm) (mm?) (mm?)

39.59 5043 220 ‘ 220 4] ] 402178 402178

STEP:1. Choose trial values for EBS dimensions a. band ¢
a=625 mm (0.5b;). b= 1875 mm (0.75 d,). ¢ =28 8 mm (0.23b;)
STEP:2. Compute the plastic section modulus for minimum c/s of RBS.
Plastic Section Modulus of RBS (Zz5:) = 2, - 2¢t,.(d — £, ) = 248716 mm’®
STEP:3. Established the expected vield stress of the beam
Fye = R,F, =385 MPa, (IS 2062: E350 Grade)
R, = Matenal over strength factor = 1.1 for other types of rolled shapes and bars.
STEP:4. Compute the Maximum Moment expected at center of EBS.
Mpgs =M, = €, F o Zggs = 114906330 N-mm
Mggs =M, = C, R F Zope = 114906330 N-mm

C,»= Factor to account for the peak connection strength including strain hardening, local

restramnt. additional reinforcement. and other connection conditions.

Bl
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_ 3504430

Fy+F
i 4 u£12_

pr ; 2 X 350
ZFF

=12

STEP:3. Compute the shear force at the center of the EES cuts at each end of the beam

wLr

b 1875 - 2MEES
L'= L-d.-_--z(a'|—2) = EDDD-EEG-E(ﬁz.ET) =1467 53 mm. Vpge = + St =178614 N

Lt

Viggs = s — 2 = 134589 N

STEP:6. Compute the maximum moment expected at the face of the column.
M¢ = Mggs + Vres(a +2) = 1428147675 N-mm
STEP:7. Compute the plastic moment of the beam based on expected vield stress of beam.

JFyZ, = 143855250 N-mm

Mo
STEP:8. Check that M; 1s in the range of 85 to 100 percent of M,

Mg _ 142814767.5
Mpe 143855250

=099 < 1 (OK) Thus. the

Preliminary dimensions are OK. Use: a=625mm_b=1873mm_c =288 mm_ R =147
mm.

Ceater of RBS Canter of RBS

v — I ™

2005204 1| | T | ] r i 1 | 134395652 N-snm

—=

134395652 N mm ! 1

PRTFTTTRS

L
144405 mam

Fig B-1 Free body Diagram of RBS

178614 N 1345380 N
Fig B-2 Shear force of the Portion of the beam of RBS centre

142814767.5 N-mm

142814767 .5 N-mm
Fig B-3 Bending Moment of the Portion of the beam of EBS centre

B2
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STEP 9: Strong Column Weak Beam Check

To check strong column-weak beam requirements, the procedure presented in the (FEMA
267A-1997) will be used. with minor modification. The equation to be used to check this
requirement (Eq. 7.5.2 5-1-4 of FEMA 267A 1997) 15 as follows.

Ezc (F;;.c I fa.)
M,
Assuming that the point of inflection at mid heights of the column and calculating axial stress
(f.) of 7.35 MPa in the column under earthquake and gravity loading calculate the shear force
of column ( 1]).

=1

EMf‘I‘VR_Es{%-l'Eﬁ'%} 142314?5?.5‘!‘1?3614(%1-52.5 'I'E:]
Ve= A% =86533N
hi+dp+hp 2200

M., = V.h, = 86533 x 971 = 84022724 27 N-mm

M., =V.hy =86533 x 971 =84022724 27 N-mm
EM, = M,, + M, = 168045448 5 N-mm

Efp (Frp—f 2X 402178 (310—7.55
ey = ( jl=1_45;~,~1
M, 168045448.5
Vi

s 1

i'ﬂ(.‘l’: bt

R:-/: — K
|

7, 7o O | UL . . ¢ £ TN Mrbs)  dy
| !

/\ . _“l"' ¥
| \rbs
|Meh he

N [0 1%
j -
Ve 4» ﬂl-’* ¥

de a+Hh/2)

Fig B-4 Free body Dhagram of Column Moments
V. = shear force in the column above and below the connection.
M., =column moment immediately above connection
M, . = column moment immediately below connection
h, =distance from top of beam to point of inflection in the column above the connection
h;=distance from bottom of beam to point of inflection in the column below the connection

tdy=depth of beam
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STEP 10: Check for Column Panel Zone

To check the column panel zone, the procedure used 1n FEMA 267A (1997) will be used. This
section requires that the panel zone has sufficient strength to develop the shear force developed
by 0.8EMy 1s based on this approach; the panel zone shear force can be computed as follows:
EM,= M, = 142814767.5 N-mm
0.8X 142814767.5

0.95 X 250

—0.8x 56833 =41183454 N

B.1.1 DESIGN OF PANEL ZONE

The shear vielding strength of the rectangular shaped panel zone filled by concrete is calculated
as per (Wu et &/, 2005) and (Wu et al_, 2007).

Geometrical Properties (mim)

d, | tr i m | n

b, dy Loy Ly Loy tur | dn
220 | 220 | 6 6 | 250 125 | 6 | 16| 9| 16| 2|4
b. = The width of the c::rh]r?m d.= the d;th of the c,olum_n fw = The thickness of the column
web, t; = The thickness of the column flange, d;, = The depth of the beam, t;,, = The thickness
of the beam web, t; = The thickness of the beam flange. t., = The thickness of the end-plate,
¢y, = The diameter of the bolt hole, n= The no. of rows of bolt holes in the PZ, m= The number

of bolt holes in one row.

i ] Material Properties . -
Es(MPa) | F.(MPa) | pe | pop | B | p. E. (MPa) L
200000 310 03 | 035 13 | 615 | R0 “ | 3l

E. = Elastic modulus of the steel (MPa)

F,. = The yield stress of the IS 4923(1997) Grade steel tube column (N/mm?)

it. = Poisson’s ration of the steel

Hp = friction co-efficient at the interface of endplate

f 'c = The confined compressive concrete stress including strengthened diaphragms (N/mm?)
B = The strain hardening factor of the steel

E. = Elastic modulus of the concrete (MPa)

| I — |

Loading (V)

t _ P F i

130000 365602 1456000 2080000

t = The average pre-stress of each bolt, P = The axial compression acting on the CFT columns
(exterior columns at the 1% story level, KN), F = friction force between end-plate and steel tube.
T = Pre-stress force of all tension bolts.

Calculate the shear stiffness for two generalized column flanges (K ()

be(tfttep)®  220(6+16)°
=il e - (€+16)” — 195214 mum?*
12 12
12Eglf 12 X 200000 X 195214
K;=2 =2 - = 15137353 83 Nirad
(dp—tof) (258—9.2)
B4
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Calculate the shear stiffness for two column webs without the bolt hole (Kw):
Es 200000 .
G, = = = 769231 N/mm*~
2(14p5) 2.(14.3)
K,=2(d, — 2t;)t,6. =2x(220-2x92)x 6.1 x76923.1 =192000000 N/rad
Calculate the shear stiffness of the steel column including the stiffness loss due to bolt holes
{Kwh}:

K,

wn = 2(d, — 2t, — md,)t,, G, = 147692307.7 N/rad

c

Use the superposition and calculate the shear stiffness of two column webs (K, ):

nd 1 nd 1 =
K= [( - —h) : (—) - (—h) (=]t = 172719665 2 Nirad
dh Kw- db K'E.'I.Fh
The shear stiffness (K_,) of the steel tube at the panel zone 13 the superposition of the shear

stiffness of the column webs (K,,;) and the shear stiffness of the column flanges (K;).
K..=K; + K,,.; = 1878570191 N/rad

Calculate the pre-stress of all tension bars (T} and friction force between end-plate and steel

tube (F):

T =2mnt = 2x2x4x130000 = 2080000 N (Pre-stress 15 elastic state)
F=2Tpu= 1456000 N
Calculate the yield strength of two column webs including the loss due to the bolt holes (V-

z[dc—ztf—m.dh]thy _ 2(220-2X9.2-2X24)X6.1X310
Varny = V3 B V3

= 34363888 N

Calculate the corresponding shear strain of the steel tube (y2):

Vihy  343638.88
K1 1727196652

=
=

= 0.00199 rad

Calculate the yield strength of two column webs without bolt holes (1. ):

2(de—2tf)twFy  2(220-2X9.2)X6.1X310
A — v,;f wiy = 2 43} = 446730.566

Calculate the vield strength of the generalized column flanges (V},,):
_ 2(tp+tep)bcFy  2(9.2+16)X220X 310
¥ 3(dp-tef) 3(258-9.2)

= 40203644

Calculate the axial compressive stress (g, ) and the lateral pre-stress acted on the concrete
(g,,) in the panel zone:
A, = (b, — 2t:)(d, — 2t,,) = 43264 mm*
A, =b.d. — A, =5136 mm?*
—PE, —365602 X 27387

=fop = = = -4.52 N/mm*
Ox = fop E.A.+E-A, 200000X 5136 +27387 X 43264 mm
T 1270400 ,
g, = fr = = = 36.64 N/mm?
y O bede 220X220
B5
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Calculate the ultimate shear stress of the inside confined concrete (1., ):
_7.5+/1000f;
© 1000
m, =22 =0.047
e
tow = 1o V(B + 0 = m0) (£ + 0y — m,0)) = 32.67 Nimm?
Calculate the reduction factor for the shear stiffness of the confined conerete (r.):
i mdh < D?? e (1 o zﬂdh + Endh
de—2tf dp dpra
Calculate the ultimate shear stress of the inside confined concrete (V. ):
Vo =1t 4, = 1296320 84 N

=1.19 Nimm?2

t

) =082

ry=1

Panel Zone Strength

Calculate the vizld strength, shear stiffness, and the ultimate shear strength for the composite
panel zone using the superposition theory

Vpro = (Kp + Kup1)ys +F+V,, = 3161470 N

(F+Vey) - ,
Kypro = (Ky + Kyg) 2= = 1536513947 Nirad
2

Vipro = Vey + Vigy + F + Wy, = 3203072 N, Vo > V,, Hence OK.

Mpe = 143855250 N-mm
Mf=142814767.5 N-mm
—a

i .\

| HH"“—-.
Alpr =Mrbs = T Inflection point
[[_".L'— 114906330 N-mm = \

I s o i
“ o \_ Plastic hinge

rJ".—,. Ly
2 Sy, 2
I 1

Fig B-5 Moment gradient at different location 1 the radius cut RBS

B.2. DESIGN PRINCIPLE OF DRILLED CUT RBS

In order to achieve a simultaneous plastic hinge, the reduce section in the beam flange must
reach a specific percentage of the plastic moment of the beam. This can be obtained using Eq -
B.1

M1 M2 M3 Mi

- (B.1)
Zpl Zp2 ap3 ai

In egn. (1) M, 13 a reduced moment for designing holes in the considered saction for creating
fuse in the beam which 15 obtained through Eq. B.2 and B 3. Z,= 1s the basis of the beam’s
plastic cross section in the reduced region, which is obtained by Eq. B 2.

Bo6
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L

—.-_LE
M, = aMpo () B2
M,, = C, R, F,Z, (B:3)
Zi = Z'P = Zﬂ‘ltf(db = tf} (B'4)

In Eq B2, & is the coefficient of transfer for the plastic hinge with a recommended value of
0.85 to 1, L is the beam’s span length L; i1s the hole diameter in the considered section’s
distance for drilling and reduced section from the column’s face. D; 1s the hole diameter 1n the
considered location for the reduced section and d;, 1s the beam height. b, 1s the beam flange
width. According to the conducted studies, a mimimum of three rows for holes with length of
0.75d,, are recommended. which in experimental models, samples were designed identical to
these specifications. The remaining design procedure and required controls are the same as the

RBS connection with radius cuts in ANSTAISC 358-05.

B.2.1. DESIGN OF CONSTANT DRILLED CUT RBS

0 685

Section 1-f

1555 244

Ssction 2-2 Section 3-7

A A f 77
|y 128 l12e & 12¢ | 424
}""—‘:: I - > I
625 87 12 88.5

Fig B-6 Dnlling location of constant drilled-cut RBS

FOR CONSTANT HOLE
- M, (N-mm) M ;(N-mm) M3 (N-mm) M;(N-mm)
143855250 125961095 114196613 102229295
L2 (mm) L, (mm) L (mm) L (mm)
1000 68.5 1555 244
Drilling Size Z,,(mm?) Z,, (mm?) Z 3 (mm?)
124 321594 321394 321594
M1 o 2 2N ot 2
Bending Zpl (Nimax) Zp2 (N/mm?) zp3 (Nimm)
Stress 351.68 3535.08 317 88
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B.2.2. DESIGN OF VARIED DRILLED CUT RBS

0 67.5 150.5 243
Ny 20 7 14 24
| 1'""".
........... = R SRR e, I 77
(Zh sy . .
lem QH@ ‘24

Section I1-1

Seciron 2-3

Section 3-3

Fig B-7 Dnlling location of varied drilled-cut RBS

FOR VARIED HOLE
My N-mm) | M, (N-mm) M, (N-mm) M3 (N-mm)
143855250 126231543 3 114467061 102229295
L2 (mm) | L,(mm) L,(mm) L;(mm)
1000 67.5 150.5 243
Drill Size (®) | Zys(mm?) (100) | Z,5(mm?®) (120) | Z,;(mm?) (14®)
330270 321594 312918
M3
Bending E;;_ (N/mm } 7oz } e ﬂ""r J
Stress 38220 355.93 326_69

Table No. 1 Plastic Section Modulus of NPB 250 x 125 with available Drill Size

: —— Plastic Section Modulus of
Available drill size NPB 250 X 150
100 mm 330270
120 mm 321594
140 mm 312918
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B.3 DESIGN OF F-CUT RBS

Saction [-1 Seefion 2-2 Secrion -3
-
2 L-3
-

AN

|-‘ S’gril -1 Lection 1-2 ]Xa’?qm -3

a=62.5 Db=187.5

Fig B-8 Geometric details of -cut RBS

| My (N-mm) | My(N-mm) M, (N-mm) M(N-mm)
| 143855250 134864297 114196613 110336577
L/2 (mm) L, (mm)} Lo (mm) L (mm)
1000 625 150 233
DE‘“? d;'f - & (mm) =9 o () =17
Plastic section Z,,(mm?*) Z 5 (mm?) Z,3(mm?)
modulous 373650 335090 299904
M1 2 M2 g 2
Stress =S .
360.94 36490 367.90

B.4 DESIGN OF END PLATE

B.4.1 END-PLATE CONNECTION
The geometric details for the end plate connections were designed in accordance with

ATSC/ANSI 358-03. The design procedures for the end-plate connection are described 1n this
section.

1) Determine the prequalified limits and geometric dimensions. The geometric parameters are
given in Fig B-10.

B%
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30~

178
Thickness 14 mm

Fig B-9 Geometric details of extended bolt stiffened end-plate

Baolt Force Mechanism End-Plate Gasmetry and Yield Line Dattermn
Case 1 (d, S8) Case 2 (d, > s}
b, b
P PR
2 1
o o ;i
1.—. _ '_'..._... -..-'-.- e d !‘;
h; — 1'--1“ T
|| o]e
————
e e 1
b ) i A ],z
Casetihun s =—f'ih=. pr_% +i pt.l——%:—%I_:lh:lﬁf:—a]+h.-1:lf;—d.,"]
Yield Line Case2{d,>3) ‘.‘l,=Er"nirh.I-—!n'—-L.::;h]i.r-]m—l.:—]—:—'E[h-.[pf.—1r—h,tpf-+iﬂ
Equations 3|_'Lm: st Chpl ) R e T i
s== bz arpLosmept=)

Fig B-10 Geometry Summary and yvield line failure mechanism (4 Bolt Stiffened, 4E5).

2) Determine the dimensions

Choose 4 bolt extended end-plate connection system (4ES).
b, =175 the width of the end-plate (mm)

g = 120 the horizontal distance between bars (mm)
Py =45 The Vertical distance between beam flange and the center of the bar holes. (mm)

P¢; =45 The Vertical distance between beam flange and the center of the bar holes. (mm)
d. =30 Edge distance {mm}. t; =9 thickness of the flange (mm)
Determine the position of the tension bolts

B10
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hy =(250- ;-1— 45)=290.5 mm_ h, =(250 '; —9)-4>=1915mm
3) Determine the material properties

Grade IS 2062 E350 (Fe 490), Yield Stress F,, = 350 MPa, Ultimate Tensile Stress F, = 490
MPa

B.4.2. SIZE OF BOLTS DIAMETER

_ Fy+Fy

3504490
1) E.= == S

=1.2=

ZF}; 2X 350

=12

2} Determine the design strength based on the full plastic strength of the beam
Maasign = My, = 143855250 N-mm
3) Choose the required bolt diameter (dy ,.q5)
2 X My,

dy,.o = B _1452mm=16mm
diie T @Fpt (hat+hz)

F,. = Nominal tensile stress of bolt = 1000 MPa, Length of the bolt = 320 mm
(p = 0.9 for non-ductile limit state 2005 AISC Seismic Provisions) Compatible Nut Class 10

Details of bolts
Product Tensile 0.2% Proof | | Bolt
: : : DxP Area | :
Specification | Strength Strength Strength A » | Torque | Matenal
Cradey | Minimmiil il Maaen)] ey @m)
} ' - L | Alloy steel
Class 1{!__91 : _]GGU 900 830 | 16x2 157 33f1__ | Heat Treated |

B.4.3 END-PLATE THICKNESS
1) Calculate the yield line mechanism for the end-plate

S=2/byg=73.49 mm
_ By 1,1 T, o5 O — 9457
¥, = ?[hzl[z?_ﬁ + :} + hi(; + ;) - E] T 3 I_hzfﬁfz +.53.9 hl{pfi +d.)] =2453.97 mm

Choose the required thickness of the end-plate

,\J 1.11 Mgps
toise =N ————

preg @ijPpyp

=12.83 mm = 16 mm (OK) (@, = 1.0 for ductile limit state)

Bl1
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Fig B-11 welding size of the end-plate
\

AV}
Bolted stiffener

f 10 mm Thick

s S |

L=

N\,

Fig B-12 Details of 4 bolt stiffened end-plate connection geometry (4ES).

B.4.4 WELDING SIZE: BETWEEN END-PLATE AND BEAM

NPB 250 x150 BM. S.F.
D "
b (mm) D (mm) te(mm) t,, (mm) o M (kIN-m) F (kN)
146 250 9.2 6.1 125 172 208
Assuming unit weld throat

Apea=0x146x D)+ (2x(146-6.1) x 1)+ (1 x (270-2 x 9.2)) = 804mm’
I =2x146x 125 2 x(146-6.1) x (146- 9.2)*+ 2 x (250- 2 x 9.2)°/12 = 40477264 mm*

Bi12
TH-2899 166104029



Section Modulus (Z) = 323819 mm’
Direct Stress (g) = ﬁ = 0.26 KN/mm, Bending stress (62) == = 0.53 KN/mm

410

Fesultant Stress {or) = 0.59 KN/'mm, Permuissible stress of welding = 07X 15 X1.73 =

226MPa.
_ 0.59X 1000
Size of the weld :T =262 mm

Minimum Thickness = 3 mm
Maximum Thickness =9 2-1.5=7.7 mm

Adopt 6 mm fillet weld of 410 grade steel with E43 electrodes.

B.4.5 THICKNESS OF STIFFENER

Where t.,.;» = Thickness of the end plate.
ty. = Lhickness of the beam web.
Fyp = Yield Stress of the beam.
F,. = Yield stress of the stiffener.

Adopt 10 mm thick stiffener.

15 mm
—F

o 4 Bolted Stiffener 10 mm

Thick
75 mm

?r."

4#—— 60 mm —,{"

Fig B-13 Details of the Stiffener Plate
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