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Abstract

Reduced Beam Section (RBS) connections are widely adopted within seismic design codes for steel
moment resistant frames. Accurate cyclic representations for RBS connections are important for the
design and retrofitting of connections. Research has shown that the geometry of RBS connections
affects its non-linear cyclic hysteresis. Currently, there is no method available which can accurately
represent non-linear strength and stiffness degradation for any size RBS without the need for full finite
element or experimental tests for calibration purposes.

In this research, a more efficient design methodology for RBS connections is proposed by investigat-
ing the geometries which define the RBS connection. Then a detailed and comprehensive database of
highly accurate cyclic hysteretic models of 1480 different RBS connections is presented. This database
should prove useful in better understanding the seismic performance of RBS connections. Using this
database, calibrated models which could accurately predict the non-linear cyclic behaviour including
stiffness and strength degradations were developed. Using this calibrated data set, highly accurate
and reliable neural networks were trained and developed that are capable of predicting the full cyclic
hysteresis of any RBS connection; given the geometries which define the connection as an input. A
mode accuracy of 98% for these networks was achieved. Following on from this work, a proof of con-
cept for the application of this work for the design and assessment of steel moment resistant frames
was investigated, by utilizing the deep learning neural networks to predict the local RBS connection
hysteretic models. Finally, the potential for additive printing (3D printing) in the design of future
connections has been suggested through a critical literature review.

The results from this research clearly show that the three geometrical parameters which define the
RBS connection influence the seismic design parameters of the connection. Design equations to predict
the effects the key seismic design parameters have on RBS connections compared with a corresponding
full steel connections has been proposed. Interestingly, the sections could be categorised into two sets
depending on their buckling characteristics after being subjected up to a performance-based design
loading criteria corresponding to collapse prevention. This database was used to calibrate improved
models capable of representing RBS non-linear hysteresis. Comparisons between these calibrated pa-
rameters and the values predicted from equations available in literature gave significant differences.
The differences were a result of 1) the regressional equations available in literature were based on a
limited number of data points 2) a number of different types, sizes and shapes of RBS configuration
were in the database and 3) the cut which defines the RBS geometry was not taken into account.
Consequently, a set of deep learning neural networks enabled the non-linear cyclic hysteresis incorpo-
rating strength and stiffness degradation to be predicted for any section given the section properties
and RBS geometry of the connection as an input. A proof of concept shows how the models developed
in Chapter 4 would prove useful in the design and assessment of steel moment resistant frames. To
conclude this research, the realistic implementation of how this work can be applied to the potential
use of additive printing through a critical literature review has been presented. Finally, future work
and recommendations have been suggested.
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Chapter 1

Introduction

1.1 Research Motivation

The 1994 Northridge and 1995 Kobe Earthquakes induced many unanticipated brittle fractures to
occur at the welded beam to column connections in moment resistant frames (SAC Joint Venture,
2000d,b). Although no steel buildings collapsed, significant repair costs were incurred to fix the brittle
fractures in the steel frames (Engelhardt and Sabol, 1997). During the 1994 Northridge and 1995
Kobe Earthquakes an estimated combined property damage and economic loss of $120 billion and
$160 billion respectively, occurred as a result of the natural disaster (SAC Joint Venture, 2000b;
Rose and Lim, 2002; Sawada and Shimizutani, 2008). In the years following the aftermath of these
earthquakes, developments in the Reduced Beam Section (RBS) connection were quickly adopted in
the American and European design standards due to their stable energy dissipation capacity and
ability to protect the columns and beam-column connections in the frame.

However, a critical review of Reduced Beam Section (RBS) connections used within seismic design,
show that while RBS connections are widely adopted within the European and American seismic design
guides and recommendations, the geometry and shape of the RBS connections which affect its seismic
performance are not considered in the design of these connections. There is no systematic design
methodology which controls the seismic performance of RBS connections by using the key geometrical
parameters. Previous research has shown that the performance of a frame can be quantified by the
damage sustained during non-linear analysis. By varying the RBS geometry, this can affect the seismic
capabilities of RBS connections, thus providing scope to improve the frames performance.

Currently, there is a lack of accurate methods to predict the seismic behaviour of RBS connections.
Preliminary studies have shown that modifying the RBS can affect the seismic performance of RBS
connections by up to 20%. The widely accepted modified-Ibarra-Krawinkler (mIK) model cannot
accurately capture the non-linear behaviour of RBS connections with varying RBS geometry. The mIK
model has many limitations which include: full cyclic experimental results are needed for calibration to
get accurate models, equations to predict the mIK parameters are based on a wide range of connection
types and RBS geometry which effects its cyclic hystereis are not taken into account.

Subsequently, the cyclic performance of steel connections affects the seismic performance of steel
moment resistant frames. There is no accurate method for predicting and representing the cyclic
hysteresis performance of steel RBS connections while taking into account the geometries of the RBS
connection. While previous research has shown that RBS connections affect the performance of steel
moment resistant frames (in terms of connection rotational damage and drifts), the affects of varying
the RBS connection geometry on the performance of steel frames has not been investigated. In addi-
tion, there is currently no performance-based optimization frame work for improving the performance
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of RBS steel moment frames under non-linear dynamic analysis. The aim of this research is to provide
a more accurate method of modelling and predicting the non-linear cyclic hysteresis of RBS connec-
tions and to provide a proof of concept method for the future application of these improved models
in a performance-based optimized design.

1.2 Background Review

1.2.1 The development of RBS connections

Following the aftermath of the 1994 Northridge and 1995 Kobe earthquakes, America’s Federal
Emergency Management Agency (FEMA) sponsored the SAC Joint Venture to investigate these fail-
ures. The SAC Joint Venture was formed with a specific goal of investigating the brittle fractures
in steel connections as a results of the earthquake and developing new design approaches and repair
methods to help limit the damage in future steel framed buildings. The SAC Joint Venture was formed
of three organizations: Structural Engineers Association of California (SEAOC), Applied Technology
Council (ATC) and the Consortium of Universities for Research in Earthquake Engineering (CUREE)
(SAC Joint Venture, 1994). As a result, state-of-the-art recommendations were produced for seismic
evaluation and upgrading of pre-Northridge buildings, as well as recommended seismic design criteria
for new buildings (SAC Joint Venture, 2000b). The SAC Joint Venture concluded that the brittle
fractures in pre-Northridge welded beam to column connections arose due to large stress concentra-
tions as a result of the shape and type of connection, defects in the welds and low weld toughness
(SAC Joint Venture, 2000d,b). In order to prevent these brittle fractures in welded connections it
was recommended that the pre-Northridge connection should be upgraded. This can be achieved by
modifying the shape of the connection by using Reduced Beam Section (RBS) connections or semi-
rigid connections, to reduce stress concentrations. Alternatively adding reinforcement such as new
weld replacements with improved toughness, welded haunched or cover plate connections or by other
acceptable strengthening means (SAC Joint Venture, 2000b; BSI, 2005).

Pre-Northridge beam-column connections initially consisted of welded-flange-welded-web connec-
tions but soon changed to welded-flange-bolted-web connections (WUF-B1) shown in Figure 1.1, due
to extensive research and economical advantages in construction. The WUF-B has: complete joint
penetration (CJP) welds for the beam flange to column face for transfer of bending moment, shear
plates bolted to the beams web for transfer of shear forces, doubler plates to control the panel zone
yielding and continuity plates to prevent local damage to column flange as well as ensuring uniform
stress in the beam flanges.

1The WUF-B was pre-qualified in the Uniform Building Code (UBC, 1997), and was considered to be an ideal
connection for seismic performance. (The UBC has detailed provisions and requirements relating to: fire, life safety,
health and safety, construction and building design. It is a tool which aims at preserving public health and safety while
providing safe-guards from hazards within the built environment. The UBC adopts provisions for structural design which
have been approved by the American National Standards Institutes (ANSI) and is adopted as the base code for most
jurisdictions in the United States of America.)
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Doubler
Plate as
Required

if required

Bolted Web

CJP Field Weld With
Backing Bar Left in Place

Fillet or Partial
Penetration Weld

Continuity
Plates as Required

Figure 1.1: Example of a welded-flange-bolted-web (WUF-B) connection

Damage was expected to occur in the WUF-B as yielding and local buckling of the beam. However,
it was evident after the Northridge Earthquake that significant brittle fractures occurred in a wide
range of steel buildings. The main damages that occurred were:

• CJP weld fractures between the bottom beam flange and column

• Fracture of the column flange behind the CJP weld

• Fracture of the column flange and into the column web

These brittle fractures left the WUF-B connection susceptible to a significant loss in rigidity and
strength, leaving the residual flexural strength and rigidity to be resisted by the top CJP weld and
bolted shear tab. This left the connection subjected to fracture of the shear tab to column weld and
fracture of the shear tab bolt holes.

The main reason for the brittle fractures was the increased stress concentrations at the beam flange
to column flange location. Stress concentrations in the pre-Northridge WUF-B connections occurred
as a result of the following combinations (SAC Joint Venture, 2000d):

• Bending and shear forces must be transferred from the beam to the column through the welded
joints and the shear tab, these combined section properties are less than the beam, resulting in
stress concentrations

• Beam flanges carry a large amount of beam shear giving significant increase in stress concentra-
tions

• The centre of the joint between the beam flange and column flange is restrained from movement
(mainly in thick beam flanges) this leads to an increase in stress concentrations

• Weak shear panel zone deformations result in kinking of the column flanges next to the beam-
flange-to-column-flange joint leading to an increase in stress concentrations

• Presence of weld access holes allows severe stress concentrations to occur

• The increase in beam sizes (beam sizes were increased to reduce the number of connections in a
structure leading to smaller labour costs) placed larger stress concentrations on the connection
which induced the likelihood of brittle fracture



CHAPTER 1. INTRODUCTION 27

• A new type of welding process (semi-automatic, self-shielding and flux-cored arc welding) gave
a lower notch toughness weld which allowed brittle fractures to initiate more easily in them

• Poor weld quality and practice of leaving the backing bar in place also lead to brittle fractures

As a result of the brittle fractures of the Northridge Earthquake there were two initial schools of
thought: 1) reduce the welding defects and the stress concentrations in the areas around the weld by
modifying the details of the connection (improving weld access hole) and welding techniques (Figure
1.2) 2) Move the location of the plastic hinge and allow yielding in the beam. The latter has been
adopted by modern design codes as the accepted method of seismic design.

Doubler
Plate if
Required

Continuity
Plates if Required

Complete Joint Penetration
Weld with Min 20 ft-lb
at -20°F and 40 ft-lb at 70°F
Charpy V-Notch Toughness

Backing Bar Left in Place
But Underside Reinforced
with Notch Tough Fillet
Weld

Complete Joint Penetration
Weld with Minb 20 ft-lb
at -20°F and 40 ft-lb at 70°F
Charpy V-Notch Toughness

Backing Bar Removed, Back
Gouged and Reinforced with Notch
Tough Fillet Weld

Figure 1.2: Improvements in the welding techniques for the WUF-B connection

FEMA 355D suggested a range of alternative connections to the pre-Northridge earthquake welded
flange connection. These are broken into four categories as follows: 1) unreinforced connections 2)
strengthened or reinforced connections 3) reduced beam section connections and 4) welded-flange
plate connections (SAC Joint Venture, 2000d). These connections were either improvements in the
welding or detailing of the connection or suggestions for alternative connections. More details of these
connections can be found in SAC Joint Venture (2000d).

In order to provide a highly ductile response and reliable performance, the beam-column assembly
can be modified by either strengthening the connection or weakening the beam (BSI, 2004):

1. Strengthening the connection – this forces the plastic hinge to occur in the beam as opposed to
the connection. The beam-column connection can be reinforced using: cover plates, ribs, side
plates or haunches. Alternative stronger connection detailing can be adopted. Figure 1.3 shows
some examples of these types of connections.
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Doubler
Plate if
Required

Continuity Plates or
Stiffeners

Beam Web
Stiffener

If
Required

CJP

CJPCJP

(a)

Doubler
Plate if
Required

Continuity Plate or
Stiffener,
If Required

If Required

CJP Top and
Bottom

(b)

Figure 1.3: Figures to show two common methods of reinforcing the connection (a) Haunched connec-
tion (b) Cover plate connection

2. Weakening the beam – Reduced Beam Section (RBS) connections are a favourable method of
reducing the strength of the beam to allow plastic hinges to occur in the beam.

Since the 1994 North Ridge Earthquake, researchers investigated many different methods of rein-
forcing pre 1994 North Ridge earthquake connections to prevent future brittle fractures. It is now
widely accepted that by weakening sections of the beam, allowing plastic hinges to form, these brittle
fractures can be prevented while at the same time producing very ductile and energy dissipative steel
frames (Tong et al., 2016).

Plumier (1990) first proposed RBS connections, shown in Figure 1.4, as an idea to develop safe
structures in seismic zones. Specific sections of the beam were weakened in an attempt to provide
a stable dissipative zone. These sections of the beam adjacent to the beam-column connection are
weakened by trimming the beams flanges. This forces yielding to occur in the reduced section. RBS
connections can be: constant, tapered or radius cut, however, radius cut RBS provide the highest
rotational capacity.

Beam

Column

Figure 1.4: The first RBS connections proposed by Plumier (1990)

According to Eurocode 8 (BSI, 2004) clause 6.6.1 (1)P, moment resistant frames should be designed
so that plastic hinges form either in the beams or in the beam to column connections. Steel moment
resistant frames can provide very ductile systems, which have a good supply of energy dissipation.
The current design philosophy in seismic design of steel framed moment resistance buildings allows
the energy from the seismic event to be dissipated in the beams. Plastic hinges occur in the beam
where the hysteretic behaviour of the steel yielding allows dissipation of some energy. This provides
a highly ductile frame to ensure the life safety of the occupants (Sultana and Youssef, 2016b).

RBS connections shown in Figure 1.5 are a simple but effective method of weakening sections of
the beam in order to move the damage away from the columns and beam-column connections; and
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into the beams. Plastic deformations are allowed to occur in the beams, providing a stable hysteresis
for energy dissipation while at the same time protecting the connection from damage and potential
failure. For a more detailed review of the current design standards and adopted methods for static
and dynamic modelling, refer to Appendix B.

Figure 1.5: An isometric view of an RBS connection (Jones et al., 2002)

1.2.2 Review of RBS and other seismic dissipative connections

Refer to Chapter 2 Section 2.2, Chapter 3 Section 3.2.1 and Chapter 4 Section 4.2.1 for a critical
literature review of RBS connections. Refer to Chapter 3 Section 3.2.1 and Appendix A Sections
A.4, A.5, A.6 and A.7 for a critical literature review of seismic connections and energy dissipative
connections.

1.2.3 RBS in current design

Reduced Beam Section (RBS) connections have become widely adopted in the European and Amer-
ican design guides and standards (refer to Appendix B for a detailed review of these standards). The
three main design guides incorporating RBS connections are as follows:

• BS/EN 1998 (BSI, 2004) is the British Standard for seismic design, covering all common and
basic structures. The seismic design objectives of BS/EN 1998 (BSI, 2004) in the event of an
earthquake is to ensure: 1) Human lives are protected, 2) Damage is limited and 3) Structures
important for civil protection remain operational. BS/EN 1998 (BSI, 2004) is made up of 6
parts which cover general design aspects or different types of structures. Part 3 (BSI, 2005) of
BS/EN 1998 (referred to as BS/EN 1998-3) covers the design of RBS connections.

• The American design requirements for RBS connections are outlined in ANSI/AISC 358-16
(AISC, 2016b) (Pre-qualified Connections for special and Intermediate Steel Moment Frames for
Seismic Applications). This document standardises the design of connections and allows these
connections in structural buildings without the need for additional testing. RBS connection
design is covered by this code.

• FEMA 350 (SAC Joint Venture, 2000a) provides specific design and performance evaluation
procedures for steel framed moment resisting structures. Similarly, this American guide covers
the design of RBS connections.
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1.3 Scope of Research

This research focuses on predicting and optimizing the performance of RBS connections at both
the local and structural frame level. For a better understanding of how the RBS geometries affect
its seismic performance, an extensive parametric analysis on the key geometries of RBS is conducted
to assess its effects on the cyclic hysteresis. The ability to improve the modified-Ibarra-Krawinkler
(mIK) model - capable of representing the RBS cyclic hysteresis - is investigated through a set of
deep learning neural networks and algorithms. This set of supervised learning neural networks and
algorithms is capable of predicting highly accurate improved mIK models for any size beam and RBS
geometry. Finally, a proof of concept at the global frame level has been demonstrated to shown the
potential of utilising these methods for improving and optimizing the performance-based design of
steel moment resistant frames by varying the RBS geometries.

1.4 Aims and Objectives

The aim of this research is to develop a methodology to enable the optimal performance-based
design of RBS connections at the local level, this will then enable multi-criteria performance-based
optimization of steel moment resistant frames at the global level. This was achieved by completing
the following objectives:

1. Conduct a critical study of the seismic behaviour of moment resistant connections using the
concept of Reduced Beam Sections (RBS).

2. Development of a validated non-linear Finite Element (FE) model of a fully Welded Unrein-
forced Welded Web (WUF-W) connection and conducting a comprehensive analytical study to
investigate how the geometries which define the RBS connection effect the key seismic design
parameters of RBS connections to be used as benchmark examples.

3. Compile a complete database of cyclic hysteretic responses of RBS connections to assess the
influence of the prominent geometries which define the RBS and identify the key design param-
eters

4. Construct a database of calibrated modified-Ibarra-Krawinkler models for a wide range of steel
RBS connections for more accurate design and assessment purposes compared to the existing
methods

5. Design a set of deep learning neural networks and classification algorithms to predict the non-
linear cyclic hysteresis (utilising the modified-Ibarra-Krawinkler model) for any size RBS con-
nection and RBS geometry

6. Demonstrate the concept of performance-based design optimization in steel moment resistant
frames by controlling the geometries of RBS connections

7. Investigate the opportunity for utilising additive manufacturing (3D printing) in the design and
optimization of performance-based design of future seismic resistant connections

1.5 Tasks and Methodology

The following methodology is adopted to achieve the objectives:

1. Provide a comprehensive review of the existing research on RBS and seismic connections [Ob-
jectives 1 to 7]
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2. Develop a detailed Finite Element (FE) model in ABAQUS in order to conduct an extensive
parametric analysis on 90 RBS connections to assess the effects of different seismic design param-
eters for ranges within the recommended upper and lower limits of the geometries which define
the RBS. Use the results to develop design equations to predict these seismic design parameters
of RBS compared to full section properties [Objective 2]

3. Write a Python macro code in Matlab to create an FE model in ABAQUS of 1,480 different
RBS FE models to analyse under a displacement based loading protocol up to 0.07rad, in order
to extract and post-process the results into a database of cyclic hysteresis curves [Objective 3]

4. Conduct an automated calibration process in Matlab on an equivalent spring model of the RBS in
OpenSees, in order to determine parameters for the modified-Ibarra-Krawinkler model capable of
representing the non-linear cyclic hysteresis of all RBS connections within the database in order
to compare these calibrated parameters with the predictive parameters equations in literature
[Objective 4]

5. Conduct supervised learning in Matlab using a set of Neural Networks and Classification al-
gorithms which comprise of cascade forward-feed neural networks and a bootstrap aggregating
ensemble algorithm learner, to be able to predict highly accurate and improved modified-Ibarra-
Krawinkler models for any RBS connection [Objective 5]

6. Provide a proof of concept example of how the highly accurate and improved modified-Ibarra-
Krawinkler models can be implemented in a performance-based design optimization methodology
in OpenSees for the non-linear dynamic analysis of steel moment resistant frames [Objective 6]

7. Provide a state-of-the-art review of the seismic resistant connections and modern additive man-
ufacturing techniques with the aim to suggest the opportunities for additive manufacturing in
the future design and optimization of seismic resistant connections [Objective 7]

1.6 Thesis Layout

This research consists of seven chapters and three appendices briefly summarised in the following
subsections.

Chapter 1: Introduction

This chapter provides an overview of this research, focusing on the Research Motivation, Scope of
Research and Tasks and Methodology. A general introduction to the problem and critical review of
existing literature on RBS connections and seismic dissipative connections has been completed.

Chapter 2: More Efficient Design of Reduced Beam Sections (RBS) for Maximum Seismic
Performance

This chapter is aimed at developing more efficient design methodologies for RBS connections by
investigating the effect of geometrical parameters of the connections. A brief critical review of RBS
connections was conducted. Two detailed validated models of RBS connections were developed in
order to carry out an extensive parametric analysis on 90 different specimens. The effect the RBS
geometries have on five key seismic design parameters was investigated. Subsequently, practical design
equations were proposed to predict the seismic performance of RBS connections compared to a full
sections for the five key design parameters.
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Chapter 3: Development of More Accurate Cyclic Hysteretic Models to Represent RBS
Connections

Chapter 3 presents a database of detailed and accurate improved modified-Ibarra-Krawinkler (mIK)
models that can reliably capture the cyclic hysteresis behaviour of RBS connections over a range of
RBS geometries. A validated FE model was developed which allowed a comprehensive parametric
study of 1480 different RBS connections to develop a full cyclic hysteresis profile. The database was
used to conduct a calibration process utilising the bisector method in order to develop a comprehen-
sive database of improved mIK models capable of predicting the non-linear cyclic behaviour of RBS
connections. The results from this chapter should prove useful in the seismic design and assessment
of RBS connections.

Chapter 4: A set of deep learning Neural Networks for the prediction of accurate modied-
Ibarra-Krawinkler parameters for the cyclic hysteretic behaviour of RBS connections

This chapter uses supervised machine learning to train a set of deep learning neural networks
and a classification algorithm, which, through a logical flowchart process, are capable of accurately
predicting the non-linear cyclic hysteresis for any RBS connection. The extensive database for the full
cyclic hysteresis of the connections developed in Chapter 3, was used to train the neural networks and
classification algorithm. The results from this chapter will prove useful in the design and assessment
of steel RBS frames.

Chapter 5: More Efficient Design of Moment Resisting Steel Frames with RBS Connec-
tions

A simple methodology for achieving an efficient performance of steel moment resistant RBS frames
by controlling the geometry of the RBS is developed in this chapter. This methodology utilises an
automated approach using the set of Neural Networks developed in Chapter 4 which allows a trial and
error permutation approach to be adopted. A non-linear model of a four storey Welded-Unreinforced-
Flange frame was developed as a benchmark. The performance of this frame was assessed under a
strong earthquake. RBS connections were used to provide an improved frame performance in terms
of the strong column-weak beam concept. Finally, a more efficient RBS frame design was developed
by controlling the cut (geometry) of the RBS connection. The methodology developed in this chapter
will prove useful in developing a multi-criteria optimization approach for different performance levels
of RBS frames in future work.

Chapter 6: Conclusions and Recommendations for Future Work

This chapter contains the summary of the results followed by recommendations for future work.

Appendix A: The Potential for 3D Printed Connections in the Design and Retrofitting
of Steel Structure

Appendix A examines the potential for additive manufacturing (3D printing) to be utilised in the
design and retrofitting of steel structures. A critical literature review is presented on the following
topics:

• Reduced Flange Section including tapered RBS, conventional RBS and drilled flange connections

• Novel energy dissipative devices and dampers integrated into connections as fuses

• Self centring device - which focuses on the connections ability to self centre after seismic excita-
tions
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• Smart Memory Alloys (SMA) incorporated into the connection

• Recent additive printing methods and techniques and how these could be integrated into steel
connections in future design

Appendix B: Review of the European and American Standards

This appendix covers a detailed review of the current European and American seismic design stan-
dards and guidelines.

Appendix C: Detailed Review of Connection and Frame Modelling

This appendix covers a overview and detailed summary of the connection and frame modelling
techniques used in the American design guidelines. A detailed overview on the development of the
modified-Ibarra-Krawinkler (mIK) model has been conducted. This expands on the extensive literature
review of the non-linear cyclic modelling methods in Chapter 3 Section 3.2.2 and Chapter 3 Section
3.2.3.

Appendix D: American Wide Flange Beams used for the Database

This appendix details the selected American Wide Flange beams used in developing the database
covered in Chapter 3.



Chapter 2

More Efficient Design of Reduced
Beam Sections (RBS) for Maximum
Seismic Performance

More efficient design methodologies for RBS connections are developed in this chapter by investigating the effects

of RBS geometrical parameters. This chapter is based on the paper titled: More Efficient Design of Reduced

Beam Sections (RBS) for Maximum Seismic Performance, submitted to Journal of Constructional Steel Research

dated 25/01/2021. It should be noted this chapter reads as a standalone paper. It may repeat sections previously

introduced in this thesis.

2.1 Abstract

Reduced Beam Sections (RBS) are increasingly used in modern construction due to their large
rotational capacity and ability to dissipate and absorb large amounts of seismic energy, thus, creating
a ductile and stable steel frame system. Currently, in the design of RBS connections, the effect of
RBS cutting parameters on the cyclic performance of the beam elements are not taken into account.
However, using different RBS geometries for any single beam, compared to its full section, can have
up to 30% differences in cyclic behaviour of the connections. The aim of this study is to develop
a more efficient design methodology for RBS connections, by investigating the cyclic performance
of different beams with a wide range of different flange reductions. First, detailed Finite Element
(FE) models of different American Wide Flange RBS connections are developed and validated against
two cyclic beam-column sub assembly experiments from literature. The models took into account
the non-linear material properties and adopted appropriate modelling techniques for the connection
welds, supports and bracing. Then, an extensive parametric analysis on 90 different specimens was
undertaken in order to assess how the geometrical parameters which define RBS connections affect
the key design parameters including, Yield Moment (My), Peak Moment (Mc), Ultimate Rotation
(θu), Ductility (µ) and Energy Dissipated (Ediss). It is shown that the depth (c) and width (b) of the
RBS cut are the most influential geometrical design parameters, affecting up to 30% changes in the
key performance parameters compared to a full beams section (no RBS present). Finally, based on
the results of this study, practical design equations are proposed to predict the seismic performance
of RBS connections compared to a full section (no RBS present) as a function of the five key design
parameters used in common practice. The proposed equations should prove useful in preliminary
design of RBS connections to achieve maximum seismic performance.

34
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2.2 Introduction

The 1994 Northridge and 1995 Kobe Earthquakes induced many unanticipated brittle fractures
to occur at the welded beam to column connections in moment resistant frames (SAC Joint Venture,
2000d,b). Although no steel buildings collapsed, significant repair costs were incurred in order to fix the
brittle fractures in the steel frames (Engelhardt and Sabol, 1997). During the 1994 Northridge and 1995
Kobe Earthquakes an estimated combined property damage and economic loss of $120 billion and $160
billion respectively, occurred as a result of the natural disaster (SAC Joint Venture, 2000b; Rose and
Lim, 2002; Sawada and Shimizutani, 2008). Following the aftermath of these earthquakes, America’s
Federal Emergency Management Agency (FEMA) sponsored the SAC Joint Venture to investigate
these failures (SAC Joint Venture, 1994). As a result, state-of-the-art recommendations were produced
for seismic evaluation and upgrading of pre-Northridge buildings, as well as recommended seismic
design criteria for new buildings (SAC Joint Venture, 2000b). The SAC Joint Venture concluded
that the brittle fractures in pre-Northridge welded beam to column connections arose due to large
stress concentrations as a result of the shape and type of connection and defects in the welds and
low weld toughness (SAC Joint Venture, 2000d,b). In order to prevent these brittle fractures in
welded connections it was recommended that the pre-Northridge connection should be upgraded.
This can be achieved by modifying the shape of the connection (for example by using reduced beam
section connections or semi-rigid connections) to reduce stress concentrations. Alternatively adding
reinforcement can be used such as new weld replacements with improved toughness, welded haunched
or cover plate connections or by other acceptable strengthening means(SAC Joint Venture, 2000b;
BSI, 2005).

There are a number of pre-qualified connections specified in BS/EN 1998-3 (BSI, 2005), FEMA 350
(SAC Joint Venture, 2000a) and ANSI/AISC 341-16 (AISC, 2016a), which possess a highly ductile
and reliable response needed to overcome the risk of brittle fractures. Reduced Beam Section (RBS)
connections are a widely adopted method specified in European (BSI, 2005) and American (AISC,
2016b) design codes. At specific locations the beams flanges are trimmed back to provide weakened
sections, in order to shift the plastic deformations away from beam-column connections and into the
beam in an attempt to provide a stable dissipative zone. Consequently, adequate ductility is provided
by the frame to absorb the seismic energy and avoid the risk of brittle fractures occurring, providing
a stable dissipative zone.

The first cyclic experiments conduced on RBS connections and reinforced cover plate connec-
tions, highlighted the excellent rotational capacities of both types of connections compared to the
pre Northridge connections, which were susceptible to brittle fracture (Engelhardt and Sabol, 1997).
Subsequent experimental cyclic tests were conducted on a variety of RBS connections by varying the
way in which the RBS sections were fabricated (tapered, constant or radius cut) by a number of re-
searchers (Chen et al., 1996; Oh et al., 2015; Chen and Lin, 2013; Roeder, 2002). The results of these
studies in general showed that a radius cut RBS provided the highest rotational capacity. These tests
also showed that fractures of the RBS initiated at rough edges of the RBS highlighting the need for
the RBS cuts to be ground smooth to prevent stress concentrations from occurring. Roeder (2002)
compared the cyclic performances of three different connections which included Welded Unreinforced
Flange – Welded Web (WUF-W), RBS and Welded Unreinforced Flange – Bolted Web (WUF-B) con-
nections. Results showed that RBS connections can achieve a good seismic performance with larger
rotational capacities compared to the WUF-W and WUF-B connections.

Jones et al. (2002) tested eight RBS beam to column connections looking specifically at how the
panel zone strength and difference between welded and bolted flanges affected connection performance.
It was shown that a stronger panel zone dissipated more energy and produced more stable connections,
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with minor differences between bolted and welded connections. In another relevant study Lee et al.
(2005) tested a number of bolted and welded connections with strong and weak panel zones in order
to asses their cyclic responses. Welded connections provided superior performance compared to the
bolted connections due to bolt slippage and brittle failure. Stronger panel zones also allowed a larger
overall deformation to occur. Lee and Kim (2007) suggested an improved WUF-B RBS connection
which featured a larger shear tab with a diagonal bolt line following the shear load path. This helped
to transfer the shear forces to the beams web and avoid a brittle failure. Uang et al. (2000) tested six
beam-column sub assemblies to assess the effectiveness of using RBS connections or welded haunches
on beam lower flanges to rehabilitate pre-Northridge connections with a concrete slab. They concluded
that the application of RBS to the lower flanges of the beam was not enough to prevent brittle fracture
of the connections. The effects of a composite slab on the performance and cyclic responses of RBS
connections were also studied in several research works (Jones et al., 2002; Lee et al., 2016; Li et al.,
2017), which demonstrated that the composite floor enhanced the stability of the connection by a
delayed strength degradation.

Eight main factors including the strength, stiffness, RBS geometry and connection assembly which
significantly effect the design and response of RBS connections are discussed in depth by Sophi-
anopoulos and Deri (2011). Einabadi et al. (2016) conducted a finite element analysis to determine
the optimum geometry for an RBS connection. The geometrical parameters and connection per-
formance were evaluated depending on the energy dissipated, tension in the panel zone and initial
stiffness of the load displacement graph. Ohsaki et al. (2009) optimised the shape of a reduced beam
section (not following the recommended geometrical parameters) by maximising the energy dissipated
as the objective function, with the maximum plastic strain at the welded connection as the constraint.
They showed that an optimized RBS shape can significantly improve the energy dissipated by the
RBS. Sophianopoulos and Deri (2017) also conducted an optimization on a bolted end plate RBS
connection under static loading in order to determine the best possible fabricated connection.

Pachoumis et al. (2009) first compared how the depth of two RBS cuts affected the performance
of WUF-F RBS connections, showing that the geometry of RBS connections affects its performance.
The connection with the larger cut into its flanges developed earlier web and flange buckling. In
order to investigate how the RBS connection geometries controlled the connections cyclic performance
further validated finite element models were developed (Pachoumis et al., 2009, 2010). Gilton and
Uang (2002) conducted full scale experimental tests on two different wide flange beams with moment
connections on the weak axis (web) of the column in order to asses how RBS connections affected
their performance. By using a parametric finite analysis, they also showed that the presence of the
RBS reduced the strain concentration at the edge of the beam flanges weld. Similarly, Sofias et al.
(2014) conducted two full scale RBS connections on extended end plate bolted connections to compare
two grades of steel – 430 Mpa and 370 Mpa, respectively. Both connections achieved an acceptable
rotational capacity, however, it was concluded that the depth of the RBS cut into the flange (commonly
known as the c parameter) should be correlated with the ductility level of the steel grade used.

Han et al. (2012) gathered data from literature for WUF-B RBS connections in order to provide
empirical equations that could predict the rotational capacities of WUF-B connections. In an attempt
to estimated the rotational capacity of WUF-W RBS, Roeder (2002) used regression analysis. Simi-
larly, fragility functions developed from 71 experimental tests collected in literature were presented by
Lignos et al. (2009). These fragility functions estimated the probability of an RBS moment connection
reaching or exceeding different damage states.

Novel types of reduced beam flanges have also been suggested in literature. Morshedi et al. (2017)
conducted a finite element (FE) parametric analysis on a Double Reduced Beam Section (DRBS).
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This connection used two reduced beam sections in series at either end of the beam in order to help
reduce the equivalent plastic strain by increasing the plastic hinge region as well as delaying local
web buckling and hence strength degradation. A parametric study was also conducted to assess the
sensitivity of the DRBS geometries, suggesting optimal geometries for the connection.

RBS sections that utilise drilled holes in the flanges (referred to as Drilled Flanges (DF)) can also
provide good seismic performance. Farrokhi et al. (2009) first proposed drilling holes in the cover
plates of reinforced WUF-B connections in order to create intentional weak areas. Results showed
this alleviated the stress concentrations in the welds and initiated ductile yielding around the holes
instead. Vetr et al. (2012) conducted experimental results on DF connections in order to asses the
effect of different hole layouts and diameters. Results showed that the DF connections can exhibit
adequate rotational capacities, thus making them a viable choice for a moment connection. In a
follow up study Atashzaban et al. (2015) optimized DF connections by finding the best location and
configuration of drilled holes in order to reduce the Equivalent Plastic Strain (EPEQ) and Rupture
Index. Hole configuration of the DF plays a vital role in controlling the performance of the DF
connection. Rahnavard et al. (2015) conducted an analytical study and compared how different hole
configurations (width, amount and location) affected the cyclic performance compared to WUF and
RBS connections. In general, the results of these studies showed that DF connections dissipated
more energy compared to RBS connections. Most recently Ahmady Jazany (2018) examined how to
improve the performance of DF connections by establishing limits for the hole diameters, centre-to-
centre hole spacings, number of holes, beam span-to-depth ratio and grade of steel. They concluded
that hole configuration can significantly reduce the EPEQ at the weld and around the drilled holes.
The parametric results also showed that the steel grade has a significant impact on the connections
performance.

The most important conclusions from literature show that the geometry and shapes of the RBS
connection affects how the connection will perform under seismic loading. Similarly, the layout and
configuration of the holes in DF connections play an important role in the connections cyclic per-
formance. Currently, representation of the seismic performance of RBS connections using equations
or mathematical models does not take into account the effect of RBS geometries. There is also no
systematic design methodology available to control the seismic performance of RBS connections, by
using the key parameters that define the RBS geometry. While the literature review has shown that
the geometries of RBS connections affect its seismic performance, the significance of how the cyclic
performance of any beam is effected by varying the RBS geometrical parameters, has not been fully
investigated in literature.

The aim of this Chapter is to develop more efficient design methodologies for RBS connections by
investigating the effect of geometrical parameters of such connections. First, a validated FE model is
developed in ABAQUS using two beam to column sub assemblies. Then a comprehensive parametric
study is conducted to investigate the effect of RBS geometries on the cyclic performance of RBS beams
using experimentally validated models. This will enable a better understanding how the geometries
that define the RBS connection control its seismic performance at the connection level. Finally, new
design equations will be developed to predict the affect RBS geometry has on the key design parameters
for any RBS connection.

This will be achieved by exploring how the geometries specified in Figure 2.1 affect the main seismic
design parameters. These include: Yield Moment (My), Peak Moment (Mc), Ultimate Rotation (θu),
Energy Dissipated (Ediss) and Ductility (µ). A new design methodology which utilizes proposed
empirical equations will enable designers to predict the key seismic design parameters of any RBS
connection using the pre-defined geometrical parameters a, b or c, (within the specified limits). This
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will enable the designer to take into account the seismic design performance of the beam to enable
maximum energy dissipation and hence better seismic performance within the connection. This will
also lay down the basic principles for future work to control the performance of a structure at the
frame level, by varying the RBS geometries.

In this Chapter a comprehensive literature review has been conducted, followed by a summary of
the current design methodology of RBS connections in Section 2.3. Section 2.4 presents the detailed
FE model with an extensive FE parametric analysis in Section 2.5 and results shown in Section 2.6.
A detailed discussion of the results in Section 2.7, highlights the key RBS geometries which influence
the key seismic design parameters. A summary of the important and key points of this Chapter is
concluded with Section 2.8.

2.3 Current design methodology for RBS connections

RBS connections are considered to be pre-qualified in most design guidelines, which means they can
be used in the design of steel frames if the specified design and fabrication procedures are followed.
This is a result of rigorous testing to ensure they provide a reliable and acceptable behaviour. However,
pre-qualified connections are subject to limitations laid out in the applicable design code.

The geometries of RBS connections are specified by three parameters: a, b and c as shown in Figure
2.1. Limits, specific to the applicable code, have been imposed on the RBS geometries, as the pre-
qualified experimental tests in literature were conduced over a small and limited range of a, b and
c geometries. According to Engelhardt (1999), the geometries of a and b were kept small so as to
minimize the moment that develops at the column face (Mf ), (Figure 2.2 shows how larger values of
a and b increase the Sh value leading to a larger Mf ). The limits imposed on the a parameter allow
the stress that develops across the RBS to spread uniformly across the flange at the column face,
whereas, the limit on the b parameter helps to avoid significantly large inelastic strains in the RBS
(Engelhardt, 1999). The c parameter is limited to 25% of the flange width to avoid excessive loss in
strength or stiffness (AISC, 2016b; Engelhardt, 1999).

a b
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a b

RBS zone

Beam

RBS zoneColumn
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S =a+(b/2)h

Figure 2.1: Geometric parameters of RBS connections
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2.3.1 Design according to BS/EN 1998-3

For RBS connection design, BS/EN 1998-3 (BSI, 2005) specifies three rotational capacities corre-
sponding to three limit states that will be achieved by the connection, if a detailed design procedure
is followed. Table 2.1 summaries flexural RBS rotational capacities with their corresponding limit
states. A rotation of 0.04rad is considered to be a Near Collapse (NC) limit state.

Table 2.1: Rotational capacities of RBS beams corresponding to each limit state according to BS/EN
1998-3

Damage Limitation (DL) Significant Damage (SD) Near Collapse (NC)

0.010rad 0.025rad 0.040rad

Initial guesses of the geometrical parameters for the RBS connections recommended by BS/EN
1998-3 (BSI, 2005) are given in Table 2.2, where bf is the width of the beams flange and d is the depth
of the beam. According to BS/EN 1998-3 (BSI, 2005), the plastic moment and shear strength of the
beam must also be checked. Forces and moments acting at the column face and RBS connection are
shown in Figure 2.2. The plastic moment of the beam is checked to ensure it can carry the moment
that occurs at the column face Mf as a result of the sum of the moment that develops at the plastic
hinge Mpr – defined as the centre of the RBS – and the moment due to the shear force acting at the
plastic hinge location VRBS . The shear strength of the beam should also be checked. The following
defines the symbols in Figure 2.2: Sh is the distance from the centre of the RBS to the column face,
a and b are the geometries of the RBS (see Figure 2.1), Mpr is the maximum probable moment that
occurs at the centre of the plastic hinge (or RBS), VRBS is the shear force that arises at the centre
of the plastic hinge from the load combination applied, Vu is the shear force that develops at the
face of the column and Mf is the maximum probable moment at the column face used in the design
procedure.

Table 2.2: The recommended RBS geometries according to BS/EN 1998-3

RBS Geometries
a b c

0.60bf 0.75d ≤ 0.25bf

Vu
Mf Mf

Vu

VRBS
Mpr

Sh=a+(b/2)

RBS
Centerline

Figure 2.2: A schematic showing the forces and moments arising at the column face and plastic hinge
locations.
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2.3.2 Design according to ANSI/AISC 358-16 and FEMA 350

Similarly, ANSI/AISC 358-16 (AISC, 2016b) and FEMA 350 (SAC Joint Venture, 2000a) both
specify the RBS connection as pre-qualified with the ability to achieve 0.04rad of rotation confidently.
The design process of RBS connections is the same as BS/EN 1998-3 (BSI, 2005) and summarised in
Section 2.3.1. The only difference is that ANSI/AISC 358-16 (AISC, 2016b) and FEMA 350 (SAC
Joint Venture, 2000a) specify acceptable ranges for the limits of the a, b and c parameters which are
shown in Table 2.3.

Table 2.3: RBS geometry limits defined in ANSI/AISC 358-16

Limits for a Limits for b Limits for c

0.5bf ≤ a ≤ 0.75bf 0.65d ≤ b ≤ 0.85d 0.1bf ≤ c ≤ 0.25bf

2.3.3 Performance design according to ASCE/SEI 41-17

ASCE/SEI 41-17 (ASCE, 2017a) adopts a performance-based design approach. Three different
limit states, which are Immediate Occupancy (IO), Life Safety (LS) and Collapse Prevention (CP),
are defined to determine the performance of the connections. RBS connections – defined as fully
restrained connections in ASCE/SEI 41-17 (ASCE, 2017a) – are considered deformation controlled
in flexure. Through non-linear static and dynamic design procedures, maximum permissible defor-
mations/rotations of the RBS connections can be compared to these performance limits, in order to
determine their level of performance. Table 2.4 summarises the acceptance criteria for the three RBS
limit states in ASCE/SEI 41-17 (ASCE, 2017a).

Table 2.4: The acceptance criteria of RBS connections for the three limit states according to ASCE/SEI
41-17

Limit States (rad)
IO LS CP

0.025 − 0.00015d 0.0525 − 0.00023d 0.07 − 0.00030d

2.4 Validation of FE models

2.4.1 ABAQUS finite element modelling

To asses the effects that the RBS parameters a, b and c have on the cyclic behaviour of fully welded
connections (WUF-F) a finite element model using the general purpose ABAQUS (ABAQUS, 2016)
software is developed. In order to validate the FE model, two full scale sub assemblies from Lee et al.
(2005) and Nia et al. (2013), shown in Figures 2.3a and 2.3b respectively, is used. The experimental
test carried out by Nia et al. (2013) was a welded unreinforced welded web connection to a box column
designed based on ANSI/AISC 341-05 (AISC, 2016a) and ANSI/AISC 360-05 (AISC, 2016c). The
connection was designed to represent a medium sized exterior multi-storey connection and contained
shear tabs and continuity plates. The continuity plates were fillet welded on three sides and the fourth
side was welded with a Complete Joint Penetration weld. The beam flange was groove welded to the
box column with the backing bar being fillet welded in place. The beams web was grove welded from
one weld access hole to the other. Finally, the shear tab was groove welded to the column flange and
fillet welded to the beam web. This shear tab was also used as a backing plate for the Complete Joint
Penetration groove weld connecting the beam web to the column flange. Welds used were specified
as a minimum Charpy V-notch touchness of 27 J at -29◦C. Further details of the connection and
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experimental set up can be found in Nia et al. (2013). Likewise, Lee et al. (2005) carried out the
experimental tests on a strong panel zone with a welded web. Continuity plates with equal thickness
to the beams flange were specified. Welds used for the connection were Charpy V-Notch toughness
of 26.7 J at -28.9◦C. A strong floor and strong wall was used to mount the connection on and lateral
bracing was provided as a distance 2.5m from the face of the column. Further details of the connection
and experimental set up can be found in Lee et al. (2005).

(a)

(b)

Figure 2.3: Diagrams of the experimental test set-ups used to validate the finite element model by (a)
Nia et al. (2013) and (b) Lee et al. (2005) (Nia et al., 2013; Lee et al., 2005).

The cyclic loading applied in Lee et al. (2005) was in accordance with the SAC loading protocol
(SAC Joint Venture, 2000a), while Nia et al. (2013) used the AISC/ANSI 341-05 (AISC, 2016a) loading
protocol. As the cyclic loading of the sub assemblies during each cycle was applied slowly, a static-
general analysis (with non-linearity accounted for), is adopted in ABAQUS. The ”time” period varies
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from 0.0 to 1.0 over the adopted 0.01 time step, hence, the ”time” increments are fractions of the total
period of the step.

In order to reduce the computational time, Reduced Integration Shell S4R elements are used which
are capable of capturing the local buckling of the beam web and flanges. The connection and areas of
significant buckling and plastic deformation are meshed with a finer mesh in order to produce more
accurate results. In areas of the connection where significant local buckling is expected to occur,
and in areas of high stress concentrations, the elements are meshed with 20mm mesh dimensions. A
transition to a larger course mesh (up to 200mm) in areas where buckling did not occur, is adopted
to save computational time. This method of meshing is compared to a model with 20mm mesh
throughout, and the results showed no significant differences in the moment verses rotation hysteresis.
A mesh convergence study is conducted which showed that for areas of significant importance a 20mm
mesh provided highly accurate results while at the same time providing a reasonable model running
time. The boundary conditions applied are representative of the respective experimental set ups
observed in Lee et al. (2005) and Nia et al. (2013).

In order to model the plasticity behaviour a combined non-linear isotropic and kinematic strain
hardening model using the Von Mises yield surface and associated flow rule is used. Calibration of the
material properties is based on the coupon test results provided in the respective references Lee et al.
(2005) and Nia et al. (2013) in order to define the two pairs of hardening parameters: Q, b and Ck,γk.
For the first pair, Q defines the maximum size of the yield surface and b defines the rate of change
of the yield surface with increasing strain. The subsequent pair Ck and γk are defined as the initial
kinematic hardening modulus and the rate at which the hardening modulus changes with increasing
strains respectively.

2.4.2 Connection DC-M from Nia et al. (2013)

A welded unreinforced flange to box column taken from Nia et al. (2013) is modelled in order to
validate the modelling techniques used. The material properties used are based on the mechanical
properties of tested steel coupons from Nia et al. (2013), shown in Table 2.5. The tie command is used
to model all welds. Kinematic coupling to a reference point was used to simulate the load point and
fixed column end arrangements. Buckling of the flanges at 6% in Figure 2.4a is found to be consistent
with the buckling of the DC-M specimen in Figure 2.4b at the respective 6% drift. Figure 2.4c shows
that very good agreement can be found between the experimental results and FE analysis results.

Table 2.5: Coupon test results from experimental tests Nia et al. (2013)

Location Yield Strength (Mpa) Tensile strength (Mpa) Elongation (%)

Beam flange 252.0 399.6 30.8
Beam web 351.0 482.5 27.5
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(a) (b)

(c)

Figure 2.4: (a) Equivalent Plastic Strain (PEEQ) contour plot from the FE model of the deformation
at 6% drift (b) observations of the beam from experimental results (Nia et al., 2013) (c) comparisons
of the cyclic hysteric force-rotation curve with that of experimental and numerically observed

2.4.3 Connection DB-700-SW Lee et al. (2005)

A fully Welded Unreinforced Welded Web (WUF-W) RBS connection with a strong panel zone is
selected from Lee et al. (2005). Table 2.6 shows the coupon test results taken form Lee et al. (2005) for
calibrate the combined hardening parameters. The buckling of the beam flanges from the FE model
(Figure 2.5a) is in good agreement with the buckling observed in the experimental results (Figure
2.5b). Figure 2.5c shows the cyclic hysteresis curve obtained from FE analysis compared to the test
results. Normalisation of the moment is based on Morshedi et al. (2017). Very good agreement is
observed between the FE analysis and the experimental results. The plastic deformation of the RBS
connection and the strength degradation of the connection with increasing cycles is captured with a
good level of accuracy.
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Table 2.6: Coupon test results for the beam

Location Yield Strength (Mpa) Tensile strength (Mpa)

Beam flange 304 455
Beam web 364 480

(a) (b)

(c)

Figure 2.5: (a) Contour PEEQ plot at 6% drift showing the buckling in the FE model, (b) observed
buckling at 6% from the experimental results (Lee et al., 2005) (c) Comparisons of the normalized
moment verses drift hysteresis for the finite element and experiment results

2.4.4 Details of the model adopted in the study

In order to asses how the geometries of the RBS connection affect the beams cyclic hysteresis, only
the beam is modelled so as to eliminate any effects that the panel zone could have on the connection.
Figure 2.6a shows a typical beam modelled which follows exactly the same modelling approaches and
techniques mentioned above. The SAC loading protocol (SAC Joint Venture, 2000a) is used in order
to assess the connections performance and each beam is loaded up to two cycles of 0.06rad. Figure
2.6b shows the displacement based loading applied to the beams tip determined based on the beams
length.
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(a) (b)

Figure 2.6: (a) The FE model of the fixed beam used to asses the effects of the RBS geometrical
properties on the cyclic performance of the beam (b) the SAC loading protocol applied to the FE
model.

2.4.5 Monotonic verses cyclic behaviour

In many studies, the monotonic behaviour of a beam or beam-column connection are used as a rough
estimation of the beams cyclic response. However, a complete cyclic hysteresis under an approved
loading protocol to asses the effects of cyclic hardening and cyclic degradation provides the true cyclic
behaviour. In order to investigate this, the cyclic and monotonic results of a fixed rigid end beam are
compared. Figure 2.7 compares an RBS beam loaded to 500mm of monotonic tip displacement and
the same RBS beam subjected to the cyclic SAC loading protocol up to 0.06rad.

Figure 2.7 clearly shows that the monotonic result cannot capture the cyclic hardening and strength
degradation of the RBS beam. Therefore, the cyclic backbone curve adopted in PEER/ATC-72-1
(Moehle et al., 2010) and shown in Figure 2.7, will be used to represent the strength degradation of
the beam for calculating the main seismic design parameters in this study.
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Figure 2.7: Comparisons of the monotonic, cyclic and cyclic backbone results for an RBS beam,
highlighting how the cyclic backbone captures the cyclic hardening and strength degradation. Dis-
placement is measured at the tip of the beam.
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2.5 Parametric analysis

A comprehensive parametric study of 90 specimens is carried out to assess the effect of different
design parameters for ranges within the recommended upper and lower limits of the a, b and c geome-
tries, on the performance of RBS connections. Nine different American Wide Flange Beams ranging
from W30X116 to W14X43 are investigated with 10 different variations for each beam. Table 2.7
shows the different beam properties that are modelled and tested by the FE analysis, along with the
respective RBS modelling parameters. Figures 2.15a to 2.15i show the cyclic backbone curves for the
nine beams cyclically tested for 5 varying cases of the c RBS parameter up to the Ultimate Rotation
(defined in Section 2.6).

Table 2.7: The American Wide Flange Beams built in FE models with the corresponding RBS geo-
metrical parameters, (see also Figure 2.1). All dimensions are in mm except beam designations which
are in inches.

Beam d bf tw tf a b c model Ref Name Short Hand

W30X116 762 267 14.4 21.6

0 0 0 2 Full Section FS
167 572 27 2.1 20% flange reduction 20%FR
167 572 37 2.10 28% flange reduction 28%FR
167 572 47 2.2 35% flange reduction 35%FR
167 572 57 2.11 43% flange reduction 43%FR
167 572 67 2.3 50% flange reduction 50%FR
167 495 47 2.4 smallest b value >bVal
167 648 47 2.6 largest b value <bVal
134 572 47 2.7 smallest a value >cVal
200 572 47 2.9 largest a value <cVal

W27X114 693 256 14.5 23.6

0 0 0 3 Full Section FS
160 520 26 3.1 20% flange reduction 20%FR
160 520 35 3.10 28% flange reduction 28%FR
160 520 45 3.2 35% flange reduction 35%FR
160 520 54 3.11 43% flange reduction 43%FR
160 520 64 3.3 50% flange reduction 50%FR
160 450 45 3.4 smallest b value >bVal
160 589 45 3.6 largest b value <bVal
128 520 45 3.7 smallest a value >cVal
192 520 45 3.9 largest a value <cVal

W27X84 678 253 11.7 16.3

0 0 0 4 Full Section FS
158 509 25 4.1 20% flange reduction 20%FR
158 509 35 4.10 28% flange reduction 28%FR
158 509 44 4.2 35% flange reduction 35%FR
158 509 54 4.11 43% flange reduction 43%FR
158 509 63 4.3 50% flange reduction 50%FR
158 441 44 4.4 smallest b value >bVal
158 576 44 4.6 largest b value <bVal
127 509 44 4.7 smallest a value >cVal
190 509 44 4.9 largest a value <cVal

W24X103 623 229 14 24.9

0 0 0 5 Full Section FS
143 467 23 5.1 20% flange reduction 20%FR
143 467 31 5.10 28% flange reduction 28%FR
143 467 40 5.2 35% flange reduction 35%FR
143 467 49 5.11 43% flange reduction 43%FR
143 467 57 5.3 50% flange reduction 50%FR
143 405 40 5.4 smallest b value >bVal
143 530 40 5.6 largest b value <bVal
115 467 40 5.7 smallest a value >cVal
172 467 40 5.9 largest a value <cVal

Continued on next page . . .
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Table 2.7 continued. . .

Beam d bf tw tf a b c model Ref Name Short Hand

W24X68 603 228 10.5 14.9

0 0 0 6 Full Section FS
143 452 23 6.1 20% flange reduction 20%FR
143 452 32 6.10 28% flange reduction 28%FR
143 452 40 6.2 35% flange reduction 35%FR
143 452 49 6.11 43% flange reduction 43%FR
143 452 57 6.3 50% flange reduction 50%FR
143 392 40 6.4 smallest b value >bVal
143 513 40 6.6 largest b value <bVal
114 452 40 6.7 smallest a value >cVal
171 452 40 6.9 largest a value <cVal

W21X83 544 212 13.1 21.2

0 0 0 7 Full Section FS
133 408 21 7.1 20% flange reduction 20%FR
133 408 29 7.10 28% flange reduction 28%FR
133 408 37 7.2 35% flange reduction 35%FR
133 408 45 7.11 43% flange reduction 43%FR
133 408 53 7.3 50% flange reduction 50%FR
133 354 37 7.4 smallest b value >bVal
133 462 37 7.6 largest b value <bVal
106 408 37 7.7 smallest a value >cVal
159 408 37 7.9 largest a value <cVal

W21X62 533 209 10.2 15.6

0 0 0 8 Full Section FS
131 400 21 8.1 20% flange reduction 20%FR
131 400 29 8.10 28% flange reduction 28%FR
131 400 37 8.2 35% flange reduction 35%FR
131 400 44 8.11 43% flange reduction 43%FR
131 400 52 8.3 50% flange reduction 50%FR
131 346 37 8.4 smallest b value >bVal
131 453 37 8.6 largest b value <bVal
105 400 37 8.7 smallest a value >cVal
157 400 37 8.9 largest a value <cVal

W18X76 463 280 10.8 17.3

0 0 0 9 Full Section FS
175 347 28 9.1 20% flange reduction 20%FR
175 347 39 9.10 28% flange reduction 28%FR
175 347 49 9.2 35% flange reduction 35%FR
175 347 60 9.11 43% flange reduction 43%FR
175 347 70 9.3 50% flange reduction 50%FR
175 301 49 9.4 smallest b value >bVal
175 394 49 9.6 largest b value <bVal
140 347 49 9.7 smallest a value >cVal
210 347 49 9.9 largest a value <cVal

W14X43 347 203 7.7 13.5

0 0 0 10 Full Section FS
127 260 20 10.1 20% flange reduction 20%FR
127 260 28 10.10 28% flange reduction 28%FR
127 260 36 10.2 35% flange reduction 35%FR
127 260 43 10.11 43% flange reduction 43%FR
127 260 51 10.3 50% flange reduction 50%FR
127 226 36 10.4 smallest b value >bVal
127 295 36 10.6 largest b value <bVal
102 260 36 10.7 smallest a value >cVal
152 260 36 10.9 largest a value <cVal

2.6 Results

Using the cyclic backbone explained in Section 2.4.5, the Yield Strength (My) is determined using
the idealised force deformation curve from FEMA 356 (FEMA, 2000). This method uses the first
part of the cyclic backbone curve in order to determine the yield point. Figure 2.8a shows how the
approximate area above and below the idealised curve and the cyclic backbone curve are balanced in
order to determine My and its corresponding rotation. The peak strength is determined as the peak
value of the cyclic FE results, while the peak rotation is defined as the corresponding rotation to the
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peak moment.

The Ultimate Strength (Mu) and Ultimate Rotation (θu) are defined as the points on the cyclic
backbone curve which corresponds to a 20% loss in the strength from the Peak Strength (Mc) (SAC
Joint Venture, 2000a). In this study, the θu is defined according to Equation 2.1, where δ is the
displacement at the beams load point and L is the length of the beam. Figure 2.8b provides an
explanation to how the Mu and θu are determined.

θu = δ/L (2.1)

θ
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θ

θC

MC
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Hatched area
equal to the

energy dissipated

(b)

Figure 2.8: (a) Idealised force deformation according to FEMA (2000) to determine Yield and Peak
points (b) 20% drop in strength method used to determine the Ultimate points along the cyclic
backbone

While investigating how the a, b and c parameters affected the key seismic design parameters it was
noted that in general the variation of response parameters for the a and b parameters are small. In
order to save computational time, in this section the key seismic design parameter trends for varying
a and b cases were based on only three respective varying RBS geometry. To verify the accuracy of
this approach, two different RBS beam sections were selected and five variations of different a and
b parameter were investigated. The trends for these results, shown in Figures 2.9a and 2.9b, were
compared to the trends for RBS beam sections where only three varying cases of a and b parameter
had been considered. Both sets of results follow the same trend, thus verifying this approach.
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Figure 2.9: Yield Moment (My) trends for W27x114 and W14x43 for varying (a) a parameter and (b)
b parameter.

During the comprehensive parametric analysis, while investigating the effects of the RBS geometries
on the key design parameters it was important to only change one parameter in order to asses its
effects. Therefore, while investigating each of the three parameters (a, b and c) separately the other
two parameters are fixed as the average of the upper and lower limits according to Table 2.3

2.6.1 Yield Moment

Figures 2.10a to 2.10c shows how the Yield Moment (My) changes with varying a, b and c param-
eters. The results clearly show that the a and b parameters do not affect the My relative to the c
parameter, which reduces the moment more than 20% between the two extreme limits. On average,
the c parameter reduces the My by 27% between the upper and lower recommended values compared
to less than 2.0% changes for the a and b parameters.
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Figure 2.10: The variation of normalized yield moment with respect to (a) parameter a (b) parameter
b and (c) parameter c

2.6.2 Peak Moment

The influence of parameters a, b and c on the Peak Moment (Mc) is shown in Figures 2.11a to
2.11c. A reduction of 24% can be observed in Figure 2.11c between the lower and upper limits of the c
parameter. Whereas, only 3% changes is observed in the peak moment for the b parameter. Similarly,
changes in parameter a has insignificant effect on the estimated peak moment.
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Figure 2.11: The variation of normalized peak moment with respect to (a) parameter a (b) parameter
b and (c) parameter c

2.6.3 Ultimate Rotation

The RBS parameters have less of an affect on the Ultimate Rotation (θu), compared to My and
Mc, as shown in Figure 2.12. On average the a parameter has only a 1% influence on θu between
the upper and lower limits. Interestingly the b parameter appears to be the most influential on θu,
with 5% reductions in θu between lower and upper limits. The c parameter appears to have a smaller
influence on average on the θu with just over 3% changes of θu over the lower and upper limits.

However there are two distinct groups in Figure 2.12c showing completely different trends when the
c parameter is increased. The two groups can be clearly classified according to the web slenderness
(d−2tf )/tw – where the parameters are defined in Figure 2.1. The upper group has a web slenderness
smaller than 42, whereas the lower group has a web slenderness larger than 44. Figures 2.11a to 2.11c
indicate that the Ultimate Rotation of the beam is also dependent on the web slenderness.

On average for all sections, the RBS has an insignificant influence on θu, however, sections W30X116,
W27X114, W27X84, and W24X68, with RBS resulted in lower Ultimate Rotations (up to 12% lower)
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at the column face compared to full beam sections. These sections have a web slenderness larger
than 44, and thus, clearly would resist larger ultimate rotations due to a stiffer beam profile. While
sections W24X103, W21X83, W21X62, W18X76, and W14X43, with RBS provide increased Ultimate
Rotations at the column face (up to 10% higher). These sections have a web slenderness less than 42
leading to a lower beam stiffness and thus can accommodate larger Ultimate Rotations.
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Figure 2.12: The variation of normalized Ultimate Rotation for varying changes with respect to (a)
parameter a (b) parameter b and (c) parameter c

2.6.4 Ductility

The ductility (µ) has been calculated following the recommendation in ASCE (2017a), and is defined
as follows:

µ =
θu
θy

=
δu
L
/
δy
L

=
δu
δy

(2.2)

where: θu is the ultimate rotation, θy is the yield rotation, L is the length of the beam, δu is the
ultimate displacement of the beam at the load point and δy represents the yield displacement of the
beam at the load point.
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The yield rotation (θy) is defined as the rotation corresponding to the yield moment, while the
ultimate rotation (θu) is defined as the rotation corresponding to 80% of the peak moment (0.8Mc) as
defined is section 2.6. The rotation (θu) is calculated using interpolation along the cyclic back bone
curve which is defined in Section 2.4.5.

Figure 2.13a shows that the parameter a has very little effect on the beams Ductility (µ), with
only 2% changes in µ between the lower and upper limits. Figures 2.13b and 2.13c show that the
parameters b and c have more influence, with c being the most prominent. However, the parameter
c increases the Ductility with increasing values of c and the parameter b reduces the ductility with
increasing values of b. Over all on average, the parameter b causes a 5% reduction between the lower
and upper limits and the parameter c infers a 7% increase of ductility between the lower and upper
limits.
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Figure 2.13: The variation of normalized Ductility (µRBS/µFS) with respect to the: (a) parameter a
(b) parameter b and (c) parameter c

While RBS sections in W30X116, W27X114, and W27X84, provide only 5% increases of ductility,
smaller depth sized sections provided up to 30% increases in ductility when RBS sections are used.
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2.6.5 Energy dissipation capacity

The energy dissipated (Ediss) is defined as the energy under the cyclic backbone curve up to the
ultimate rotation as explained in Section 2.6.3 and shown in Figure 2.8b.

Figure 2.14a clearly shows that on average the parameter a has no effect (less that 1% change)
on the normalised energy dissipated by the beam. The parameter b has a small influence leading to
7% reductions in the normalised energy dissipation capacity for changes between the lower and upper
limits as shown in Figure 2.14b. Figure 2.14c also indicated that the parameter c is the most influential
giving changes of 23% in normalised energy dissipation capacity between the lower and upper values
of c.

It should be noted that the decrease in energy dissipation corresponding to a decrease in parameter
c, shown in Figure 2.14c, can be explained through the definition of the energy dissipation parameter
defined in Figure 2.8b. RBS connections with smaller values of parameter c, reduce the capacity of
the section which leads to a lower value of yield moment and peak moment, shown in Figures 2.10c
and 2.11c respectively. As the ultimate rotation is defined as the rotation corresponding to a 20%
reduction in the peak moment (shown in Figure 2.8b), this leads to a reduced calculated value of
energy dissipation for the corresponding section.
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Figure 2.14: The variation of normalized energy dissipation capacity with respect to (a) parameter a
(b) parameter b and (c) parameter c

In general, sections W30X116, W27X114, W27X84, and W24X68, provide up to 30% lower normal-
ized energy dissipation capacity for RBS sections compared to the other sections which only provide
a decrease of 10% to 15%. Compared to the previous graphs, higher θu, Mc and My values leads to
more energy dissipation in the RBS connections.

2.7 Discussion

2.7.1 Summary of the RBS parameters that have the most influence on the design
parameters

Table 2.8 summarises the influence on average of the a, b, and c parameters on the seismic design
parameters analysed in Section 2.5. It is shown that the parameter a has insignificant influence on
the seismic design parameters of interest. The parameter b also has no significant influence on the My

or Mc, with small implications on normalised θu, µ and Ediss. Similar observations can be drawn for
the c parameters influence on θu and µ. Finally the parameter c is largely influential on the My, Mc

and Ediss, with the Ediss seismic design parameter influenced the most by parameter c.
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Table 2.8: The percentage influence on average of the RBS geometry on the seismic design parameters

Design Parameter RBS Parameter
a b c

My -1% 2% 27%
Mc 0% 3% 24%
θu 1% 5% 3%
µ 2% 4% -17%
Ediss 1% 7% 26%

2.7.2 Assessing the adequacy of the beams according to BS/EN 1998-3

BS/EN 1998-3 (BSI, 2005) specifies three minimum rotations that RBS beams must be able to
develop at three limit states. Table 2.1 in Section 2.3.1 summaries these required rotational capacities.
According to BS/EN 1998-3 (BSI, 2005) the three limit states are characterised as follows:

• Damage Limitation (DL)– the structure has been lightly damaged with negligible permanent
drifts. Significant yielding has been prevented with all structural elements retaining strength
and stiffness properties.

• Significant Damage (SD) – significant damage has occurred, some lateral residual strength and
stiffness is retained but moderate drifts are present and the structure is likely to be uneconomical
to repair.

• Near Collapse (NC)– the structure is heavily damaged and has low residual strength, large
permanent drifts have occurred and the structure would probably not survive another (moderate)
earthquake.

Adequacy of each of the nine beams BS/EN 1998-3 (BSI, 2005) limit states is assessed. Figure 2.15
shows that for all nine beams elastic behaviour occurs below 0.01rad, indicating that the DL limit
state has been achieved.

Figure 2.15 shows that for beams W21X52, W24X68, W27X84, W27X114 and W30X116, an increase
in flange reduction for RBS reduces the ultimate rotation. Whereas for W14X43, W18X76, W21X83,
and W24X103, increases in flange reduction for the RBS results in larger θu. These varying changes
in ultimate rotation as a result of the increased flange cut are directly linked with the web and flange
slenderness. Sections W14X43, W18X76, W21X83, and W24X103 have a web slenderness less than 42.
This indicates a stocky section, where generally buckling of the sections flange is the dominant failure
mode. Increasing the RBS cut in these sections allows some of the stresses and strains experienced in
the flange to be distributed within the web leading to higher ultimate rotations. Sections W21X52,
W24X68, W27X84, W27X114 and W30X116, have a web slenderness larger than 45. These slender
sections generally have a dominant failure mode due to buckling of the web. By increasing the cut
in the RBS, the slenderness of the flange is reduced dramatically. Given that the dominant buckling
failure mode is already within the web, this reduces the ultimate rotation of these sections mainly
affected by the web buckling.

Figures 2.15d and 2.15g show the lowest and highest web slenderness values respectively. Figure
2.15g shows how a web slenderness of 55.2 does not meet the NC requirement whereas Figure 2.15d
shows how a web slenderness of 38.3 meets the NC requirement.



CHAPTER 2. MORE EFFCICIENT DESIGN OF RBS 57

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8
M

/M
y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(a)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(b)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(c)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(d)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8
M

/M
y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(e)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(f)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(g)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(h)

-0.06 -0.03 0 0.03 0.06
Rotation at column face (rad)

-1.8

-1.2

-0.6

0

0.6

1.2

1.8

M
/M

y

20%FR
28%FR
35%FR
43%FR
50%FR
DL
SD
NC

(i)

Figure 2.15: Full cyclic backbone curves for (a) W14x43 (b) W18x76 (c) W21x62 (d) W21x83 (e)
W24x68 (f) W24x103 (g) W27x84 (h) W27x114 and (i) W30x116, up to the ultimate rotation for each
section. The vertical coloured lines show the limit states and can be used to determine the adequacy
of each beam achieving the limit states of BS/EN 1998-3

2.7.3 Performance of the beams according to ASCE/SEI 41-17

ASCE/SEI 41-17 (ASCE, 2017a) specifies three Performance Levels – IO, LS and CP – (see Table
2.4 in Section 2.3.1). Table 2.9 summarises the results for assessing the adequacy of the nine beams
tested in this study, to meet the ASCE/SEI 41-17 (ASCE, 2017a) performance levels for the rotations
that occurred at the column face. Results show that all of the sections in Table 2.7 exceeded an IO
performance level of 0.025rad. In general, the rotation at the column face for each beam reduces
for increasing values of the flange reduction. Only RBS sections W24X103, W21X83, W18X76 and
W14X43 achieved the LS performance level, and no beams were able to meet the CP performance level.
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This indicates that the RBS connections selected in this study are expected to exhibit failure before
reaching the CP limits suggested by ASCE/SEI 41-17 (ASCE, 2017a). One of the requirements for
RBS connections in ANSI/AISC 358-16 (AISC, 2016b) and FEMA 350 (SAC Joint Venture, 2000a) is
the ability to accommodate over 4% inter-storey drift. All of the beams except W27X84 and W24X68
(web slenderness over 54) were able to accommodate the 0.04rad of required rotation. This suggests
that a web slenderness greater than 54, would not accommodate the ANSI/AISC 3581-16 (AISC,
2016b) and FEMA 350 (SAC Joint Venture, 2000a) 4% inter-storey drift.

Table 2.9: Assessing the adequacy of the beams tested to determine if they achieve ASCE performance
levels

Specemin Reduction of flange ASCE Performance Level Rotation (θu) IO (rad) LS (rad) CP (rad)

W30X116 20% flange reduction IO 0.042

0.025 0.052 0.070
W30X116 28% flange reduction IO 0.041
W30X116 35% flange reduction IO 0.041
W30X116 43% flange reduction IO 0.039
W30X116 50% flange reduction IO 0.039

W27X114 20% flange reduction IO 0.050

0.025 0.052 0.070
W27X114 28% flange reduction IO 0.048
W27X114 35% flange reduction IO 0.048
W27X114 43% flange reduction IO 0.048
W27X114 50% flange reduction IO 0.048

W27X84 20% flange reduction IO 0.037

0.025 0.052 0.070
W27X84 28% flange reduction IO 0.036
W27X84 35% flange reduction IO 0.034
W27X84 43% flange reduction IO 0.034
W27X84 50% flange reduction IO 0.033

W24X103 20% flange reduction LS 0.058

0.025 0.052 0.070
W24X103 28% flange reduction LS 0.057
W24X103 35% flange reduction LS 0.057
W24X103 43% flange reduction LS 0.058
W24X103 50% flange reduction LS 0.057

W24X68 20% flange reduction IO 0.038

0.025 0.052 0.070
W24X68 28% flange reduction IO 0.035
W24X68 35% flange reduction IO 0.035
W24X68 43% flange reduction IO 0.034
W24X68 50% flange reduction IO 0.035

W21X83 20% flange reduction LS 0.059

0.025 0.052 0.070
W21X83 28% flange reduction LS 0.057
W21X83 35% flange reduction LS 0.056
W21X83 43% flange reduction LS 0.058
W21X83 50% flange reduction LS 0.058

W21X62 20% flange reduction IO 0.041

0.025 0.052 0.070
W21X62 28% flange reduction IO 0.043
W21X62 35% flange reduction IO 0.041
W21X62 43% flange reduction IO 0.042
W21X62 50% flange reduction IO 0.042

W18X76 20% flange reduction LS 0.058

0.023 0.049 0.065
W18X76 28% flange reduction LS 0.057
W18X76 35% flange reduction LS 0.059
W18X76 43% flange reduction LS 0.058
W18X76 50% flange reduction LS 0.060

W14X43 20% flange reduction LS 0.061

0.025 0.052 0.070
W14X43 28% flange reduction LS 0.061
W14X43 35% flange reduction LS 0.062
W14X43 43% flange reduction LS 0.062
W14X43 50% flange reduction LS 0.062
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2.7.4 Equations to estimate the seismic design parameters

The data points in Figures 2.10 to 2.14 show that the relationship between a/bf , b/d and c/bf to
the normalised key design parameters, do not have a tight enough correlation to propose a single
equation to predict the effects of these key design parameters for different cases. Analysis of the 90
specimens in the database shows that the second moment of area for each section also influences the
structural response of the elements, and therefore, can be used as a design parameter to achieve more
consistent results to develop a design formula. Table 2.8 shows that the c geometry of the RBS is
most influential for the design parameters considered. Figure 2.16 shows the affects c/bf has on the
normalised Key Design Parameter (KDP) multiplied by the square of the normalised second moment
of area for each specific section (KDPRBS

KDPFS
∗ ( IRBS

IFS
)2). In this case the a and b parameter are considered

to be the average of the suggested upper and lower limits according to Table 2.3.
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Figure 2.16: Variation of (a) (My,RBS/My,FS) ∗ (IRBS/IFS)2 (b) (My,RBS/My,FS) ∗ (IRBS/IFS)2

(c) (My,RBS/My,FS) ∗ (IRBS/IFS)2 (d) (My,RBS/My,FS) ∗ (IRBS/IFS)2 and (e) (My,RBS/My,FS) ∗
(IRBS/IFS)2 with respect to c/bf
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As all axes in Figure 2.16 are dimensionless, quadratic curves can be fitted to the average data lines
using the interactive tool MATLAB (The Mathworks Inc, 2019). The general form of these curves
are shown in Equation 2.3. These fitted curves provide very good approximations of how the RBS
affects the seismic design parameters of a full section (with no RBS present) for any c parameter while
keeping the a and b parameter the average of the upper and lower limits. It should be noted that
unlike previous data, the results in Figure 2.16 are less scattered and can be used to develop design
equations as follows:

f
( c
bf
,
IRBS
IFS

)
=
(KDPRBS
KDPFS

)
=

[
α1 ·

( c
bf

)2
+ α2 ·

( c
bf

)
+ 1.0

]
·
( IFS
IRBS

)2
(2.3)

where the coefficients α1 and α2 are shown in Table 2.10 for each seismic design parameter.

However, if a and b are not considered to be the average of the upper and lower suggested limits,
the approxiamtion according to the general Equation 2.3 must be adjusted depending on the influence
of the a or b parameters.

When investigating the affects the geometries a and b had on the key design parameters, the c
geometry was kept constant, as the average of the upper and lower limits (35%FR) according to
Table 2.3 and Table 2.7. When investigating the influence of the a parameter, the b parameter was
set at 0.75d. Similarity, when considering the effects of the b geometry, the a geometry was kept
at 0.625bf . Therefore, for each key design parameter the influence of the a and b geometry for each
section can be normalized for the respective section for the c geometry equal to a 35% flange reduction
(35%FR). These graphs are shown in Figures 2.17 and 2.18.
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Figure 2.17: Variation of (a) My,RBS/My,35%FR (b) My,RBS/My,35%FR (c) My,RBS/My,35%FR (d)
My,RBS/My,35%FR and (e) My,RBS/My,35%FR with respect to a/bf
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Figure 2.18: Variation of (a) My,RBS/My,35%FR (b) My,RBS/My,35%FR (c) My,RBS/My,35%FR (d)
My,RBS/My,35%FR and (e) My,RBS/My,35%FR with respect to b/d



CHAPTER 2. MORE EFFCICIENT DESIGN OF RBS 64

Figure 2.17 shows that the parameter a has insignificant influence on the ratio: KDPRBS
KDP35%FR

, with
the exception of Figure 2.17a which on average increases the value of the yield moment for increasing
values of parameter a by less than 5%. Therefore, when using Equation 2.3 to predict the response of
an RBS connection no adjustment needs to be made to take into account the influence of the parameter
a and this ratio can assumed to be equal to 1.0. This can be represented by the following equation:

f
( a
bf

)
=
( KDPRBS
KDP35%FR

)
= 1.0 (2.4)

Figure 2.18 shows how the parameter b is more influential on the ratio: KDPRBS
KDP35%FR

, where noticeable
changes can be observed. Therefore, an equation is required which will adjust Equation 2.3 depending
on the value of the b parameter within the limits according to Table 2.3 for any section size. The
process for determining these equations will be explained by using the key design parameter µ, as an
example. If section W24x84 is taken from Figure 2.18d. The straight line which passes through the
middle data point 0.75b/d is determined based on minimizing the square of the distances Y 1 to Y 1′

and Y 2 to Y 2′ according to Equation 2.5:

min((Y 1 − Y 1′)2, ((Y 2 − Y 2′)2) (2.5)
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Figure 2.19: Determining the gradient of the straight line used for Equation 2.6 and 2.7

This is done for all sections for each key design parameter. The second moment of area for each full
section (IFS) can be plotted against the corresponding slope of each sections straight line (m) for all
key design parameters. Log expressions, from Equation 2.6, are fitted to these data points in order to
predict the slope of an equivalent straight line for any size section. These graphs are shown in Figure
2.20 for θu, µ and Ediss.



CHAPTER 2. MORE EFFCICIENT DESIGN OF RBS 65

0 0.5 1 1.5 2

I full section (mm3) 109

-0.8

-0.6

-0.4

-0.2

0
G

ra
di

en
t o

f s
tr

ai
gh

t l
in

e,
 m

(a)

0 0.5 1 1.5 2

I full section (mm3) 109

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

G
ra

di
en

t o
f s

tr
ai

gh
t l

in
e,

 m

(b)

0 0.5 1 1.5 2

I full section (mm3) 109

-1

-0.8

-0.6

-0.4

-0.2

G
ra

di
en

t o
f s

tr
ai

gh
t l

in
e,

 m

(c)

Figure 2.20: Logarithmic expressions used to determine the slope of the straight line for predicting
the seismic design parameters for (a) θu, (b) µ and (c) Ediss.

No correlation or trends are found between the IFS and the slope of the straight line m for key
design parameters My and Mc. Therefore, the average slope of all section lines is used. Based on
Figures 2.18 and 2.20, Equations 2.6 and 2.7 are used to adjust Equation 2.3 based on the influence
of the b parameter.

f
( b
d

)
=
( KDPRBS
KDP35%FR

)
= m

( b
d
− 0.75

)
+ 1.0 (2.6)

m = β1 · ln(IFS) + β2 (2.7)

where the coefficients m, β1 and β2 are shown in Table 2.10 for each seismic design parameter.

To summarise, the influence of the three RBS parameters can be represented by the Equations
2.3, 2.4, 2.6 and 2.7. Equation 2.3 estimates the seismic design parameters for a median set of RBS
geometries, while Equations 2.4, 2.6 and 2.7 are correction factors for the influence of the parameters
a and b on the median estimate from Equation 2.3. By multiplying these equations together, the ratio
of the seismic design parameter of the RBS of interest to the seismic design parameter of the full
section can be estimated. The proposed Equation 2.8, and Table 2.10 can be used to predict how the
a, b and c parameters affect the seismic design parameters My, Mc, θu, µ and Ediss of RBS sections
compared to full sections (no RBS present). Equation 2.8 presents the general equation:

KDPRBS
KDPFS

= f
( c
bf
,
IRBS
IFS

)
· f
( a
bf

)
· f
( b
d

)
(2.8)

Table 2.10: Coefficients for Equations 2.3, 2.4, 2.6 and 2.7

Coefficient
Key Design Parameters

My Mc θu µ Ediss

α1 3.93 3.37 3.07 2.75 3.89
α2 -3.96 -3.78 -3.41 -3.05 -3.94
m -0.104 -0.182 n/a n/a n/a
β1 n/a n/a 0.191 0.259 0.201
β2 n/a n/a -4.16 -5.50 -4.52

The results of this study, in general, should prove useful in the preliminary design and assessment
of RBS connections.
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2.8 Conclusion

The aim of this Chapter is to develop more efficient design methodologies for the RBS connections
by investigating in detail the effect of the key geometric parameters defining an RBS on their seismic
performance. An FE model of two different beam column sub-assemblies was validated with two
sets of experimental results from literature. The models took into account the non-linear material
properties and the appropriate modelling techniques – ties, kinematic-coupling, boundary conditions,
constraints – for the connection detailing. The two validated FE models predicted the ultimate
strength, failure/buckling modes and loading hysteresis with high accuracy. In order to evaluate the
effects of different a, b and c geometries (RBS cut parameters) on RBS connections, a comprehensive
parametric analysis was conducted on a total of 90 different specimens. The effects of the three
RBS geometries on the seismic design parameters Yield Moment (My), Peak Moment (Mc), Ultimate
Rotation (θu), Ductility (µ) and Energy Dissipated (Ediss) were investigated. Based on the results in
this Chapter the following conclusions can be drawn:

1. In general, all the three geometric parameters a, b and c, over the recommended ranges in
ANSI/AISC 358-16 (AISC, 2016b), have influence over the seismic design parameters considered
in this study but with different degrees. The parameter a has very little influence which can be
considered negligible, whereas the parameter b has a small effect on the connections performance.
However, the parameter c has significant influence over all the five seismic design parameters
considered.

2. The adequacy of the beams achieving the three required rotational capacities (DL, SD and NC)
for RBS connections according to BS/EN 1998-3 (BSI, 2005) was assessed. Results showed that
all beams achieved an elastic state at the DL capacity, however, all but two beams achieved the
NC rotational requirement. A direct link between the web slenderness and the ultimate rotation
was established, where beams with a web slenderness larger than 54 could not accommodate the
NC requirement.

3. The rotations of the beam at the column face were compared to the performance limits of
ASCE/SEI 41-17 (ASCE, 2017a). Results showed that all beams achieved the IO level with only
4 beams achieving the LS performance level. None of the beams achieved the CP performance
level. All beams apart from W27X84 and W24X68 which have a web slenderness larger than
54, satisfied the ANSI/AISC 358-16 (AISC, 2016b) and FEMA 350 (SAC Joint Venture, 2000a)
requirement to accommodate over 4% inter-storey drift.

4. Design equations were developed in order to predict how the RBS geometric parameters a, b
and c effect the key seismic design parameters compared to full section properties (no RBS
present). Links were determined between the second moment of area, dimensions of the RBS
geometries and the beams properties. This is particularly useful for design purposes, as the
cyclic performance and seismic design parameters of RBS connections can be estimated without
the need for complex and time consuming cyclic experimental or FE analysis.



Chapter 3

Development of More Accurate Cyclic
Hysteretic Models to Represent RBS
Connections

As a result of the conclusions drawn in Chapter 2 more accurate cyclic hysteresis models for RBS connections

were developed in this chapter. This chapter is based on the paper titled: Development of More Accurate

Cyclic Hysteretic Models to Represent RBS Connections, submitted to Journal of Engineering Structures dated

07/02/20211. It should be noted this chapter reads as a standalone paper. It may repeat sections previously

introduced in this thesis.

3.1 Abstract

The concept of Reduced Beam Section (RBS) connections in steel framed buildings have been
widely adopted in the European and American Design codes (EN1998-3, ANSI/AISC 358-16 and
FEMA 350) as a means of providing safe ductile fuse behaviour in the beam in order to protect the
column from any significant damage. However, modelling the hysteretic behaviour of beam-column
joints under earthquake excitations can be challenging due to the non-linear complex behaviour as a
result of strength and stiffness degradation. Currently there is no comprehensive model available for
RBS connections which is capable of considering all the design parameters that affect performance.
This chapter presents a database of detailed and accurate modified-Ibarra-Krawinkler models that can
reliably capture the cyclic hysteresis behaviour of fully welded RBS connections over a range of different
RBS geometries. First a validated Finite Element (FE) model was developed using ABAQUS to
accurately predict the cyclic hardening and strength degradation of steel RBS connections by capturing
the local web and flange buckling. Then a comprehensive parametric study of 1480 different American
wide flange RBS and Full Section (FS) beams loaded to 0.07rad of cyclic loading was conducted.
These models were created through Python coding which automatically generated and meshed the
FE models. These models were subsequently submitted to ABAQUS through the interactive software
Matlab for FE analysis. The results of this study should prove useful in seismic design and assessment
of RBS connections. The results were used to assess the influence of different RBS design parameters
on the structural performance of the connections. It was shown that the conventional method of
predicting the modified-Ibarra-Krawinkler model parameters cannot accurately capture the actual
hysteresis behaviour of some RBS connections and may lead to unreliable results. The inaccuracy
of the conventional equations used to predict the modified-Ibarra-Krawinkler model parameters are a
result of the wide range of different RBS connections considered in the multivariable regression analysis
used to determine the predictive equations. In this Chapter, only one type of connection is considered

1I. Aduzayed contributed to the development of the Python macro code
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- welded unreinforced welded web (WUF-W) connection – this removes any variation due to different
types of connections exhibiting a range of connection stiffness. The cyclic results from the FE analysis
were calibrated with simple equivalent beam representations in the Open System for Earthquake
Engineering Simulation programme – OpenSees. This model featured the bilinear modifield-Ibarra-
Krawinkler zero length spring in order to capture the cyclic deterioration of the connection. The
calibration process utilised the bisector optimization method and was controlled using Matlab. As
a result of this work, a comprehensive database of 1480 different beams provides: 1) the beams full
cyclic moment-rotation-hysteresis at the plastic hinge location up to 0.07rad rotation following the
SAC loading protocol, 2) appropriate modifield-Ibarra-Krawinkler parameters to accurately capture
the beams cyclic response in OpenSees, for non-linear dynamic analysis. The results of this study
should prove useful in seismic design and assessment of RBS connections.

3.2 Introduction

3.2.1 Background

Reduced Beam Section (RBS) connections are widely adopted within seismic resistant steel moment
frames in order to 1) combat the risk of brittle fractures in the connections 2) absorb seismic energy
through yielding and 3) protect columns from damage. The seismic performance of steel structures
has been studied extensively by many researchers (Ibarra and Krawinkler, 2005; Kim and Kim, 2009;
Asgarian et al., 2010; Jalali et al., 2011, 2012; Wang et al., 2017; Lemonis, 2018). In general, the
results of these studies indicate the good capability of RBS connections achieving these targets.

Full scale tests on steel frames have been conducted by a number of researchers (Chung et al.,
2011; Lignos et al., 2011a; Ke and Chen, 2016). Chung et al. (2011) conducted full scale tests on 4
storey two span steel frames with reinforced concrete (RC) slabs under long-period ground motion.
The performance of welded unreinforced flange welded web (WUF-W) and welded unreinforced flange
bolted web (WUF-B) connections were compared. Test results showed that WUF-B had a lower
ductility with WUF-W possessing a larger rotational capacity (up to four times WUF-W). Similarly,
Lignos et al. (2011a) conducted two full scale tests on scaled 1:8 4 storey bare steel moment frames in
order to get a better understanding for collapse prediction and P-Delta effects in such systems. They
successfully calibrated a model to predict the response of the tested structure and highlighted how the
deterioration characterises – in particular the post-capping rotational capacity – of critical members
in the analytical frame must be accurately represented for collapse prediction. In another study, Wang
et al. (2017) used performance-based design to asses a 35 storey pre-Northridge steel moment frame
using non-linear response analysis. Probabilistic checks were carried out on collapse prevention (CP)
and immediate occupancy (IO) under two hazard levels according to FEMA 351 (FEMA-351, 2000)
and FEMA P-58 (Federal Emergency Managment Agency, 2018). Results showed that the buildings
failed to meet the CP for both hazard levels considered, where around 30% of the connections failed.
The results of their study highlighted the importance of retrofitting existing tall buildings to reduce
the amount of damage and inevitable costs following an earthquake.

Ke and Chen (2016) conducted a full scale test on a 2 storey two bay high strength steel moment
resistant frame with a novel 2 storey one bay RBS energy dissipating system designed to absorb
all damage. Calibrated models for the elements were then used for two 6 storey frame systems
– one incorporating the idea of utilizing an RBS energy dissipating system and one without RBS
connection – under non-linear dynamic analysis. The RBS energy dissipating system improved the
frames performance, sustaining smaller residual and maximum drifts. Kitjasateanphun et al. (2001)
compared the effects of two different RBS models on the seismic response of two 3 storey RBS and non-
RBS frames. The first model comprised two non-prismatic elements representing the RBS whereas the
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second model idealised the RBS as a rotational spring. The affects in the panel zones were investigated
using time history analysis. Findings by Kitjasateanphun et al. (2001) showed that the panel zone has
a significant influence on the inelastic behaviour of both RBS and non-RBS steel frames. In particular,
the distribution of plastic deformation in RBS, beams and panel zones are affected. The two methods
of modelling the RBS gave similar results under moderate earthquake excitations, however, it was
shown that careful consideration must be given to the modelling methods when the frame is subjected
to strong earthquakes. Similarly, Steneker and Lydell (2016) explored through incremental dynamic
analysis (IDA) how the effects of detailed and simple (rigid) panel zone modelling affected a 10 storey
RBS steel moment resistant frame and concluded that the difference in demand parameters was not
significant unless a collapse assessment is required. Jones et al. (2002) also conducted cyclic tests on
eight double sided RBS connections looking at strong, medium and weak panel zones. Test results
showed that the weak panel zones gave the most stable cyclic response.

Ghassemieh and Kiani (2013) employed non-linear dynamic analysis on 4, 8 and 16 storey RBS
frames to investigate the influence of the flexibility of beam to column connections on the frames
performance. Inter storey drifts, total drifts, storey shears and shear deformations were considered
as quantifying parameters. Non-linear analysis showed that modelling the flexibility of the RBS
connection leads to moment redistribution in the beams which decreased the demands in the beams
and columns. Shear force in the column and beam ends was reduced as well as the shear demand
and distortion in the panel zone. In another study, Nikoukalam and Dolatshahi (2015) conducted a
single span single storey finite element analysis to evaluate the performance of RBS fuse shear links
with three different span arrangements and concluded that smaller frame span to depth ratios have a
higher equivalent plastic strain and shorter plastic hinge lengths. Their findings confirm that the span
to depth ratio of steel moment frames can significantly influence the seismic response of steel frames.

The dynamic behaviour of RBS steel moment frames was studied by Chen et al. (1997) and Carter
and Iwankiw (1998) in order to demonstrate their higher energy dissipating capabilities compared to
pre-Northridge steel frames. The high energy absorbing characteristics of RBS steel frames has been
also demonstrated in more recent studies by (Jin and El-Tawil, 2005; Ashrafi et al., 2009; Kildashti and
Mirghaderi, 2009; Seo et al., 2010; Nikoukalam and Dolatshahi, 2015; Montuori, 2016; Maleki et al.,
2018, 2019). Lignos et al. (2011b) compared non-linear dynamic and non-linear static analysis of 3,
4 and 8 storey three bay special RBS steel moment frames. By comparing storey drifts, shear forces
and over turning moments, they concluded that for reliable and accurate quantification of demand
parameters non-linear dynamic analysis is necessary. Ashrafi et al. (2009) investigated the effect
reduced web sections had on 4, 8 and 16 storey special moment frames using finite element analysis for
five different reduced web layout configurations within the frame and concluded that RBS connections
can improve the frames performance even though they are not located throughout the structure. Jin
and El-Tawil (2005) aimed to develop a better understanding of RBS frame seismic behaviour by
modelling 4, 8 and 16 storey frames under non-linear dynamic analysis and reported excellent seismic
performance with smaller than anticipated panel zone deformations. Kildashti and Mirghaderi (2009)
confirmed the findings by Jin and El-Tawil (2005) through non-linear dynamic analysis of 4 and 8
storey frames with and without RBS connections. The direct comparisons of maximum displacements
and inter storey drifts between frames with and without RBS connections showed that the RBS frame
performance improved with increasing earthquake ground motion intensity. Their study highlighted
that RBS frames reduced the permanent displacements of steel frames which was more prominent
for taller frame systems. These results ((Ashrafi et al., 2009; Jin and El-Tawil, 2005; Kildashti and
Mirghaderi, 2009)) were confirmed by Montuori (2016).

Seo et al. (2010) proposed a new and improved design method for bolted RBS connections through
non-linear time history analysis. Three special moment frames of 3, 9 and 20 stories were evaluated
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for two different hazard levels. The life safety (LS) and collapse prevention (CP) performance-based
criteria were used for performance assessment. The improved bolted RBS connection achieved a higher
CP level compared to the conventional bolted RBS connection. Similarly, Maleki et al. (2018, 2019)
investigated the performance of 4 and 16 storey steel moment perimeter frames incorporating welded
unreinforced flange (WUF), RBS and drilled flange (DF) connections through incremental dynamic
and fragility analysis. The maximum storey drift angle was used to evaluate frame performance.
Results showed that the RBS and DF frames sustained three times the intensity measures (a measure
of seismic strength) of the WUF frame. The results of Maleki et al. (2018, 2019) highlighted the
superior performance of RBS and DF frames when considering the probability of collapse for immediate
occupancy (IO) and collapse prevention (CP) performance criteria, while DF frames exhibited the best
seismic performance.

Many researches have also conducted frame analysis to investigate the effects of new and novel fuse
systems incorporated within the frame system. Nikoukalam and Dolatshahi (2015) conducted single
span single storey FE analysis to evaluate the performance of an RBS and a novel hybrid shear fuse
link under cyclic loading. Results showed that the RBS and novel shear link gave similar responses,
with the novel shear link providing a higher ductility capacity in the frame. These findings were
also confirmed by Mahmoudi et al. (2019). A similar study carried out by Kalehbasti and Dolatshahi
(2018) investigated a novel shear fuse incorporated within a moment resisting frame. Two 1 storey one
bay frames were compared, one utilizing the novel shear fuse and one with ordinary RBS connections
and showed that the novel shear fuse had a smaller damage index and expended lower damage for
increasing drifts compared to the RBS frame. However, the RBS frame did dissipate more energy at
the cost of suffering larger strength loss compared to the shear fuse. Two, 6 storey steel moment frames
incorporating self centring moment resistant mechanisms and ordinary welded RBS connections were
also compared by Guan et al. (2018) using incremental dynamic analysis. The RBS frame showed 40%
larger lateral load carrying capacity and provided a higher collapse resistance, but sustained larger
lateral drifts compared to the self centring frame.

3.2.2 Modelling the cyclic behaviour of RBS connections

In order to assess the collapse of structures using simulated programs and software such as OpenSees
(Mazzoni et al., 2007; McKenna, 2011), it is essential to be able to accurately represent the cyclic
behaviour of steel beams and beam-to-column connections for the non-linear dynamic analysis of
frames. Representation of a beams local flange and web buckling using an appropriate non-linear
model is essential for predicting the beams inelastic behaviour and to capture the stiffness and strength
degradation for cyclic and dynamic analysis. Jalali et al. (2012) compared the performance of 3, 7
and 15 storey perimeter moment frames which incorporated and disregarded strength degradation of
the connections. As expected, ignoring strength degradation of the connections led to underestimates
of the buildings performance and unrealistic estimations of safety. This was especially prominent
for performance-based design considering the Collapse Prevention (CP) criteria. Bravo-Haro and
Elghazouli (2018) also conducted incremental dynamic analysis on 54 multi-storey frames, specifically
considering the effects of degrading or non-degrading models within the frame systems. Results showed
that for the frame systems that incorporated degradation, residual drifts are considerably higher.
The drift demand also increased with the number of stories with concentrated demands in the lower
levels. Bravo-Haro et al. (2018) conducted a similar study but investigated the chord rotations in
the beams, and showed that the frame systems incorporating degradation captured the concentrated
seismic demands which led to the development of early plastic mechanisms. They concluded that
the influence of degradation is significant at both the design level and collapse prediction of frame
systems. In another relevant study, Tsitos et al. (2018) investigated 12 steel moment resistant frames
under incremental dynamic analysis, with and without degradation effects incorporated in the frames
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behaviour. The findings highlighted again the importance of having models that can accurately predict
the strength degradation of connections for evaluating the frame performance.

According to Bosco and Tirca (2017), there are currently three widely adopted methods for mod-
elling the non-linear behaviour of beams and beam-column-connections. These are 1) a non-linear
beam model with distributed plasticity across the beam length, 2) a non-linear beam model with con-
centrated plasticity within a finite plastic hinge length and 3) an elastic beam model with concentrated
non-linear rotational springs at either end.

A common way to model the non-linearities of a beam is using a non-linear beam model with
distributed plasticity across the beam length. In this model, a force-based beam column element is
integrated to determine the non-linear material response. In the distributed plasticity method, plastic
hinges can form anywhere along the beam where the moment is at a maximum and the beams fibres
enter the non-linear range. The behaviour of the section or beam is based on the original fibre model
by El-Tawil and Deierlein (1998). Scott and Fenves (2006) provide an example of the distributed
plasticity model, by using a force based beam-column element using the standard Gauss-Labatto
integration rule, allowing the plasticity to initially spread through the element. They found that for
the hardening section behaviour, the element response, in general, converged. However, for softening
section behaviour and at localised deformations, a unique solution may not exist which leads to a loss
of objectivity. This is due to the response of the element changing based on the number of integration
points rather than the length of the element.

In order to overcome the loss of objectivity as described in Bosco and Tirca (2017) and Scott and
Fenves (2006), Scott and Fenves (2006) suggested that the beam should be modelled as three pieces,
with concentrated plasticity within a finite plastic hinge length. They developed a new two point
Gauss-Radu plastic hinge integration method that can provide exact integration for an element with
a linear curvature distribution. Push over analysis results of a simple frame from Scott and Fenves
(2006) showed that this new plastic hinge integration method can be used to accurately model the
behaviour of the element. These findings led to a finite length hinge model that used a plasticity
formulation with specified hinge sections at the ends of the beam. This method is referred to as
Beam With Hinges and has been applied in many finite element software packages such as OpenSees
effectively.

Bosco and Tirca (2017) and Deierlein et al. (2010) proposed two general methods to determine
the behaviour of the non-linear Beam With Hinges as either: having non-linear moment curvature
relationships or explicit fibre section integrations that enforce the assumption that plane sections
remain plane. Comparisons of these different plastic hinge integration methods can be found in Scott
and Fenves (2006). Ribeiro et al. (2015) provided a good example of a plastic hinge integration method
that uses the moment curvature behaviour in distributed plasticity formulations, where similar to Scott
and Fenves (2006), the modified Gauss-Radau integration method is used. Bosco and Tirca (2017)
also used a fibre cross section discretization at the plastic hinge along with the modified Gauss-Radu
integration method to capture the strength and stiffness deterioration for a sections flanges.

In the case of an elastic beam model with concentrated non-linear rotational springs at either
end, the rotational springs are usually modelled with phenomenological models (Chisari and Rizzano,
2018). There are many different types of advanced phenomenological models that are useful for
defining hysteretic relationships that can replicate the non-linear attributes of a connection or beam
including the yielding, strength degradation, stiffness degradation, softening and pinching phenomena.
The most common eight phenomenological models are 1) Takeda model by Takeda et al. (1970), 2)
Basic Hysteretic model based on the modified Colugh model by Mahin and Bertero (1976) (Mahin
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and Bertero (1976) modified the origional Clough model proposed by Clough and Johnston (1966)),
3) Bouc-Wen model by Bouc (1967) and later modified by Wen (1976), 4) Ramberg-Osgood model by
Ramberg and Osgood (Ramberg and Osgood, 1943), 5) Richard-Abbot model (Richard and Abbott,
1975), 6) Pivot model by Dowell et al. (1998), 7) SHM Sivaselvan-Reinhorn model (Sivaselvan and
Reinhorn, 2000) which is a variation of the model proposed by Bouc (1967) and modified by Wen
(1976) and 8) Ibarra-Krawinkler model by Ibarra et al. (2005).

3.2.3 The modified Ibarra-Krawinkler hysteretic model

In this study, the modified Ibarra-Krawinkler (mIK) model is adopted to simulate the cyclic re-
sponse of RBS connections. More information about this method is provided in the next section.
Chisari and Rizzano (2018) highlight the four widely accepted numerical phenomenological models
implemented in software packages as the simple hysteretic, Bouc-Wen, Sivaselvan-Reinhorn and mod-
ified Ibarra-Krawinkler. Three different sets of tests on both hot rolled and cold formed steel were
performed in order to compare the different models to these experimental results more details of the
experimental results can be found in D’Aniello et al. (2012). The four different models were calibrated
to the experimental results using a calibration procedure based on the minimization of response misfit,
presented in Chisari et al. (2017).

In literature, the most widely adopted method for modelling steel moment frames at the element
or global level is the concentrated non-linear rotational spring method incorporating the Ibarra-
Krawinkler phenomenological model (Lignos et al., 2011b). Previous work carried out by Ibarra et al.
(2005) showed that existing concentrated non-linear spring models for representing the hysteretic be-
haviour of elements were not able to incorporate strength degradation with increasing cycles. As
a result, Ibarra et al. (2005) developed a new model which could capture the four main deteriora-
tion models of a cyclic hysteresis, including, Basic Strength Deterioration, Post-Capping Strength
Deterioration, Unloading Stiffness Deterioration and Accelerated Reloading Stiffness Deterioration.
Three variations of the modified Ibarra-Krawinkelr (mIK) model named Bilinear, Peak-Orientated
and Pinching were developed, Ibarra et al. (2005). The most appropriate and widely used model to
represent hot rolled steel beam-column connections at the local and global level is the mIK Bilin-
ear model, which has been implemented recently by the following researchers (Lignos et al., 2011b;
Ghassemieh and Kiani, 2013; Ke and Chen, 2016; Lemonis, 2018; Tsitos et al., 2018; Bravo-Haro and
Elghazouli, 2018; Maleki et al., 2019).

The mIK model by Lignos and Krawinkler (2007) was an improvement on the original Ibaara-
Krawinkler model with more sophisticated ways used to define the models parameters (more details of
these improvements can be found in (Lignos and Krawinkler, 2007; Lignos, 2008; Ibarra and Krawin-
kler, 2005; Lignos and Krawinkler, 2012).) The mIK model has strength bounds established by a
monotonic backbone curve. From this initial backbone curve, the models cyclic hysteretic perfor-
mance (strength degradation with increasing cycles) is defined by a set of rules depending on the
model selected (bilinear, peak-orientated or pinching). The rate of deterioration for the four different
modes (basic strength deterioration, post-capping strength deterioration, unloading stiffness deterio-
ration and accelerated reloading stiffness deterioration) are controlled based on specified parameters.
However, the parameters which define the mIK model need to be taken as an initial estimate and
calibrated with cyclic experimental data (Lignos and Krawinkler, 2012).

Lignos (2008) describes how the parameters which define the mIK model can be estimated using
multivariable regression analysis equations determined from a database of experimental results (Lignos
and Krawinkler, 2007). This database was produced by Lignos and Krawinkler (2007), and has
over 200 steel experimental results obtained from literature. A Matlab tool produced by Lignos and
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Krawinkler (2007) calibrated the experimental results against the mIK model in order to determine
the model parameters. Two different categories of connections were defined in order to determine three
different sets of multi-variable regression equations, covering both conventional and RBS. However,
the equations proposed by Lignos (2008) are based on a range of different connection types and
experimental set ups taken from literature (shown in Appendix A of (Lignos and Krawinkler, 2012)).
Even though the data is split into two different categories (each category is split into two sub categories
depending on the depth of the beam), these categories have too many variables and varying parameters
which will affect the connections response to cyclic loading. The first category, defined as RBS
connections, incorporates a wide range of different connection types and configurations as well as
different RBS flange reduction geometries.

The existing data for RBS connections only accounted for 73 out of the 200+ experimental results
from the database (Lignos and Krawinkler, 2007, 2011), showing the limited number of data which
the regressional equations in (Lignos, 2008) are based on. The equations proposed by Lignos (2008)
are only based on the size of RBS from the experimental tests considered, and therefore, do not
consider the RBS geometrical parameters which can effect their cyclic hysteresis behaviour (Horton
et al., 2021b). These equations that represent the parameters for the mIK model cannot be applicable
for sections not included in the experimental tests, and may lead to unreliable results and potentially
affect the performance of the designed system (Horton et al., 2021b).

3.2.4 Research significance

This study aims to address research gaps identified in the previous section by developing a better
understanding about the hysteretic behaviour of RBS connections, leading to more accurate represen-
tative models. A comprehensive analytical study is conducted using experimentally validated detailed
finite element models to investigate the effects of RBS geometric parameters on the structural per-
formance of the connections. To achieve this, 1480 individual RBS beam sections were analysed
under cyclic loading up to 0.07rad. The database of cyclic results for the finite element study, was
then calibrated with simple zero-length spring models representing the cyclic behaviour of the RBS
through the modified-Ibarra-Krawinkler (mIK) model. This database of calibrated mIK parameters
(which define the beams cyclic behaviour) was analysed extensively, and the influence of the key RBS
geometrical parameters on the calibrated mIK values was investigated. The efficiency of the highly
accurate calibrated parameters in this study were then demonstrated by comparisons with predictive
parameters using the widely adopted equations suggested by Lignos and Krawinkler (2011). It is
shown that ignoring the effects of RBS geometric parameters in the existing models can lead to very
inaccurate predictions.

In this Chapter an extensive literature review has been conducted, followed by a summary of the
widely adopted method of representing the cyclic performance of RBS connections in Section 3.3. Sec-
tion 3.4 presents the validated FE model including the methodology used for an extensive parametric
study into the cyclic response of 1480 different beam specimens. Section 3.5 presents the results of this
extensive parametric study. The results from this parametric analysis were calibrated with a simple
mIK model and discussed in detail in Section 3.6. A discussion on the effects of RBS geometries on
these cyclic results and comparison with the existing models are given in Section 3.7. A summary of
the key points in this Chapter can be found in Section 3.8.
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3.3 Methodology

3.3.1 Basics of the modified Ibarra-Krawinkler (mIK) Bilinear model

The mIK Bilinear model, which will be considered in this study, has an initial strength bound defined
as the backbone curve of the model as shown in Figure 3.1a. This backbone curve is represented by
three strength parameters and four deformation parameters listed in Table 3.1 (explained in more
detail in Sections 3.3.2 to 3.3.5)). Using this backbone curve as the initial strength bound, the set of
rules defined by the Bilinear model (Ibarra et al., 2005) controls the hysteretic behaviour of the model
through three different deterioration modes. These deterioration modes (shown in Figure 3.1b) for
the Bilinear model, are defined as Basic Strength Deterioration, Post-Capping Strength Deterioration
and Unloading Stiffness Deterioration. These modes can be activated once the yield point for the
model has been surpassed and energy has been dissipated. In this study the mIK Bilinear model will
be utilised for non-linear dynamic analysis using OpenSees Software (Mazzoni et al., 2007; McKenna,
2011).
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Figure 3.1: (a) Backbone curve used to define the initial strength bounds of the mIK model, and (b)
Depiction of the three deterioration modes for the mIK bilinear model

Table 3.1: Definition of the mIK parameters which define the backbone curve

Symbol Definition

My Effective yield moment
Mc Capping moment strength
Mr = κ ·My Residual moment
θy Yield rotation
θp Pre-capping plastic rotation
θpc Post capping plastic rotation
θu Ultimate rotational capacity
K0 Initial elastic stiffness
K1 Pre-capping stiffness
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3.3.2 The Effective Yield Moment and Capping Moment Strength

The mIK model cannot replicate kinematic hardening of the steel during the cyclic analysis. There-
fore, in order to account for the kinematic hardening effects, the Yield Moment and Peak Moment of
the RBS connection are increased by a factor. These values are defined as the Effective Yield Moment
(My) and Capping Moment Strength (Mc), respectively, and are shown in Figure 3.1b.

3.3.3 Initial elastic stiffness

The Initial Elastic Stiffness (K0) is defined as the Effective Yield Moment (My) divided by the
Yield Rotation (θy) as shown in Equation 3.1.

K0 =
My

θy
(3.1)

3.3.4 Strain hardening ratio

The Strain Hardening Ratio (as) of the model is defined as the ratio of the Pre-Capping Stiffness
(K1) to the K0. Equation 3.2 shows how the strain hardening ratio is calculated.

as =
K1

K0
=

Mc−My

θp

K0
=
Mc −My

K0 · θp
(3.2)

3.3.5 Cyclic deterioration parameters for the three deterioration modes

For the three modes of deterioration – Strength, Post-Capping Stiffness and Unloading Stiffness – a
defined parameter, λ, controls the rate at which each specific mode deteriorates with increasing cycles.
This parameter has a value ≥ 0. A value of exactly zero would disable this mode of deterioration.
Values larger than zero will enable the specific mode of deterioration, the larger the λ parameter the
slower the rate of the deterioration mode. It should be noted that each of the three modes can have its
own specific deterioration parameter. However, for simplicity in this Chapter, the same deterioration
parameter is adopted for all deterioration modes.

3.3.6 RBS connections and geometry

ANSI/AISC 358-16 (AISC, 2016b) specifies acceptable ranges of geometries which define the RBS
connection dimensions. These ranges, shown in Table 3.2, are based on the beam depth (d) and the
width of the beam flange (bf ). Figure 3.2 shows how the geometries of RBS connections are defined
for a typical I beam to column connection.

Table 3.2: The RBS geometry limits taken from
ANSI/AISC 358-16, parameters a, b and c are de-
fined in Figure 3.2

RBS geometry Limits

a 0.5bf ≤ a ≤ 0.75bf
b 0.65d ≤ b ≤ 0.85d
c 0.1bf ≤ c ≤ 0.25bf

c

a b

RBS zone
Column

b
f

Figure 3.2: The geometries which define a typical
beam-column RBS connection
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Previous work carried out in Chapter 2 has shown that the geometries a, b and c have influence
over the key seismic design parameters – Yield Moment (My), Peak Moment (Mc), Ultimate Rotation
(θu), Ductility (µ) and Energy Dissipated (Ediss). The a parameter influence was considered to be
negligible, while the b parameter had a small affect on connection performance. These preliminary
results showed that the c parameter has the most significant influence over the key seismic performance
parameters of RBS connections. Therefore, in this study, the effects of the b and c RBS geometries
on the cyclic hysteresis of Welded Unreinforced Flange Welded Web (WUF-W) RBS connections will
be extensively investigated.

3.4 Finite Element (FE) analysis

In this study the welded unreinforced welded web (WUF-W) connection is assume to be connected
to an infinitely strong column which represents a very strong panel zone. Therefore, in order to asses
the beams response under cyclic loading, the beams boundary conditions were fully fixed at one end
and free at the other end (point of contraflexture) to replicate this connection. Figure 3.3 represents
the general modelling procedures used for this numerical study.

It should be noted that for modelling the global response of a connection the panel zone effects
should be taken into account using a suitable model such as the widely adopted scissors model (Gupta
and Krawinkler, 1999; Ibarra and Krawinkler, 2005). However, in this chapter, the focus is restricted
to the influence of the reduced beam section geometry on connection response. Therefore, the effects
of the panel zone or column behaviour were deliberately excluded in order to isolate the effect of RBS
geometry changes. By modelling the RBS to a fixed boundary, the effects of varying the RBS geometry
can be clearly seen without the potentially beneficial effects of the column or panel zone affecting the
response. It should be noted that a similar approach has been widely used by other researchers to
assess the structural behaviour of connections (Mojtabaei et al., 2021; Phan et al., 2020; Ye et al.,
2020).

X(1)

Y(2)

Z(3)

U1=U2=U3=0
UR1=UR2=UR3=0

U1=UR2=UR3=0

U1=UR2=UR3=0

d
is

p
lo

a
d

Figure 3.3: Example of the adopted FE model for an RBS connection showing the relevant boundary
conditions

Reduced Integration (four noded) Shell S4R elements were used to model each beam section. Each
model was meshed with a 20mm meshing size throughout the entire beam section. This did increase
the computational time compared to adopting a coarser mesh in areas where buckling did not occur,
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however, for simplicity of Python coding to automatically generate the models, the same mesh was
adopted throughout the section. Lateral restraints in the form of boundary conditions were applied
to the edge flange nodes at a distance of 2500mm from the fixed end as shown in Figure 3.3. This
prevented potential out of plane buckling of the section during the analysis. A static-general analysis
with non-linearity accounted for was selected for all the FE models, this was due to the assumption
that the loading was applied slowly. All nodes at the tip of the beam were coupled to a reference
point. A displacement based load, following the SAC loading protocol (SAC Joint Venture, 2000a),
was applied to this reference point.

A combined model consisting of non-linear isotropic and kinematic strain hardening using the Von
Mises yield surface and associated flow rule was adopted to capture the plasticity behaviour of the
section. Calibration of the two pairs of parameters which define the model were based on the coupon
test results provided in Nia et al. (2013) and Lee et al. (2005). The first pair of parameters – Q
and b – define the maximum size of the yield surface and the rate of change of the yield surface
respectively. For the second pair of parameters, Ck defines the initial kinematic hardening modulus
and γk defines the rate of change of Ck with increasing strains. The effects of geometrical imperfections
were considered to be negligible for hot rolled steel sections.

3.4.1 Validation of model

In order to validate the FE model, two full scale beam-column sub assemblies were modelled in the
general purpose non-linear finite element (FE) software package ABAQUS. The specimens DC-S and
DB700-SW were selected from Nia et al. (2013) and Lee et al. (2005), respectively. Specimens DC-S
and DB700-SW were loaded according to SAC loading (SAC Joint Venture, 2000a) and AISC loading
(AISC, 2016a) up to 0.06rad, respectively.

The DC-S connection by Nia et al. (2013) was a built up welded unreinforced welded web connection
to a box column. The connection consisted of continuity plates which were connected to the box
column by fillet and complete penetration welds. The beams web and flanges along with the shear
plate were groove welded to the column. The shear plate was fillet welded to the beam web. These
welds were all modelled with appropriate tie commands. Figure 3.4a shows the connection set along
with the dimensions. The same FE modelling techniques described in Section 3.4 were implemented.
The material properties were taken from the mechanical properties obtained from coupon tests (Nia
et al., 2013). Good agreement with the tests results can be observed in Figure 3.4b, which compares
the force-rotation hysteresis of the test and FE model. Comparisons between the FE model and
experimental tests at 6%, shown in Figures 3.4c and 3.4d, shows the local buckling of the flange being
captured.
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(a) (b)

(c) (d)

Figure 3.4: (a) Connection set up of the DC-S specimen tested by Nia et al. (2013), (b) Comparisons
of the force-rotation between the FE model and experimental results, (c) Local buckling of the flange
in the FE model, and (d) Observed buckling of the flanges at 6% drift from the experimental tests.

The DB700-SW fully welded unreinforced welded web (WUF-W) reduced beam section (RBS) tested
in Lee et al. (2005) was also modelled in order to verify the FE models capability of predicting the
strength degradation via local buckling at the plastic hinge region. It should be noted that the local
buckling does not prevent the development of a plastic hinge/zone. The test set up consisted of a
H700x300x13x24 beam welded to a H428x407x20x35 column. Complete penetration welds were used
for connecting the flanges of the beam to the column, while fillet welds were used for connecting the
flanges to the beam web. Figure 3.5a shows the full beam-column sub assembly. This connection
was modelled following the procedures mentioned in Section 3.4. Combined hardening parameters
were determined from the mechanical properties of the coupon tests by Lee et al. (2005). Figure
3.5b compares the moment-rotation graphs obtained in this study and the experimental results of the
DB700-SW connection reported by Lee et al. (2005). The results are normalised to the plastic moment
of the section (Mpn). Very good agreement can be found between the FE model and experimental
data, which shows that the strength degradation of the connection could be accurately captured.
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Figure 3.5c also shows how development of the plastic hinge, due to local web and flange buckling, is
consistent with the buckling observed in the experimental tests shown in Figure 3.5d at 6% drift.

(a) (b)

(c) (d)

Figure 3.5: (a) Connection set up DB700-SW WUF-W connection tested by Lee et al. (2005), (b)
Comparisons of the normalized moment rotation between the FE model and experimental results, (c)
Buckling of the flanges in the FE model, and (d) Similar buckling observed in the experimental results
by Lee et al. (2005)

3.4.2 Comprehensive parametric analysis

In order to asses the effects the b and c RBS geometrical parameters have on the cyclic hysteresis
behaviour and calibrated parameters of the modified-Ibarra-Krawinkler (mIK) model, an extensive
parametric study was conducted on 1480 different beam specimens. Table D.0.1 in Appendix D shows
the 148 different American Wide Flange Beams that were selected for the analysis. For each beam
section (shown in Table D.0.1), nine different RBS beams and one full beam section (no RBS present)
were analysed. These nine different sizes of RBS beam were based on the recommended AISC limits
in (AISC, 2016b) and are shown in Table 3.3.
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Table 3.3: Different RBS geometries for each beam
section modelled in the parametric analysis

American Wide Flange
RBS Geometry

a b c

Section 1 0 0 0
Section 2 0.625bf 0.65d 0.175bf
Section 3 0.625bf 0.70d 0.175bf
Section 4 0.625bf 0.80d 0.175bf
Section 5 0.625bf 0.85d 0.175bf
Section 6 0.625bf 0.75d 0.100bf
Section 7 0.625bf 0.75d 0.138bf
Section 8 0.625bf 0.75d 0.175bf
Section 9 0.625bf 0.75d 0.213bf
Section 10 0.625bf 0.75d 0.250bf

Figure 3.6: Definition of RBS geometries

A Python macro script was developed that could automatically generate the FE model for any
specific beam section where values of d, bf , tf and tw were specified along with its corresponding RBS
parameters (a, b and c). By defining an input file containing the 1480 different section properties
for analysis, the interactive tool MATLAB was used to generate a FE model for each section (using
the coded Python macro script) and submit to ABAQUS for FE analysis. MATLAB automatically
extracted the results of each beam and saved them to a database for further analysis.

3.5 Parametric analysis results

The cyclic hysteresis results for each beam section were presented as moment-rotation graphs at
the location of the plastic hinge (at a distance of a + b/2 from the face of the column). In general,
the database could be split into two main groups, buckling or non-buckling sections. The sections
were categorized on whether they buckled or did not buckle under the displacement based loading
up to two cycles of 0.07rad. Figure 3.7 shows two general examples for these classifications in the
database. Figure 3.7a clearly shows how the beam section does not buckle and continues to harden
after yielding up to a loading of 0.07rad. Whereas, Figure 3.7b demonstrates buckling occurs after
kinematic hardening up to the peak moment. After this, a reduction in strength of the section with
increasing cycles was observed.
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Figure 3.7: (a) Specimen taken from the database to show how non-buckling was categorised, and (b)
An example of a model from the database to demonstrate buckling of a section

3.5.1 Influence of the c parameter on the buckling behaviour

The buckling behaviour of the sections in the database can be categorized into different groups
using the slenderness of the web (λweb) for each section according to BS/EN 1993 (British Standards
Institute, 2005). By considering sections from the database where only influence of the c parameter
was considered (sections 6, 7, 8, 9 and 10 from Table 3.3), Figure 3.8a shows how sections with a
web slenderness (λweb) less than 24.0 did not buckle. In general, Figure 3.8b shows sections with a
24.01 < λweb < 34.0 tended not to buckle, whereas sections with a 34.01 < λweb < 47.0 tended to
buckle (shown in Figure 3.8c). Figure 3.8c also suggests that for 34.01 < λweb < 47.0, the larger
the c geometry the more likely the section is to buckle. Figure 3.8d shows how all sections with a
λweb > 47.01 buckled. Generally, the sections with a larger λweb had a greater chance of developing
local buckling as expected.
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Figure 3.8: Categorization of database specimens – where the influence of c geometry has been con-
sidered – for (a) 6.0 < λweb < 24.0, (b) 24.01 < λweb < 34.0, (c) 34.01 < λweb < 47.0, and (d)
47.01 < λweb < 60.0 with respect to c/bf

3.5.2 Influence of the b parameter on the buckling behaviour

By considering only the effect of the b geometry on the specimens from the database (sections 1, 2, 3,
4 and 8 from Table 3.3 – keeping c/bf = 1.75), they can be grouped into 4 different groups depending
on the slenderness of the web. Figures 3.9a to 3.9d show how many specimens in each group buckled
for varying values of b/d – a measure of the length of the RBS cut – for each web slenderness group.
In general, similar to the previous case, the bar charts show that for a larger λweb the specimens are
more likely to buckle.

In general, the results of this study indicate that the influence of the RBS geometry tends to have
no effect on whether the specimens buckle except for beams with 34.01 < λweb < 47.0. Figures 3.8c
and 3.9c suggest that for 34.01 < λweb < 47.0 the presence of an RBS cut with varying b and c values
is more likely to buckle compared to a full section beam (no RBS present). This can be attributed
to the fact that generally sections with a larger web slenderness have a dominant failure mode due to
buckling of the web, and by cutting the flanges on these sections, the stresses and strains are increased
within the web leading to buckling at a lower load level.
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Figure 3.9: Analysis of the database only considering the influence of geomtry b to categorize the
buckling behaviour for λweb ranges (a) 6.0 < λweb < 24.0, (b) 24.01 < λweb < 34.0, (c) 34.01 < λweb <
47.0, and (d) 47.01 < λweb < 60.0 with respect to the value of b/d

3.5.3 Ultimate rotation of the specimens

The Ultimate Rotation (θu) for each connection was defined according to FEMA 350 (SAC Joint
Venture, 2000a). The value of θu was taken as the corresponding rotation when a 20% drop in strength
from the Peak Strength was reached on the sections cyclic skeleton backbone curve (using the same
method described in Chapter 2). In some cases a 20% drop was not achieved after the 0.07rad of
displacement based loading was completed. So, in order to determine the θu, the cyclic skeleton
backbone curve was extrapolated until a 20% drop was reached. However, in a few cases, the section
had not lost enough strength to be able to extrapolate the cyclic skeleton backbone curve to determine
a reliable approximation for θu. These cases were disregarded from Figure 3.10 along with the sections
that did not buckle. Figure 3.10 shows some general trends for the θu for all RBS and full section
(FS) beams in the database. In general, it can be noted that the θu does not change significantly over
the range of sections in the database.
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Figure 3.10: The Ultimate Rotation (θu) at the RBS location for variations in the (a) IRBS for all
RBS sections and (b) IFS for all full sections (FS)

3.6 Calibration of results with bilinear modified-Ibarra-Krawinkler
(mIK) model in OpenSees

In this section equivalent mIK spring models are calibrated in order to generate simplified models
which are capable of representing the strength degradation of RBS sections in the database. For each
of the 1480 different beam sections in the database subjected up to 0.07rad of cyclic displacement
based loading, an equivalent simple beam model using the program Open System for Earthquake
Engineering Simulation – OpenSees (Mazzoni et al., 2007) was generated. This model consisted of an
elastic beam section with the same elastic mechanical properties as the respective FE model and a
mIK Bilinear zero length spring which represented the RBS of the beam. This type of concentrated
spring modelling has been used widely by many researchers (Maleki et al., 2018; Guan et al., 2018;
Bravo-Haro and Elghazouli, 2018; Tsitos et al., 2018; Lignos et al., 2011b).

The same boundary conditions and displacement based loading that was implemented in the FE
model was used. Figure 3.11 shows the adopted simple model. An interactive script was developed in
Matlab (The Mathworks Inc, 2019) using the bisector method to calibrate the models automatically.
In beam sections where buckling did not occur under the loading applied, the mIK parameters could
be taken directly from the cyclic hysteresis, further explanation is given in Section 3.6.2. However, in
the buckling cases, the mIK values for θpc, λ and as (defined in Equation 3.2) needed to be calibrated
– more details are provided in Section 3.6.3.

Conventional mIK models aim to capture the cyclic behaviour by changing the monotonic backbone
curve using parameters to predict the envelope of the actual cyclic response. However, in this study
the actual cyclic response of the beam from a validated FE model has been used directly. Using the
cyclic envelope directly will lead to a more reliable and accurate model for use in non-linear dynamic
analysis, especially in the case of elements with stiffness and strength degradation.

3.6.1 Modelling assumptions

As the beam specimens used in the FE analysis are bare steel beams, the positive and negative
sides of the cyclic hysteresis can be assumed to be symmetric for simplicity. According the ASCE/SEI
41-17 (ASCE, 2017a), the acceptance criteria for the plastic rotations of reduced beam sections for
collapse prediction (CP) is given as 0.07 − 0.00030d, where d is the depth of the beam. Therefore,
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for simplicity, in non-linear dynamic analysis if the rotations are larger than 0.07rad one can assume
collapse or failure of the connection when analysing a frame under seismic excitations. Using 0.07rad
as the maximum damage criteria for RBS connections under CP, each simple beam model in OpenSees
was loaded up to a displacement base loading of 0.07rad according to the SAC loading protocol. As
mentioned before, there were two general categories of sections in the database sections that buckled
or sections that did not buckle after 0.07rad of loading. In cases where the sections buckled, θu was
taken as described in Section 3.5.3. In cases where the sections did not exhibit buckling after the
0.07rad loading cycle was completed, θu was taken 0.07rad as rotations larger than this value can be
considered to have failed in terms of the required structural performance.

Appropriate values for the other parameters that define the mIK Biliner model were taken based
on common modelling assumptions used by other researchers (Ibarra and Krawinkler, 2005; Lignos
and Krawinkler, 2011). The c empirical parameter (reasonable values between 1.0 and 2.0 (Ibarra and
Krawinkler, 2005)), which defines the rate of deterioration, was taken as 1.0 after Ibarra and Krawinkler
(2005); Lignos and Krawinkler (2011). A unit value would enforce a constant rate of deterioration
whereas a higher value (up to 2.0) would speed up deterioration in later cycles while slowing down
the rate of deterioration in earlier cycles. The elastic stiffness amplification factor – nFactor – helps
to avoid numerical instability problems and minimize problems with a changing moment gradient in
the beam during non-linear dynamic analysis and spurious damping moments. The nFactor for this
study was taken as 10.0 after Ibarra and Krawinkler (2005). Different rates of deterioration can be
considered in the positive and negative side of the cyclic hysterisis by controlling the parameter D
which has a range of 0 < D+/− ≤ 1. In this study D is considered to be 1.0 (D = 1.0) since the cyclic
hysterisis response is symmetric in both directions. The residual strength ratio κ for both directions
has been taken as 0.4 after Lignos and Krawinkler (2011). However, generally for all connections in
this database, the θu is achieved before the residual strength of the connection is reached. Therefore,
this assumption does not effect the presented results.

‘Fixed end’ node

Node Node

Zero-length mIK spring

Node, displacement based
loading applied here

Elastic beam section

Elastic beam
section

Figure 3.11: The equivalent zero-length spring model for a typical section from the database

In the following sections, more detailed information is provided on the calibration process for the
buckling and non-buckling cases.

3.6.2 Non-Buckling case

For the non-buckling cases the mIK parameters can be taken directly from the cyclic hysteresis.
As the specimens in this group do not exhibit buckling the deterioration mode (λ) can be set to zero
(λ = 0.0). The other values of θp, θu, as and K0 shown in Figure 3.1 and Equation 3.2 could be taken
directly from the hysteresis curves. The values for θpc could be set to arbitrary values because the
connection was considered to have failed at θu before it reached this part of the model. Examples of
three different calibrated non-buckling beams are shown in Figure 3.12.
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Figure 3.12: Examples of ’calibrated’ models taking mIK values straight from the cyclic hysteresis
for non-buckling cases, showing (a) W8x48, (b) W10x54, and (c) W18x119, American Wide Flange
Sections.

The calibrated as and θp values are shown in Figure 3.13 with respect to the web slenderness. Not
much scatter can be seen which shows that as and θp are practically independent from h/tW for this
category of RBS connections.
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Figure 3.13: Values of mIK for non-buckling specimens for (a) as, and (b) θp with respect to h/tw.

3.6.3 Buckling case

In the buckling cases of RBS beams, an interactive Matlab programme (The Mathworks Inc, 2019)
was used to calibrate λ, as and θpc mIK parameters using the bisector method to converge on the
optimal values. Firstly, the λ parameter was calibrated. To do this, the first loop of the cycle where
θu occurred was extracted from the cyclic FE hysteresis. This loop was then used to match the
corresponding first loop of the θu cycle in the OpenSees model within a 5% tolerance. Subsequently,
the strain hardening ratio, as, was calibrated by adjusting the Mc value (My, K0, and θp in Equation
3.2 are taken directly from the FE results) to within a 5% tolerance. Finally, the θpc value was
calibrated by adjusting the post capping stiffness and comparing the corresponding residual strength
of the beam at the θu rotation for both models. Examples of three different calibrated buckling beams
are shown in Figure 3.14.
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Figure 3.14: Examples of calibrated buckling sections for (a) W16X50, (b) W27x84 and (c) W36x210,
American Wide Flange Sections.

In order to demonstrate this bisector calibration process, beam specimen W18X35 with average
RBS geometries a, b and c was selected for a step by step example. Initial estimates of all parameters
were chosen based on the validated FE results of the corresponding beam section. As discussed above,
the λ parameter was calibrated first. An upper–bound, middle–bound and lower–bound solutions of
λ was estimated. In order to determine a best fit, the first loop of the cycle where θu occurred was
extracted from the cyclic FE hysteresis and used as a means of measure. In order to determine a best
fit, a selected number of force and displacement values between the FE model and OpenSees model
were minimised. Figures 3.15a, 3.15b and 3.15c below show the initial upper–bound, middle–bound
and lower–bound results respectively for the first iteration. Figure 3.17a shows the fit of last loop of
the cyclic hysteresis extracted for the middle–bound where θu occurred for the first iteration.
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Figure 3.15: (a) Upper–bound, (b) middle–bound and (c) lower–bound solutions for the first iteration
of calibration for RBS W18X35.

Figure 3.15 clearly shows that the solution lies between the middle–bound (Figure 3.15b) and the
lower–bound (Figure 3.15c). Therefore, in the next iteration step, the middle–bound for the first
iteration becomes the upper–bound for the second iteration, the lower–bound for the first iteration
is still the lower–bound for the second iteration and a new middle–bound is selected for the second
iteration. The bisector iteration process is thus repeated until a tolerance of within 5% is achieved for
the fit of the last loop of the cyclic hysteresis. In this case, 5 iterations were required to achieve the
specified tolerance.

Results for iteration 2 (Figures 3.16a, 3.16b and 3.16c), 3 (Figures 3.16d, 3.16e and 3.16f), 4
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(Figures 3.16g, 3.16h and 3.16i) and 5 (Figures 3.16j, 3.16k and 3.16l) are shown in Figure 3.16. The
fit of last loop of the cyclic hysteresis extracted for the middle–bound where θu occurred, for the
respective iterations is shown in Figure 3.17.
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Figure 3.16: Upper–bound, middle–bound and lower–bound respective solutions for iteration No.
(a)-(c) 2, (d)-(f) 3, (g)-(i) 4 and (j)-(l) 5.
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Figure 3.17: Fit of the middle–bound last cyclic loop for iteration No. (a) 1, (b) 2, (c) 3, (d) 4 and
(e) 5.

Following from the calibration of the λ parameter, the strain hardening ratio, as, was to be
calibrated to within a 5% tolerance. However, the initial estimate of as was already within the
5% tolerance and thus did not require calibration. Finally, calibration of the θpc was conducted by
adjusting the post capping stiffness and comparing the corresponding residual strength of the beam
at the θu rotation for the FE model and OpenSees model. Step by step graphs of the last loop of the
hysteresis cycle for calibration of the θpc value are shown in Figure 3.18. Again, a tolerance of within
5% was adopted. The calibrated W18x35 beam model is shown in Figure 2.18e.
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Figure 3.18: Fit of the last cyclic loop during the θpc calibration for iteration No. (a) 1, (b) 2, (c) 3,
(d) 4, (e) 5, (f) 6 and (g) 7.
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Figure 3.19: Comparisons between the FE model and OpenSees model for the final calibrated RBS
W18X35 beam section with average a, b and c geometries with respect to Table 3.3

Scatter plots for the calibrated values of λ, as, θpc and θp for buckling cases are presented in Figure
3.20. Figure 3.20a shows a general exponential trend of λ with respect to h/tw. According to Figures
3.8 and 3.9, as the web slenderness (h/tw) increases, the beam specimens are more likely to buckle.
Looking at the buckling behaviour from the detailed database results, in general, the sections with a
larger web slenderness have shorter cyclic hardening period tending to buckle in earlier cycles. These
sections experience more loading cycles post buckling and as a result lose more strength in later
cycles. The difference between the peak moment and ultimate moment is much larger compared to a
specimen which buckles later on in the displacement based loading protocol. Hence, a smaller value of
λ is generally required for beams with a larger web slenderness. The general exponential trend shows
that with a stockier web, the λ value required is much larger as the specimen tends to buckle in later
cycles with a much smaller proportion of strength being lost.

Figure 3.20b shows a clear increasing trend of as with web slenderness. This suggests that the more
slender the beams web the stronger the section behaves in earlier cycles before buckling. Figure 3.20c
also shows that, in general, the influence of the web slenderness has a small effect on the post capping
rotation. It can be seen from Figure 3.20d that for RBS sections that buckle, in general the stockier
the section the larger the cyclic hardening period is, while the more slender the section is the smaller
the amount of cyclic hardening that occurs. This can be linked to Figures 3.8 and 3.9 which suggest
that the stockier the section the larger the cyclic hardening period. This leads to a much smaller
chance of the section buckling within the 0.07rad of displacement based loading that was applied.
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Figure 3.20: The calibrated mIK values for the bucking cases showing (a) λ, (b) as, (c) θpc, and (c)
θp, with respect to h/tw of the beam.

3.6.4 mIK parameters common to non-buckling and buckling case

Parameters common to both the buckling and non-buckling specimens are shown in Figure 3.21.
Figure 3.21a shows the general trend for θp against the web slenderness. It is clear that in general for
a larger web slenderness the beam specimens tend to have a shorter amount of cyclic hardening and
hence θp. However, for non-buckle beams, the values of θp could be misleading since the rotation at
which the beams truly buckle is not clear, and therefore, θp values cannot be accurately determined.
Therefore, these sections could exhibit larger values of θp, while in this study the ultimate rotation
of any non-buckle beams has been taken as 0.07rad as discussed before. However, for non-linear
dynamic analysis only the performance of the beam up to the Collapse Prevention (CP) criteria which
is roughly 0.07rad of rotation for an RBS section, is of interest. Any rotations larger than this are
considered to have failed and the θu criteria holds true. Figure 3.21b shows a clear inverse trend of
the θp with respect the the web slenderness. This highlights that the effects of as with increasing web
slenderness, are dependent on whether the sections buckles or does not buckle.

A clear trend for both buckle and non buckle specimens can be seen for the initial elastic stiffness
(K0) with respect to the second moment of area of the full section of the beam (IFS) from Figure
3.21c. A slightly larger spread of data can be observed with increasing IFS . However for the value of
the effective yield moment (My), two separate clear trends for the buckle and non buckle cases with
respect to the second moment of area of the RBS section (IRBS) can be seen from Figure 3.21d. For
the non buckle trend in Figure 3.21d, the IRBS values of non buckle scatter points that are larger
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than 4E109mm4 are considered outliers and have been disregarded from the fitting of the non buckle
trend line. These trends can be linked to the θp values. As non buckle specimens tend to have a larger
kinematic hardening period reflected from the larger θp values, this results in the need to increase the
yield moment of the section to the effective yield moment of the section by a much larger amount.
This is a necessary requirement for the mIK model, which enables the kinematic hardening of the
section to be accounted for. This is why there are two clear trends for the effective yield moment of
the sections.
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Figure 3.21: Scatter plots for mIK data of (a) θp, (b) as, (c) K0 and (d) My with respect to h/tw in
(a) and (b), IFS in (c) and IRBS in (d)

3.7 Effects of the c and b parameters on the calibrated mIK values

3.7.1 Effects of the c parameter

The general effects of the c parameter on K0, My, θp and as for buckle and non-buckle cases and θpc
and λ for buckle cases only, are shown in Figure 3.22. In order to asses only the effects the c parameter
has on the mIK parameters, sections 6, 7, 8, 9 and 10 from Table 3.3 have been selected. Figures 3.22a
to 3.22d show that non-buckle cases have a tighter scatter with a much smaller range of normalized
parameters compared to the buckling cases. However, in all figures the buckling and non-buckling
cases follow similar trends. Trend lines have been added to each plot by taking the average of the
scatter points for the five different possible ratios of c/bf and fitting a linear line through these five
points.
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From Figures 3.22a and 3.22b it is clear that an increase in c/bf leads to a reduction in the normalized
K0 and My for each section. The c/bf value has the strongest effect on My,RBS/My,FS ∗ IRBS/IFS
ratio which has the most significant change over the varying range of c.

Figure 3.22c compares the normalized θp values. A clear trend shows that an increased c/bf value
tends to lead to a smaller normalized θp ratio. The non-buckle cases have a much tighter scatter
compared to the buckle cases and, on average, have slightly larger values compare to the buckle case
which have a much greater spread.

Figure 3.22d has a much less obvious trend. On average the normalized asRBS/asFS ∗ IRBS/IFS
values reduce with increasing c/bf but at a much smaller rate. The non-buckle scatter points have a
much tighter grouping compared to the buckling points and, in general, have a much smaller normalized
ratio. For non-buckle cases the asRBS tends to be smaller than the asFS values, whereas, in general
the buckle cases have the opposite trend.

It should be noted, that the concept of normalizing the response parameters based on the IRBS/IFS
used in Figures 3.22a to 3.22b, have been adopted based on previous studies in Horton et al. (2021b).
These studies showed that using this dimensionless parameter could take into account the effect of the
cross section leading to less scattered results.
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Figure 3.22: Effects of the c geometry for RBS Buckle and Non-Buckle cases for (a) K0RBS/K0FS ∗
IRBS/IFS , (b) My,RBS/My,FS ∗ IRBS/IFS , (c) θp,RBS/θp,FS ∗ IRBS/IFS and (d) asRBS/asFS ∗
IRBS/IFS , (e) λRBS , and (f) θpc,RBS with respect to c/bf .

Figures 3.22e and 3.22f show the variation of λRBS and θpc,RBS with respect to c/bf respectively. In
general, Figure 3.22e indicates that the range of λRBS increases as the c/bf value gets larger. However,
on average, the values of λRBS have very little effect on the c/bf . In Figure 3.22f the trend is much
stronger and shows that with larger c/bf values the θpc,RBS rotation increases. A similar trend is
observed in Figure 3.22d for the spread of data with increasing c/bf values.
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3.7.2 Effects of the b parameter

By only selecting sections 2, 3, 4, 5 and 8 from Table 3.3, the effect of the b/d value with respect to
normalized mIK parameters and regular mIK parameters can be analyzed. Respective scatter plots
are shown in Figure 3.23. By comparing Figures 3.23a and 3.23b to Figures 3.22a and 3.22b directly,
it is obvious that the b/d has very little effect on the normalized K0 and My values. The values of
normalized K0 and My have a much tighter scatter for both buckle and non-buckle sections which
suggests that the b/d value has little effect on these parameters.

In contrast, the spread of data in Figure 3.23c is much larger. There appears to be no general
trend for the normalized θp,RBS/θp,FS ∗ IRBS/IFS value. On average, the trend line shows a very
small increase in normalized θp value with significant scatter for both buckle and non-buckle cases.
This shows a very different trend compared to Figure 3.22c for the c/bf effect. Similarly, Figure 3.23d
illustrates a very similar trend to Figure 3.22d with respect to the buckle and non-buckle cases. In
general, Figure 3.23d shows that the b/d value has little effect on the normalized as value, however, the
RBS non-buckling specimens tend to have smaller as values compared to their respective full section
specimens.

Figures 3.23e and 3.23f show the general trend for the effects of b/d on the λRBS and θpc,RBS mIK
values. It should be noted that in Figure 3.23f the outliers which are greater than 1.0rad have been
disregarded for the fitting of the trend line. Again, on average the effects of the b/d can be considered
negligible for these mIK values.
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Figure 3.23: Effects of varying the b geometry for RBS Buckle and Non-Buckle cases for
(a) K0RBS/K0FS ∗ IRBS/IFS , (b) My,RBS/My,FS ∗ IRBS/IFS , (c) θp,RBS/θp,FS ∗ IRBS/IFS , (d)
asRBS/asFS ∗ IRBS/IFS , (e) λRBS , and (f) θpc,RBS with respect to b/d.
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3.7.3 Comparisons to predictive mIK values from equations

Lignos and Krawinkler (2011) proposed predictive equations which could be used to calculate ap-
propriate mIK parameters for RBS and FS beam connections. In this section, the calibrated values
from this extensive FE database have been compared to the values calculated from these predictive
equations for both RBS and FS beams.

3.7.4 RBS connections

The first set of equations proposed by Lignos and Krawinkler (2011) is for use in RBS connections,
refer to Appendix C for details of the equations. Figure 3.24 compares the values of θpc, λ and θp
from the calibrated FE database to Lignos and Krawinkler (2011) predictive equations. It should be
noted that only buckling cases are considered in Figure 3.24a. It is clear that the predictive equations
by Lignos and Krawinkler (2011) under predict the values of θpc. The equations predict that the θpc
values have a small range from between 0.1rad to 0.5rad. However, the calibrated database suggests
that the range of θpc is much larger.

Figure 3.24b shows that the predictive equations estimate a similar range (up to around 20) of
λ values compared to the calibrated database values. It is clear that the predictive equations from
Lignos and Krawinkler (2011) did not consider the buckling behaviour of the sections up to 0.07rad of
loading. Therefore, when providing values of λ for the mIK model, it is essential that clear assumptions
are made during the modelling process. For this database, there are two clear categories of sections
– buckling and non-buckling. When considering the values of λ for mIK models it is important to
classify the section as buckling or non-buckling so as to assign the appropriate λ value, along with the
respective θu value. Figure 3.24c compares the mIK buckle and non-buckle RBS values obtained from
Lignos and Krawinkler (2011) equations and the corresponding results from the calibrated database.
It can be seen that the predictive equations (Lignos and Krawinkler, 2011) generally provide a rough
approximation, but it is clear that they do not provide accurate predictions in some cases.
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Figure 3.24: Comparisons of the Lignos and Krawinkler (2011) equations to predict the mIK param-
eters for RBS connections with the results of the calibrated database for buckling and non-buckling
cases: (a) θpc, (b) λ, and (c) θp.

It should be noted that the predictive equations by Lignos and Krawinkler (2011) looked at the
monotonic response of the connections and tried to change the parameters that define this backbone
curve by using factors to capture the cyclic strength and stiffness degradation as well as amplification
factors to capture the kinematic hardening response. The database developed in this study uses the
cyclic response directly to specify parameters that define the cyclic hysteresis of the beam and con-
nections directly. While this method may not be appropriate for static analysis, the mIK parameters
capture the entire cyclic response of the section with a high level of accuracy. This will play a major
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role in being able to model and capture the non-linear dynamic response of structures at the local
and global level. It is clear that for defining the mIK parameters, the RBS connection must be first
categorised as buckling or non-buckling. This will have a significant effect on what parameters are
used when defining the appropriate mIK model.

3.7.5 FS connections

The same problem as above can be concluded for FS connections from Figures 3.25a, 3.25b and 3.25c
that show very similar trends with the respective plots in Figure 3.24. These figures again highlight
the problem of obtaining the mIK parameters based on the results of monotonic response and ignoring
the effects of RBS geometric parameters and the completely different behaviour of buckling and non-
buckling elements. However, this Chapter focuses only on the RBS response of sections.
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Figure 3.25: Comparisons of the Lignos and Krawinkler (2011) equations to predict the mIK pa-
rameters for other-than-RBS connections with the results of the calibrated database for buckling and
non-buckling cases: (a) θpc, (b) λ, and (c) θp

To demonstrate the accuracy of the developed Deep Learning Neural Networks for practical appli-
cations, the cyclic behaviour an experimentally validated FE model of the DB700-SW beam specimen
tested by Lee et al. (2005) is compared with the results of the mIK model using the predicted parame-
ters. Only the beam from the DB700-SW beam specimen was modelled in accordance with Chapter 2
and 3 to remove any potential beneficial effects of the column or panel zone on the cyclic response. As
shown in Figure 3.26, the mIK model could accurately simulate the hysteresis behaviour of the tested
connection in terms of initial stiffness, ultimate strength and strength degradation. This demonstrates
the efficiency of the developed neural network system for the components outside the training sample
set.
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Figure 3.26: Comparisons of the mIK model cyclic response prediction with the experimentally vali-
dated FE.

It should be noted that the results of this study are limited to the adopted models and the selected
material properties. However, the general conclusions indicate the overall accuracy and reliability
of the proposed deep learning Neural Network models to predict the complex non-linear hysteresis
behaviour of RBS connections.

3.8 Summary and conclusions

The aim of this Chapter is to provide a better understanding about the cyclic behaviour of fully
welded RBS connections and develop a database of detailed and accurate modified-Ibarra-Krawinkler
models that can reliably capture the cyclic hysteresis of these connections over a wide range of different
RBS geometries. A detailed FE model was first validated using two different sets of experimental beam-
to-column assemblies. The developed models captured the cyclic response as well as the web and flange
buckling behaviour of the RBS sections through appropriate modelling techniques. A comprehensive
FE parametric study of 1480 different American wide flange RBS and FS beams was then carried out.
By varying the key RBS geometries, the models were created automatically using a Python macro
code in Matlab to create the ABAQUS mode. The FE models were then analysed under SAC proposed
displacement based cyclic loading up to 0.07rad in ABAQUS and the results were extracted and post
processed into a database. Subsequently, these results were calibrated to a simple equivalent beam
model utilizing a bilinear modified-Ibarra-Krawinkler zero length spring in OpenSees. The calibration
process was implemented in OpenSees and optimised using Matlab. As a result, highly accurate and
reliable mIK parameters were defined for 1480 different variations of sections for a wide variety of
different RBS geometries. It should be noted that the influence of weld access holes was not taken
into account in the models used in this study. On the other hand, the presented results are only
applicable for American wide flange fully welded RBS elements. However, the proposed methodology
can be easily adopted to develop similar databases for other types of connections (such as Drilled
Flange (Atashzaban et al., 2015) and reduced web section (Davarpanah et al., 2020)) and different
cross sections. Based on the results from the developed database, the following conclusions can be
draw:

1. The cyclic hysteresis results from the FE database can be split into two general categories –
sections that buckle or sections that do not buckle. This buckling behaviour is strongly influenced
by the slenderness of the beam sections web. Larger web slenderness have a much greater chance
of buckling. The c geometry has the most effect in the range 34.01 < λweb < 47.0, where a larger
c parameter tends to increase the likelihood of a section buckling. For all other ranges of λweb,
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the c and b parameters RBS do not appear to have any significant influence on the buckling
behaviour of the beam. In general, for these sections the buckling behaviour is controlled by the
slenderness of the web, regardless of the RBS geometry.

2. Accurate and reliable bilinear mIK parameters were calibrated for each of the 1480 specimens
in the FE database. For buckling cases, the λ and θpc values were influenced the most by the
slenderness of the sections web. The mIK parameters as and θp, common to both buckling
and non buckling specimens, were also influenced by the web slenderness. A clear linear trend
for these mIK parameters could be observed. K0 can be considered dependent on the second
moment of area of the corresponding section. However, the two different trends for the effective
yield moment of buckle and non buckle sections are significantly affected by IRBS . Thus My can
be considered to be dependent on both the buckling behaviour and IRBS of the section.

3. The influence of the geometrical c and b RBS parameters on the mIK parameters were thoroughly
investigated. Results showed that the c parameter effects the K0 and My values the most. Some
influence of the c geometry on the θp was also observed, while this parameter had very small
effects on the as, λ and θpc mIK values. The b parameter has practically no influence over the
mIK parameters.

4. The predictive mIK values using the widely adopted equations suggested in Lignos and Krawin-
kler (2011) were directly compared to the mIK database parameters for the 1480 different RBS
specimens. The comparisons showed that predictive mIK values under predicted the θpc and λ
values and gave varying results for the θp predictions. This highlights that trying to capture
the cyclic hysteresis of sections by modifying the monotonic backbone curve after Lignos and
Krawinkler (2011) and also ignoring the effects of RBS geometric parameters may lead to very
unrealistic results. These issues are addressed in the developed database by directly using the
cyclic hysteresis of the sections in order to generate accurate and reliable hysteresis models of
RBS elements. The same problem has also been identified for the FS equations presented by
Lignos and Krawinkler (2011).

The comprehensive database developed in this study should prove useful in better understanding
the structural performance of RBS connections and more reliable design and assessment of such
connections for seismic applications.



Chapter 4

Accurate Prediction of Cyclic
Hysteresis Behaviour of RBS
Connections Using Deep Learning
Neural Networks

As a result of the conclusions drawn in Chapter 3, a method to accurately predict the cyclic hysteresis behaviour

of RBS has been developed in this chapter. This chapter is based on the paper titled: Accurate Prediction of

Cyclic Hysteresis Behaviour of RBS Connections Using Deep Learning Neural Networks, submitted to Journal

of Engineering Structures dated 15/03/2021. It should be noted this chapter reads as a standalone paper. It

may repeat sections previously introduced in this thesis.

4.1 Abstract

Reduced Beam Section (RBS) connections have been widely adopted in the design of new, and
retrofitting of existing steel framed buildings to improve the seismic performance by providing a
seismic fuse mechanism through intentionally weakening the beam at the beam-to-column connec-
tion interface. The widely adopted modified-Ibarra-Krawinkler model can reliably capture the cyclic
hysteresis behaviour of fully welded RBS connections, making it an attractive option for modelling
the non-linear behaviour of steel moment resistant frames under earthquake excitations. However,
there is currently no reliable or accurate method available to predict the parameters which define the
modified-Ibarra-Krawinkler model without appropriate experimental or finite element tests of full scale
models of the RBS connection for calibration purposes. This chapter presents, an accurate method
of predicting the modified-Ibarra-Krawinkler parameters using a number of different deep learning
Neural Networks (NNs) through a logical flow chart process, which provide accurate predictions of
the modified-Ibarra-Krawinkler parameters based on the geometrical dimensions of the steel beam
and RBS. The proposed networks have been trained based on the database of 1480 finite element
cyclic moment-rotation-hysteresis results. First the cyclic moment-rotation-hysteresis results from the
selected database were calibrated with simple equivalent beam representations of the finite element
models in the OpenSees software. Then a number of different deep learning NNs were developed to
predict each of the seven key parameters which define the modified-Ibarra-Krawinkler spring model.
Finally, a script was developed through the interactive software Matlab, which can accurately and
reliably predict the modified-Ibarra-Krawinkler parameters for any steel beam and RBS geometry
without the need for complex and time consuming full scale cyclic experimental tests or finite element
analyses. The tool box developed in this study provided over 96% accuracy in predicting the key
design parameters, and therefore, should prove useful in the preliminary design and assessment of

101
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steel RBS frames.

4.2 Background

4.2.1 Concept of Reduced Beam Sections

Absorbing seismic input energy within the Reduced Beam Section (RBS) through a fuse like system
results in a safe and stable structure which can withstand seismic excitations by protecting the gravity
load bearing columns from excessive plastic rotations and failure. While RBS connections have become
widely adopted within design codes (BSI, 2005; AISC, 2016b; SAC Joint Venture, 2000a), there is
currently no comprehensive model available which is capable of considering all the design parameters
that affect the RBS connections performance.

Early cyclic experiments conduced on RBS connections highlighted their excellent rotational capac-
ities compared to the pre-Northridge connections, which were susceptible to brittle fracture (Engel-
hardt and Sabol, 1997). Cyclic tests conducted by Roeder (2002) showed that RBS connections can
achieve a good seismic performance with larger rotational capacities compared to the Welded Unre-
inforced Flange – Welded Web (WUF-W) and Welded Unreinforced Flange – Bolted Web (WUF-B)
connections. Cyclic experimental tests on the fabrication (tapered, constant or radius cut) of RBS
connections by Chen et al. (1996); Oh et al. (2015); Chen and Lin (2013) and Roeder (2002) also
demonstrated that, generally, highest rotational capacity was achieved by radius cut RBS. The affect
of the RBS cut (geometry) on the connections performance was first investigated by Pachoumis et al.
(2009). Earlier web buckling and flange buckling was linked with a deeper RBS cut. Validated finite
element (FE) models were developed by Pachoumis et al. (2009) and Pachoumis et al. (2010) to inves-
tigate this further. The higher energy dissipating capabilities of RBS steel moment frames compared
to pre-Northridge steel frames was demonstrated through FE analysis in early studies by Chen et al.
(1997) and Carter and Iwankiw (1998). More recently, the energy absorbing characteristics of RBS
steel frames has been further investigated by Jin and El-Tawil (2005); Ashrafi et al. (2009); Kildashti
and Mirghaderi (2009); Seo et al. (2010); Nikoukalam and Dolatshahi (2015); Montuori (2016); Maleki
et al. (2018) and Maleki et al. (2019). Notably, Maleki et al. (2018) and Maleki et al. (2019) used
incremental dynamic and fragility analysis to assess the performance of 4 and 16 storey steel moment
perimeter frames incorporating welded unreinforced flange (WUF) and RBS connections. Compared
to WUF frames, RBS frames exhibited superior seismic performance when considering the collapse
prevision (CP) and immediate occupancy (IO) performance-based design levels.

The modified-Ibarra-Krawinkler model by Lignos and Krawinkler (2007) is a widely accepted
method adopted by many researchers (Lignos et al., 2011b; Ghassemieh and Kiani, 2013; Ke and
Chen, 2016; Lemonis, 2018; Tsitos et al., 2018; Bravo-Haro and Elghazouli, 2018; Maleki et al., 2019)
as a way of capturing the non-linear cyclic behaviour of RBS connections. However, there is no accu-
rate and reliable method to enable prediction of the parameters which define the mIK model without
the need for complex finite element or experimental models or tests. In one of the relevant studies,
Lignos (2008) described how multivariable regression analysis equations determined from a database
of experimental results by Lignos and Krawinkler (2007) can be used to estimate the parameters which
define the mIK model. However, the equations proposed by Lignos (2008) are based on a range of dif-
ferent connection types and experimental set ups taken from literature. Even though the database used
for the regression analysis equations by Lignos and Krawinkler (2007) has been split into two different
categories (RBS or conventional), these categories have too many variables and varying parameters
which will affect the accuracy of the predicted cyclic response behaviour making them difficult for im-
plementation in practical applications. The first category, defined as RBS connections, incorporates
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a wide range of different connection types and configurations as well as different RBS flange reduc-
tion geometries. These equations are only based on the general sizes of RBS from the experimental
tests considered, and therefore, do not take into account the RBS geometrical parameters which can
effect their cyclic hysteresis behaviour (Pachoumis et al., 2009; Horton et al., 2021b). In addition,
only 73 out of the 200+ experimental results from the database (Lignos and Krawinkler, 2007, 2011)
represented RBS connections, showing the limited number of data which the regressional equations
in Lignos (2008) are based on. These equations cannot be applicable for sections not included in the
experimental tests, and may lead to unreliable results and potentially affect the performance of the
designed system.

The database of highly accurate calibrated mIK parameters in Chapter 3, directly obtained from
experimentally validated FE models, gave different results when compared to the parameters predicted
through multivariable regression analysis equations in Lignos (2008). These differences are a result of
the wide range of different RBS connections considered in the multivariable regression analysis as well
as neglecting the effects of RBS cut (geometry) parameters in the proposed design equations. The
database from Chapter 3 considered only one type of connection – welded unreinforced welded web
(WUF-W) connection – which removed any variation due different types of connections exhibiting
a range of connection stiffness. Besides, the effects of RBS geometries are directly included in the
developed database. This information is used to train deep learning NNs in this study as will be
explained in the following sections.

4.2.2 Applications of Neural Networks in structural design

Deep learning and artificial NNs have recently been increasingly applied to solve complex problems
in structural engineering Rafiq et al. (2001). As one of the earlier studies, Adeli and Hung (1995)
explained how NNs mimic the biological neural structures of the human brain and central nervous
system in order to recognize hidden pattens and classify data. In general, a Neural Network (NN) can
map from a set of associated input patters to a set of known output values Rafiq et al. (2001). Multi-
layered feedforward networks with hidden layers are capable of providing very precise approximations
to engineering problems Hornik et al. (1989). Until now, NNs have been used in many areas of
structural engineering such as prediction of mechanical or structural values (Guzelbey et al., 2006b;
Shahin and Elchalakani, 2008; Tohidi and Sharifi, 2015), assessment of structures (Akbas, 2006; Caglar
et al., 2009; Tadesse et al., 2012), assessment of structural damage (Jeyasehar and Sumangala, 2006;
Jiang et al., 2006; Bakhary et al., 2007) and structural optimization (Rogers, 1994; Adeli and Park,
1995; Lagaros and Papadrakakis, 2004; Gholizadeh and Mohammadi, 2017).

Rogers (1994) first showed how low cost NNs could be used for computationally expensive structural
analysis programming problems. Analysis guidelines were suggested by Rogers for researchers seeking
to utilise NNs for structural optimization. Rogers also showed using NNs can produce meaningful op-
timal design results. Adeli and Park (1995), were one of the first researchers to use a NN dynamics in
order to optimize a space truss under multiple loading conditions. They concluded that their proposed
optimization technique was suitable for the optimization of large structures after being applied to op-
timize the weight of four different structures. In another relevant study, Lagaros and Papadrakakis
(2004) proposed some improvements to NNs used in optimization of complicated structural problems.
Two examples, consisting of a six-storey space frame and a twenty-storey space frame optimization
were considered. Results clearly demonstrated that improvements relative to the computational time
were achieved through the proper selection of activation property functions. Similarly, Gholizadeh and
Mohammadi (2017) proposed efficient methods for seismic performance-based design optimization of
steel moment resistant frames using metaheuristic and NN. Various metaheuristic and NN compu-
tational performances were compared through optimisation of a three storey and a ten storey steel
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moment frame.

NNs have also been utilised for the assessment of structures in order to aid structural design, par-
ticularly for complex multi-dimensional problems. Akbas (2006) used NNs to predict the seismic
performance of a steel structure. Multi-layered feedforward networks were trained leading to a NN
capable of estimating the hysteretic energy demand of steel structures under earthquake ground mo-
tions. Caglar et al. (2009) used NNs to present an empirical formulation to predict the base shear of
braced and un-braced steel frames and showed that the proposed formulations could predict the base
shear more effectively that other empirical models. Similarly, Tadesse et al. (2012) utilised three NNs
to predict the serviceability loading deflections in simply supported composite bridges, two span con-
tinuous composite bridges and three span continuous composite bridges. The serviceability loadings
took into account the flexibility of shear connections, concrete cracking of slabs and shear lag effect
in the composite sections.

Other researchers also utilised NNs for the assessment of structural damage in structures. For
example, Jeyasehar and Sumangala (2006) developed a feed forward NN for the assessment of damage
in pre-stressed concrete beams due to natural frequencies. The NN used static and dynamic data on
damaged and undamaged beams. Jiang et al. (2006) used data fusion and NNs in a novel approach
in order to identify structural damage. Bakhary et al. (2007) also utilised a used NNs as an efficient
tool to estimate the probability of damage. The proposed NN was tested on a steel frame model and
also on experimental tests of concrete slabs.

NNs have been utilised in other structural engineering applications as well. Hedayat et al. (2019)
used NNs to propose an integrated formula which predicted the minimum strength requirements of steel
moment frames at any performance level. They used a bilinear model in Opensees (Mazzoni et al.,
2007) to generate force-displacement capacity based displacement curves of varying steel moment
frames under a variety of ground motions. NNs were then developed to obtain equations which could
be used to estimate the seismic response and performance level for strengthening and retrofitting
existing steel frames or designing new steel frames.

In general, large sets of data are required in order to train and test NNs. To achieve this, researchers
have widely utilised previous experimental results available in the literature on mechanical properties
or behaviour of structural elements. Fonseca et al. (2003) presented a NN which could predict the
beam patch load resistance of steel I beams. Guzelbey et al. (2006b) used available experimental data
in order to predict the rotational capacity of wide flange beams mitigating the need for numerical
or experimental models. Similarly, Guzelbey et al. (2006a) used NNs to predict the web crippling
strength of cold formed steel decks. The NN was shown to predict the elastoplastic behaviour of
web crippling with a high level of accuracy when compared to experimental results obtained from
literature. An extensive parametric study was conducted in order to investigate how geometrical
and mechanical parameters of steel sheeting affects the web crippling strength. In another study,
Pala (2006) proposed a NN to forecast the elastic distortional buckling stress of cold formed steel
C-sections under pure compression or pure bending. Data for the training and testing of the NN was
taken from literature. Pala and Caglar (2007) conducted a study to assess the influence of geometrical
parameters of cold-formed steel C-sections on the elastic distortional buckling stress through the NN
developed in Pala (2006). Pala and Caglar (2007) concluded that due to the complex and cumbersome
calculations involved with assessing elastic distortional buckling stress of steel C-sections, NNs are a
useful tool for predicting the buckling models of steel C-sections. Shahin and Elchalakani (2008) used
multi-layer feed-forward NNs to predict the ultimate pure bending capacity of steel circular tubes.
Datasets of 49 fabricated steel circular tubes and 55 cold-formed tubes were used to train the NNs.
Four parameters were used as input values for the NN which were shown to accurately predict the
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ultimate pure bending of the steel tube sections. Design equations were also presented capable of
predicting the ultimate bending capacity of the steel tubed sections.

Where no available data or experimental results exist in literature, validated finite element (FE)
models are commonly used to produce large datasets of results necessary to train and test the NN.
Gholizadeh et al. (2011) used a back-propagation NN and adaptive neuro-fuzzy inference system in
order to estimate the post web buckling critical loads of simply supported castellated steel beams.
Sharifi and Tohidi (2014a) also utilised artificial NN to predict the lateral torsional buckling moment
capacity of steel I beams with web openings. Their study focused on the stability of damaged bridge
beams with web openings under bending loading. In another study, Sharifi and Tohidi (2014b) used
artificial NN to predict the ultimate strength of deteriorated steel beams subjected to pitted corrosion.
Ultimately a reduction factor, which represented the ultimate strength loss of the steel beam due to
pitted corrosion, was predicted using the database of FE models. Tohidi and Sharifi (2015) applied
artificial NN to the prediction of the moment capacities of steel I beams subjected to distortion
buckling.

4.2.3 Modelling of Reduced Beam Section connections

Modelling the performance of steel moment resistant connections is an important process used in
the design or retrofitting of steel frames under seismic excitations. As discussed before, the Reduced
Beam Section (RBS) connections are widely used in current design guidelines (BS/EN 1998-3 (BSI,
2005), ANSI/AISC 358-16 (AISC, 2016b) and FEMA 350 (SAC Joint Venture, 2000a)) as a reliable
method of absorbing the seismic energy in steel moment frames. In order to accurately represent
RBS connections in a non-linear dynamic analysis, an appropriate model which can reliably capture
their non-linear cyclic hysteresis behaviour should be adopted by taking into account the strength and
stiffness degradation effects.

There are currently several different models which are capable of representing the non-linear be-
haviour of steel RBS connections. The most widely adopted method, implemented recently by many
researchers to represent steel RBS connections, utilises the Bilinear modified-Ibarra-Krawinkler (mIK)
(Lignos et al., 2011b; Ghassemieh and Kiani, 2013; Ke and Chen, 2016; Lemonis, 2018; Tsitos et al.,
2018; Bravo-Haro and Elghazouli, 2018; Maleki et al., 2019). The Bilinear mIK model captures the
Basic Strength Deterioration, Post-Capping Strength Deterioration and Unloading Stiffness Deteri-
oration of the connection through seven parameters which define its cyclic hysteresis shape. Figure
4.1a summarises the parameters which define the model.

Ibarra et al. (2005) first introduced the mIK model which was later improved by Lignos and Krawin-
kler (2007). Lignos et al. (2010) highlighted that an appropriate analytical model (utilising the mIK
model) requires experimental data for model validation, improvement and calibration. Lignos (2008)
first proposed new equations to estimate the mIK parameters based on multivariable regression on the
database in Lignos and Krawinkler (2007). According to Lignos and Krawinkler (2012), the regres-
sion equations in Lignos (2008) gave satisfactory results but need improvements to take into account
different geometrical and material properties of the RBS connections. The differences arise due to the
type of connection analysed and the varying size and shape of RBS connections. A previous research
study in Chapters 2 and 3 also suggests that the size and shape of the RBS cut effects the connections
cyclic hysteris, while these parameters are not included in the current design equations. Additionally,
the range of RBS connections considered for these regression equations were based on a limited num-
ber of experimental tests, and therefore, a larger dataset is required for more accurate and reliable
predictions.
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Chapter ch:3 compared the predictive equations by Lignos (2008) to a database of mIK parameters
calibrated from a wide range of experimentally validated finite element (FE) models of RBS connec-
tions. They showed that the required mIK parameters to accurately capture the non-linear behaviour
of varying beam and corresponding RBS sizes depend not only on the geometrical parameters which
define the RBS steel I section, but also on the geometrical parameters that define the RBS geometries.
These accurate mIK models gave different parameters compared to the predictive equations in Lignos
(2008).

Currently, the most accurate method to determine the cyclic hysteresis behaviour of RBS con-
nections is to calibrate the key mIK input parameters based on a full cyclic experimental test or a
detailed FE cyclic analysis. Both methods are significantly time consuming and either financially or
computationally expensive. Consequently, a set of deep learning NNs capable of predicting the full
cyclic behaviour of any RBS connection given the geometries defining the RBS and steel I section as
an input, is a very attractive solution presented in this Chapter.

Deep learning NN have recently been utilised as a powerful tool for finding hidden patterns within
large datasets. The database of 1480 calibrated mIK parameters in Chapter 3, provides a unique
opportunity to train a deep learning NN in order to predict accurate mIK parameters to represent
the non-linear cyclic hysteretic behaviour of welded unreinforced welded web (WUF-W) connections.
The objective of this Chapter is to develop, a set of trained NN which allow researchers and designers
to model any RBS connection by defining the geometries of a RBS connection (shown in Figure 4.1b)
as an input. This mitigates the need for complex, costly and time consuming detailed finite element
(FE) analysis or full scale experimental tests required for calibration of the mIK models. The details
of the developed NN are explained in the following sections and their efficiency in predicting the actual
hysteresis response of the RBS connections is demonstrated.

Rotation ( )θ

M
o

m
e

n
t 

(M
)

My

Mc

My

Mc

θy θu

θu

Mr

Mr

θp θpc

K0

K1 Initial backbone

Post-capping
Strength
Deterioration

Basic Strength
Deterioration

Unloading
Stiffness
Deterioration

(a)

a b

c

a b

RBS zone

Beam

RBS zoneColumn

Column

d
b

f

S =a+(b/2)h

(b)

Figure 4.1: (a) Summary of the main mIK parameters and deterioration modes defining the model
and (b) Definition of the parameters defining the RBS connection

4.3 Methodology

This study considers the bilinear modified-Ibarra-Krawinkler (mIK) zero length model utilising
Basic Strength, Post-Capping Strength and Unloading Stiffness Deterioration in order to accurately
capture the non-linear cyclic behaviour of RBS connections (refer to Lignos and Krawinkler (2011)
for details of the definitions of each of the parameters which define the mIK model).
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4.3.1 Calibrated mIK parameters for database models

For each of the 1480 different beam sections in the selected database from Chapter 3, subjected
up to 0.07rad of SAC cyclic displacement based loading, an equivalent simple beam model using the
program Open System for Earthquake Engineering Simulation – OpenSees (Mazzoni et al., 2007) was
generated. The simple model consisted of an elastic beam sections with a zero length spring. The
elastic beam section has the same elastic mechanical properties as the finite element models from
Chapters 2 and 3 used to create the database. The mIK Bilinear zero length spring represents the
non-linear behaviour of the RBS connections. This type of concentrated spring modelling has been
used widely by many researchers (Maleki et al., 2018; Guan et al., 2018; Bravo-Haro and Elghazouli,
2018; Tsitos et al., 2018; Lignos et al., 2011b). The steel beam has been considered to be symmetric,
and therefore, the deformation and strength in the positive and negative direction are the same.

The same boundary conditions and displacement based loading that was implemented in the selected
database was used. While building each model by hand would be unrealistic and time consuming,
coding of an interactive script in Matlab (The Mathworks Inc, 2019) adopted the bisector method
to calibrate the models automatically. Using 0.07rad as the maximum damage criteria for RBS
connections under Collapse Prevention in accordance with ASCE/SEI 41-17 (ASCE, 2017a), each
simple beam model in OpenSees was loaded up to a displacement base loading of 0.07rad according to
the SAC loading protocol. There were two general categories of sections in the database, sections that
buckled or sections that did not buckle up to 0.07rad of loading. In cases where the sections buckled,
θu could be obtained based on the hysteresis curve of the connections. However, in cases where the
sections did not exhibit buckling until the loading cycle was completed, θu was taken as 0.07rad. It
should be noted that in seismic design applications, the connections are not expected to experience
rotations larger than this value.

4.3.2 Results and trends from the calibrated mIK database

The calibrated mIK parameters for each of the database specimens are presented in Figures 4.2 and
4.3. The parameters calibrated for the mIK model are explained briefly in Table 4.1, while Figure
4.1a provides more details of the parameters.

Table 4.1: Definition of the calibrated mIK parameters used in the database

Definition Symbol Description Equation

Effective yield moment My Strength parameter -
Capping moment strength Mc Strength parameter -
Yield rotation θy Deformation parameter -
Pre-capping plastic rotation θp Deformation parameter -
Post-capping plastic rotation θpc Deformation parameter -
Ultimate rotational capacity θu Deformation parameter -
Initial elastic stiffness K0 Stiffness parameter K0 = My/θy
Pre-capping stiffness K1 Stiffness parameter K1 = (Mc −My)/θp
Strain hardening ratio as Stiffness parameter as = K1/K0
Cyclic deterioration parameter λ Controls the rate of strength and

stiffness deterioration with increas-
ing cycles

-

Figure 4.2 shows the general trends common for specimens that buckle and do not buckle. Figure
4.3 only shows the trends relevant to specimens that exhibit buckling, as they are constant for non-
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buckling specimens. The calibrated results clearly show some general trends in the data with respect
to the slenderness of the web (h/tw), second moment of area of the corresponding full section (IFS)
and second moment of area of the RBS section (IRBS). The trends presented in Figures 4.2 and 4.3
were the most clear and defined trends with respect to the selected RBS section geometrical properties.
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Figure 4.2: Scatter graphs showing the calibrated mIK parameters where buckling and non-buckling
characteristics are similar (a) strain hardening ratio (as) and (b) pre-capping plastic rotation (θp)
against web slenderness (h/tw), (c) initial elastic stiffness (K0) against second moment of area of the
corresponding full section (IFS) and (d) effective yield moment (My) against second moment of area
of the RBS (IRBS).
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Figure 4.3: Scatter graphs show the calibrated mIK parameters where buckling occurs (a) ultimate
rotational capacity (θu) against IRBS and (b) post-capping plastic rotation (θpc) and (c) cyclic dete-
rioration parameter (λ) against h/tw

4.4 Set of deep learning Neural Network models

In order to predict the mIK parameters for any selected RBS section, using different beam sections
and RBS geometries, a set of deep learning NNs and Supervised Machine Learning Classifications
have been trained using the database of calibrated mIK results. This set of deep learning NN and
Supervised Machine Learning Classifications was completed using the interactive software Matlab (The
Mathworks Inc, 2019). As a result, the trained deep learning networks produced complex Matlab
functions which were able to accurately predict the relative mIK parameter given the parameters
defining the beam section size (bf , d, tf and tw) and RBS geometries (a, b and c) as an input (refer
to Figure 4.1b for definitions of these parameters). The flow chart in Figure 4.4 shows the logical
procedure implemented and set of deep learning NN and Supervised Machine Learning Classification
used to estimate the seven key mIK parameters identified above.
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1.0 Input data
Input the geometrical parameters - bf , d, tf ,
tw, a, b and c - which define the RBS section

2.1 Deep learning NN to determine K0

2.2 Deep learning NN to determine as

2.3 Deep learning NN to determine θp

3.0 Determine
classification

using supervised
machine
learning

4.1 Deep learning NN to determine My 5.1 Deep learning NN to determine My

4.2 Deep learning NN to determine λ

5.2 Define the parameters as follows:
θu = 0.07rad
θpc = 1.0
λ = 0.0

4.3 Deep learning NN to determine θpc

4.4 Deep learning NN to determine θu

Buckle Case Non-Buckle Case

Figure 4.4: Flowchart depicting the logical procedure used to determine the mIK parameters of a RBS
connection given the geometrical input data

4.4.1 Summary of Deep learning Neural Networks and classifications used

An interactive script was developed using Matlab (The Mathworks Inc, 2019) following the logical
process shown in Figure 4.4, which can accurately predict mIK key parameters for any given geomet-
rical parameters used to define a RBS connection (see Figure 4.1b). Process 1.0 in Figure 4.4 shows
the input parameters required. Processes 2.1, 2.2 and 2.3 utilise a deep learning NN which predicts
the K0, as and θp values common to all RBS connections. Process 3.0 distinguishes if the connection
will or will not buckle under the applied SAC displacement based cyclic loading up to 0.07rad. The
accuracy of the classification was found to be within 97%. The remaining mIK parameters (My, λ,
θpc and θu) are then determined depending on the classification during process 3.0. In cases where
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buckling occurs, deep learning NNs 4.1, 4.2, 4.3 and 4.4 are used to determine the remaining mIK
parameters respectively. If the connection does not buckle, deep learning NN 5.1 is used to determine
My. The parameters θu, θpc and λ are assigned the value 0.07rad, 1.0rad and 0.0, respectively. It
should be noted that since the post capping plastic rotation is never achieved in this case, the value
of λ is not needed in the mIK model and hence can be assigned to zero (which deactivates the post
capping strength and stiffness deterioration). The post capping plastic rotation (θpc) is unknown and
therefore an arbitrary value of 1.0rad (a large plastic number) can be assigned. The ultimate rotation
(θu) can be also set to 0.07rad, since any rotations experienced by the connection, beyond this point,
can be assumed to have failed in terms of structural performance of the whole structural system. Refer
to Section 4.5.1 and Section 4.5.3 for details of the classification algorithm and NN respectively.

4.5 Results and discussion

4.5.1 Classification

The bootstrap aggregating method is a type of bagging ensemble learning, which is based on the
familiar decision tree method. As simple decision trees are prone to over-fitting the data, the bootstrap
aggregating method is a simple and convenient method of improving the accuracy of a weak decision
tree classifier (Breiman, 1996; Efron, 1993). In general, decision tree learning is classed as a weak
learner. To train a weak learner effectively, many different bootstrap aggregating replicas of the
dataset should be made, and individual decision trees should be grown on these replicas. Each of
these bootstrap replicas are obtained by randomly selecting predictors for M observations out of N
with replacement, where M is the size of the sample and N is the size of the dataset (Breiman, 1996;
Efron, 1993). In order to find the predicted response of the trained bootstrap ensemble, an average
of the predictions across the individual grown decision trees should be taken. In general, the bagging
predictor aggregation, averages out the multiple bootstrap versions of the learning sets, in order to
generate an aggregated predictor. Using an ensemble-bootstrap-aggregating method is a simple way
of increasing the accuracy of an existing method (decision trees) by looping the boot strap sample and
repeating the aggregation. The prediction or classification is then determined through an average of
the separate bootstrap classifications (otherwise known as voting). Figure 4.5 demonstrates how the
bootstrap aggregating ensemble algorithm is used in this study (Breiman, 1996; Efron, 1993).
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Figure 4.5: Bootstrap aggregating ensemble method of tree bagging used in this study

The Statistics and Machine Learning Toolbox in the interactive computer programme Matlab (The
Mathworks Inc, 2019) is used to create the supervised ensemble bootstrap aggregating algorithm for
classification of process 3.0 in the flowchart in Figure 4.4. A sensitivity analysis on the number of
learning cycles and maximum number of splits for the supervised ensemble bootstrap aggregating
algorithm was carried out. 30 different learning cycles and a maximum number of splits in the
decision tree of 100 produced highly accurate results without compromising the computational time
or complexity of the algorithm. The ensemble-bootstrap-aggregating algorithm achieved an accuracy
of 96%, shown through a confusion matrix presented in Figure 4.6. This confusion matrix compares
the number of sections which the classification algorithm predicted correctly and incorrectly.
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Figure 4.6: Confusion matrix for the classification of the sections
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4.5.2 Post capping plastic rotation, Ultimate rotational capacity and Cyclic de-
terioration parameter of parameters equal to non-buckling cases

Process 5.2 in Figure 4.4 assigns arbitrary values to certain parameters on the condition that the
section does not buckle according to process 3.0. As the peak moment and ultimate moment were never
reached during the cyclic loading protocol in these cases, the post capping plastic rotation, ultimate
rotation and cyclic deterioration parameters could not be defined. However, appropriate values must
be assigned to these parameters in order to define the mIK model. Take for example the calibrated
mIK model shown in Figure 4.7. It is shown that the post capping plastic rotation, ultimate rotation
and cyclic deterioration parameters are not practically needed when defining the cyclic hysteresis of
the RBS connection in this case since no stiffness and strength degradation is observed. Therefore,
arbitrary values of 0.07rad, 1.0rad and 0.0 have been used to define the mIK parameters θu, θpc and
λ respectively. Table 4.2 summaries these values for the modelling of non-buckling RBS connections.

It should be noted that in order to find the true values for defining the post capping plastic rotation,
ultimate rotation and cyclic deterioration of non-buckling calibrated mIK models, the displacement
based cyclic loading protocol used in the FE models should be increased until the ultimate rotation
θu and corresponding moment (which defines the post capping plastic rotation θpc) is reached. The
ultimate rotation (θu) is defined as the point on the cyclic backbone curve which corresponds to a
20% loss in the strength from the peak moment of the hysteresis. However, in the performance-based
design of steel structures in ASCE/SEI 41-17 (ASCE, 2017a), 0.07rad of rotation is considered to
have achieved a Collapse Prevention (CP) design criteria (while the limit state of ASCE/SEI 41-17
(ASCE, 2017a) specifies 0.07 − 0.00030d rad, the upper bound value of 0.07rad has been used for
simplicity). Therefore, in the performance-based design of steel structures, any structure that can
achieve a rotation of 0.07rad can be considered to have achieved the CP level. During the non-linear
analysis of structures, a steel frame which achieves the CP level is considered to have collapsed and the
analysis is terminated. This indicates that using the values proposed in Table 4.2 will not change the
mIK model of this type of connections for the practical range required in seismic design applications.
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mIK model

Table 4.2: Values assigned to the non-buckling pa-
rameters

mIK Parameter Value assigned

θu 0.07rad
θpc 1.0rad
λ 0.0

4.5.3 Neural Network

In this study, a cascade forward-feed NN with hidden layers was used for all the deep learning NN
in Figure 4.4. Figure 4.8 shows how forward-feed NNs operate. The input layer consists of the input
parameters which define the RBS connection (d, bf , tw, tf , a, b and c – shown in Figure 4.1b). The
hidden layers are connected with the input layer with modifiable weighted connections. In turn, the
hidden layers are all connected to the output layer which produces the desired predicted parameter.
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Figure 4.8: Simple depiction of a NN with one hidden layer

A Matlab (The Mathworks Inc, 2019) code was developed to create and train the networks 2.1, 2.2,
2.3, 4.1, 4.2, 4.3, 4.4 and 5.1 from the flow chart in Figure 4.4. As mentioned above, for NN a cascade
forward feed network was adopted to train the network. Cascade forward feed networks are similar to
feed-forward networks, but they include a connection from the input value and every previous layer
into the following layers. A number of different parameters control the training process of the NN.
Table 4.3 summarises the parameters which control the cascade forward feed network adopted as a
result of trial and error permutations for each network leading to the highest accuracy. 75% of the
data from the dataset was used to train the NN and 25% of the data was used to validate the NN.

Four different training functions were tested through trial and error in the cascade forward feed
network. The training functions considered were: the Bayesian regularization backpropagation, the
Levenberg-Marquardt backpropagation, the conjugate gradient backpropagation with Fletcher-Reeves
updates and the Resilient backpropagation (Scales, 1985). The conjugate gradient backpropagation
with Fletcher-Reeves updates was adopted for all NN as this gave the most stable accurate networks
compared to the other training functions investigated. Refer to Scales (1985) for further details of
this training function. This function updated the weight and bias values in accordance with Fletcher-
Reeves updates.

The number of hidden layers was kept at four, apart from network 4.3 which when trained with only
two hidden layers provided more reliable results compared to four hidden layers. This was because
by using four hidden layers the NN was prone to over fitting the data, while reducing the number
of hidden layers helped to prevent over fitting and increased the accuracy of the NN. The number of
neurons for each hidden layer was self prescribed based on experience from other trained networks.
The number of epochs was set to 1000. Distributed parallel computing was utilised in Matlab (The
Mathworks Inc, 2019) to help speed up the training time. Four multicore CPU cores were opened up
to allow the algorithms to run in parallel. This made full use of all four cores available on the single
PC used to train the networks and saved computational power. Many different regulation parameters
were tried through the trial and error permutation process. The aim was to have the same regulation
parameter across all NNs. However, in the end networks 4.2 and 4.3 required a higher regulation
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parameter to provide reliable predictions due to the much larger spread in data.

Table 4.3: Parameters used in the cascade forward-feed NNs

Process
No.

mIK Parameter No. Hidden
Layers

No. of neurons per
layer

Regulation
parame-

ter

No. of
iterations

2.1 K0 4 60-60-40-40 0.001 10,000
2.2 as 4 60-60-40-40 0.001 10,000
2.3 θp 4 60-60-40-40 0.001 10,000
4.1 My 4 60-60-40-40 0.001 10,000
4.2 λ 4 60-60-40-40 0.01 10,000
4.3 θpc 2 60-40 0.2 20,000
4.4 θu 4 60-60-40-40 0.001 1000
5.1 My

(non-buckle)
4 60-60-40-40 0.001 1000

The results for the trained networks 2.1, 2.2, 2.3, 4.1, 4.2, 4.3, 4.4 and 5.1 are shown in Figures
4.9, 4.10 and 4.11. The plotted results compare how accurate the database is at predicting the mIK
parameters. The Y-axis for all graphs in Figures 4.9, 4.10 and 4.11 shows the predicted value from
the respective network and the X-axis shows the true mIK value from the database. A statistical
regression value R, which represents the spread of data from the an x-y line (which would indicate an
accuracy of 100%) has been calculated for each network. An R value of 1.0 would indicate that the
network can predict the desired result to an accuracy of 100%. A summary of these R values which
represent the accuracy of the networks is shown in Table 4.4 in terms of its variation from the true
value.

Table 4.4: Values of R which show the accuracy of the networks trained

Network No. mIK Parameter R Value

2.1 K0 0.99995
2.2 as 0.98878
2.3 θp 0.99161
4.1 My 0.99989
4.2 λ 0.99407
4.3 θpc 0.67676
4.4 θu 0.98503
5.1 My 0.99980
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Figure 4.9: Comparisons of the predicted mIK data with the true mIK data for all sections in the
database for networks: (a) 2.1 initial elastic stiffness (K0), (b) 2.2 strain hardening ratio (as) and (c)
2.3 pre-capping plastic rotation (θp).
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Figure 4.10: Comparisons of the predicted mIK data with the true mIK data for sections in the
database which buckle for networks: (a) 4.1 effective yield moment (My), (b) 4.2 cyclic deterioration
parameter (λ), (c) 4.3 post capping plastic rotation (θpc) and (d) 4.4 ultimate rotational capacity (θu).



CHAPTER 4. PREDICTION OF CYCLIC HYSTERESIS USING NEURAL NETWORKS 117

1 2 3 4 5 6 7 8 9

Target 10
6

1

2

3

4

5

6

7

8

9

O
u

tp
u

t 
~

=
 1

*T
a

rg
e

t 
+

 -
3

.1
e

+
0

2

10
6 Effective Yield Moment (M )y : R=0.9998

Data

Fit

Y = T

Figure 4.11: Comparisons of the predicted mIK data with the true mIK data for sections that do not
buck for networks 5.1 effective yield moment (My).

The results in Figures 4.9, 4.10a, 4.10b, 4.10d and 4.11 show that the NN are capable of predicting
the non-linear cyclic behaviour of RBS connections to a high level of accuracy. Figure 4.10c shows
that the least accurate of the NN was the λ prediction, however, this still gave reasonable results in
terms of the R value which corresponds to an accuracy of 68%.

4.6 Conclusions

The aim of this Chapter is to develop a fast and reliable method which can accurately predict the
complex non-linear hysteresis behaviour of any RBS connection. Using a comprehensive database of
calibrated modified-Ibarra-Krawinkler (mIK) models, used to represent the non-linear cyclic hystere-
sis behaviour of steel RBS connections, it was shown that general trends can be obtained for the
key mIK input parameters with respect to the slenderness of the web, second moment of area of the
corresponding full section and second moment of area of the RBS section. However, existing math-
ematical equations do not take into account the effects of some of these parameters, and therefore,
may not lead to accurate predictions. Besides, there is currently no practical method available that is
capable of predicting the mIK model parameters for different RBS configurations. To address these
issues, in this Chapter a Supervised Machine Learning Classifier and a set of Deep Learning NNs was
developed based on the selected database of full cyclic hysteretic behaviour of 1480 RBS connections,
calibrated to capture accurately the non-linear cyclic hysteretic behaviour of RBS connections. These
deep learning NNs and classifier were developed using the interactive software Matlab (The Math-
works Inc, 2019). The ensemble-bootstrap-aggregating algorithm used for classifying the sections as
possessing either buckle or non-buckle characteristics, achieved an accuracy of 96%. A set of cascade
forward-feed NNs with hidden layers were also used to predict the mIK parameters achieving a mode
accuracy of 98%. Parameters which control the training of the cascade forward-feed networks were
established using trial and error permutations. As a result of this research, a practical method is pro-
posed which is capable of predicting improved models that can capture accurately the non-linear cyclic
response of any RBS connection only based on the beam and RBS geometries as input information.
This mitigates the need for complex, costly and time consuming detailed finite element (FE) analysis
or full scale experimental tests generally required to calibrate the mIK model parameters. The set of
deep learning neural networks and classifier algorithm developed in this research should prove useful
in the practical design and performance assessment of RBS connections and structural systems. The
developed framework can be also used as an efficient and low computational cost tool to optimise the
design of RBS connections to achieve the best seismic performance.



Chapter 5

More Efficient Design of Moment
Resisting Steel Frames with RBS
Connections

As a result of the conclusions drawn in Chapter 4 implementation of the method for accurate prediction of the

cyclic behaviour of RBS connections has been demonstrated through investigation of a four storey steel moment

frame. This chapter aims to provide a proof of concept by building on the work developed in Chapters 2, 3 and

4. Where appropriate, the specific chapters and sections of this research have been referenced appropriately.

5.1 Abstract

Chapters 2, 3 and 4 of this research have demonstrated that RBS connections are a widely adopted
method of creating a stable ductile steel frame capable of absorbing larger amounts of seismic energy
compared to conventional fully welded connections. The RBS connections can efficiently reduce the
seismic demand (e.g. plastic rotations) in the columns and transfer this damage into the beams, thus
protecting the critical gravity load carrying system and prevent collapse during strong earthquake
events. The results presented in the previous chapters highlighted that the geometries of RBS con-
nections are not currently considered in the design of steel RBS frame systems. Chapter 2 concluded
that the c geometry which defines the “cut“ of the RBS, has the most significant influence over the
key seismic design parameters of RBS connections. In addition, Chapter 3 generated a large dataset
of improved calibrated modified-Ibarra-Krawinkler (mIK) models to simulate accurately the nonlinear
cyclic behaviour of RBS connections. Finally, Chapter 4 developed highly accurate and reliable deep
learning NNs, with an accuracy of 96%, capable of predicting the mIK parameters for any size and
geometry of RBS connections given the beam and RBS geometry as an input. The aim of this Chap-
ter is to improve the performance of steel RBS frames by fine tuning the RBS geometry in selected
locations within the frame. First a four storey Welded-Unreinforced-Flange (WUF) connection frame
(frame 1) was developed as a benchmark. This frame was then subjected to a Maximum Considered
Earthquake (MCE) with a Peak Ground Acceleration (PGA) equal to 0.6g. The frame was assessed
and the performance of this frame was improved by utilising RBS connections across floors that exhib-
ited plastic rotations in the columns (frame 2). Analysis of this frame under the same MCE indicated
an improved performance but still with some design code violations in terms of strong column-weak
beam concept. Finally, the performance of this RBS frame was fine tuned by adjusting the RBS cut
(geometry) of the connection within the storey level with plastic hinges in the columns (frame 3). An
improved frame performance was exhibited under the same MCE and considered to be the practical
optimum RBS frame design. This powerful trial and error permutation approach demonstrates how
a more efficient performance of RBS steel moment resistant frame can be achieved by controlling the
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cut (geometry) of the RBS connection. In order to demonstrate this process a non-linear model of a
typical non-linear four storey steel structure was developed in OpenSees. The effects of the non-linear
material, P-Delta (P∆) effects and connection panel zones were all included. The RBS connections in
the frame were modelled using the mIK model. A practical performance-based design framework was
then developed by providing a link between the NNs developed in Chapter 4 and the OpenSees model
to update the parameters of the mIK model based on the selected beam section and RBS geometry.
This process was automated and controlled using Matlab. This provided the opportunity to update
the design without the need to conduct detailed finite element (FE) analysis in ABAQUS.

5.2 Background

As previously mentioned, the RBS connections can provide a safe and ductile fuse behaviour in the
beams in order to protect the columns from significant damage (see Chapter 2 Section 2.2, Chapter
3 Section 3.2.1 and Chapter 4 Section 4.2.1 for a background to RBS connections). Generally, RBS
connections are considered to have good capabilities of improving a frames performance, refer to
Chapter 3 Section 3.2.1 for a detailed review of frame analysis. In order to accurately represent RBS
connections in a non-linear dynamic analysis, appropriate models which can capture their non-linear
behaviour should be adopted. The most widely adopted model is the modified-Ibarra-Krawinkler
(mIK) model. See Chapter 3 Section 3.2.2 and Section 3.2.3 and Chapter 4 Section 4.2.3 for more
information of the methods and models for representing the behaviour of RBS connections.

The aim of this Chapter is to implement and demonstrate the potential of a simple trial and er-
ror method for improving the performance of steel moment resistant RBS frames. First, a moment
resistant WUF frame (frame 1) based on Maleki et al. (2018) was adopted as a base frame for com-
parison purposes. Then, the WUF frame was subjected to a MCE equal to 0.6g in order to assess
its performance. The frames performance was improved by the provision of RBS connections as an
alternative to WUF connections. Finally, the performance of the frame was fine tuned by adjusting
the geometries of the RBS connection.

The frames were modelled in OpenSees (Mazzoni et al., 2007), which considered non-linear material
properties, P∆ effects of the frame system, detail of the connection panel zone and hysteretic models
to capture the cyclic behaviour of WUF and RBS connections. The NNs developed in Chapter
4 were used to develop the necessary parameters for the mIK model depending on the beam and
RBS geometries. The model was build using Tcl (Mazzoni et al., 2007) programming language and
the analysis process was automated and controlled using Matlab (The Mathworks Inc, 2019) which
allowed fast and efficient analysis of the frame system mitigating the need for complex finite element
(FE) analysis.

5.3 Methodology

Capacity design of steel moment resistant frames is covered in BS EN 1998-1 (British Standards
Institute, 2005) and ASCE/SEI (ASCE, 2017a). Columns must have a larger capacity compared to
beams which will allow plastic deformations to occur in the beams and thus protecting the columns.
In order to assess the efficiency of the steel moment resistant frame, a performance-based design was
adopted using deformation control as the performance indicator. The deformations of the columns
were used as an indication of the damage sustained by the frame ASCE (2017a). In this study, the
plastic rotations of the columns have been used to quantify the plastic deformation that occurs within
the columns. Plastic hinges have been identified in the frame when the maximum rotation experienced
by the column whilst subjected to the MCE, exceeds the elastic rotational capacity of the element.
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5.3.1 Frame model

In order to investigate the behaviour of steel frames in this research, a four story Welded-Unreinforced-
Flange (WUF) frame was adopted from Maleki et al. (2018) and used as a base frame mode. OpenSees
(Mazzoni et al., 2007) was used to build the frame model which was coded using TCL programming
language. The 4 sotry WUF from Maleki et al. (2018) was designed based on ANSI/AISC360-16 AISC
(2016c), ANSI/AISC341-16 AISC (2016a) and IBC IBC (2015). Figure 5.1 shows the frame model
adopted. Table 5.1 shows the column and beam sections adopted for the 4 storey frames used in this
research. Figure 5.2 and Table 5.2 show the location of these elements in the four storey frame. In
order to reduce to complexity of the analysis the frame was assumed to be biaxial symmetry in plan
which allowed only one side of perimeter moment frame to be modelled. The perimeter frame adopted
was designed to carry one half of the buildings seismic weight.

(a) (b)

Figure 5.1: Frame model adopted from Maleki et al. (2018) showing (a) plan of the moment resistant
perimeter frame and (b) the elevation of the frame (Maleki et al., 2018).

Table 5.1: Section sizes used to model the four storey frames

Storey Number Beam Section Corner Column Section Intermediate Column Section

1 W33x130 W14x311 W14x233
2 W27x114 W14x311 W14x193
3 W27x94 W14x176 W14x99
4 W24x68 W14x176 W14x99
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Figure 5.2: Locations of the elements in the typi-
cal four storey frame corresponding to the section
sizes in Table5.2.

Table 5.2: Section sizes for the element ID loca-
tions in Figure 5.2.

Element ID Section Size

C1 W14x311
C2 W14x233
C3 W14x193
C4 W14x176
C5 W14x99
B1 W33x130
B2 W27x114
B3 W27x94
B4 W24x68
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5.3.2 Connection, panel zone and element modelling

Table 5.3: Frame reference and frame types investigated

Frame Reference Frame Type

Frame 1 WUF
Frame 2 RBS
Frame 3 IMPROVED

The columns were modelled using distributed non-linear behaviour which could capture the plastic
hinge formation. Elastic elements were used between the connection spring models to model the
beams. In order to model the connection behaviour a concentrated phenomenological spring model
was utilised. The WUF connection for frame 1 (refer Table 5.2) was adopted based on the modelling
procedures in Moon and Han (2008) and Han et al. (2007). The modelling for the RBS connections
in frames 2 and 3 (refer Table 5.2) were adopted based on the modified-Ibarra-Krawinkler (mIK)
model (Ibarra et al., 2005). The parameters for the mIK model in frame 2 were adopted based on
Maleki et al. (2018) where the c cut (geometry) was assumed to be taken as the average value. The
parameters for the mIK model in frame 3 were determined using the NNs developed in Chapter 4 of
this research.

In order to model the panel zone and connection joint between the column and beam, the box
model, which consists of rigid elements with a zero-length spring to control the shear behaviour of the
panel zone was adopted. The equations to model the panel zone were taken from (SAC Joint Venture,
2000c) which took the non-linear behaviour into account. The panel zones were modelled using the
adopted techniques from Maleki et al. (2018).

The design loads were adopted from Maleki et al. (2018) and based on ASCE/SEI 7-10 (ASCE,
2010). The self-weight of the beams and columns were lumped at each element connection. To
calculate the lumped mass matrix, the formulation 1.0 ·Dead Load + 0.2 · Live Load was used. The
lumped mass was calculated as half of the member that was framed into the connection. The dead
weight and gravity loadings of the structure were assigned to the appropriate nodes and elements in
order to represent the transfer of gravity loads accurately. The base of the moment perimeter frame
(column elements as ground level) were fixed in both directions, whereas, the base of the leading
column which simulates the weight of the gravity frame was pinned at ground level.

A leaning column, modelled as rigid elements is modelled which takes half of the total load acting
on the gravity system part of the frame, this leaning column takes P∆ effects into account. Very small
spring stiffness of zero-length-springs were used at the beam column joints to ensure that significant
moments were not attracted. Truss elements were axially rigid and connected the leaning column to
the frame for transfer of the P∆ effects. A typical two story one bay extraction from the 4 storey
RBS frame (including the leaning column for P∆ effects) is shown in Figure 5.3.
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Figure 5.3: Typical two storey one bay extraction from the four frame RBS to demonstrate the
modelling techniques used

5.3.3 Plastic hinge length

As the columns distribute the plasticity within the element, the rotation of the columns was de-
termined by calculating the area below the curvature profile of the column within the plastic hinge
length. Ten integration points were assigned to the column elements in the model. Equations were
used to calculate the plastic hinge length of the columns. These equations taken from Elkady and
Lignos (2018) were based on FE database of 50 wide-flange steel columns and achieved an accuracy
of 95%.

Curvature

Length

137.37 mm

Plastic hinge length

Column length

Hatched area
equal to the

column rotation

Figure 5.4: Calculation of the rotation of the column defined as the area below the curvature profile
of the column between the column end and plastic hinge length
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5.3.4 Synthetic earthquake applied

A synthetic earthquake was generated using the software SIMQKE (Vanmarke, 1976). The synthetic
earthquake corresponds to a Maximum Considered Eartquake (MCE) corresponding to a Peak Ground
Acceleration (PGA) of 0.6g. This sythetic earthquake was designed to be compatible with the elastic
design spectrum of BS EN 1998-1 BSI (2004). As the frame is considered to be symmetric, this
earthquake ground motion was applied to both sides of the model respectively in order to determine
the maximum demands in all elements
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Figure 5.5: Maximum considered earthquake equal to 0.6g applied to the model.

5.3.5 Iterative process to achieve the optimum RBS frame

In this study a simple methodology for achieving a more efficient performance of a steel moment
resistant RBS frame by controlling the geometry of the RBS is shown in the flowchart pictured in
Figure 5.6. This simple methodology utilises a step by step iterative permutation approach until a
more efficient result has been achieved.
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Analyse original WUF frame under earthquake excitation

Analyse results, use deformation parameters to check for code
violations. Determine if plastic hinges form in the columns

Modify the necessary WUF connections by substituting for
RBS connections depending on the plastic hinge formulation

Run modified RBS frame under applied Earthquake

Analyse RBS frame, use deformation parameters to check for
code violations. Determine if plastic hinges form in the columns

Has an improved and efficient frame design been achieved?

Adjust RBS geometry to change the connec-
tion performance depending on the outcome

Run set of NNs developed in Chapter 4 to
generate mIK parameters for spring model

Input mIK parametrs into the frame and
analyse frame under earthquake excitation

More efficient
RBS frame result
adopted for the

final frame design

No

Yes

Figure 5.6: Flow chart to demonstrate the iterative design methodology adopted in this study in order
to achieve the most efficient result

5.4 Results

The frame periods from the eigenvector analysis for frame 1 (WUF), frame 2 (RBS) and frame 3
(More Efficient) are shown in Table 5.4. As expected, the presence of RBS connections increased the
period of the frame. The maximum roof displacement and maximum base shear recorded under the
Synthetic MCE are presented in Table 5.4 also.

Table 5.4: Periods for the three frames analysed

Frame Type Frame Label Period (s) Max. Base Shear (kN) Roof Displacement (m)

WUF Frame 1 0.649 8195 0.2067
RBS Frame 2 0.779 5858 0.2359

Optimum Frame 3 0.780 5895 0.2392

The maximum base shear and inter-storey drift distributions for the three frames are shown in
Figure 5.7 below. As expected, the WUF frame experienced larger maximum base shears and less
inter storey drift distributions, while the two RBS frames exhibited larger drift distributions and
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smaller base shears. This was due to the RBS connections producing a more flexible and less stiff
frame compared to the WUF frame.
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Figure 5.7: (a) Maximum base shear and (b) the inter story drift distributions, for the WUF, RBS
and More Efficient frames under the MCE record.

The simple step by step methodology shown in Figure 5.6 was adopted in order to determine the
most efficient frame result. A brief summary of this methdology is shown in Figure 5.8. In order to
assess the performance of each frame, a synthetic MCE was applied and the distribution of plastic
hinges which developed within the columns was analysed. In order to ensure that the capacity design
criteria according to BS EN 1998-1 (BSI, 2004) was satisfied for the frame, no plastic hinges should form
within the columns. The plastic hinge distribution throughout the three frames under the Synthetic
MCE of 0.6g are presented in Figure 5.9. Details of the connections for each frame are summarised in
Table 5.5.

Step 1: Analyse the WUF under earquake loading

Step 2: Modify WUF connections for
RBS connections where appropiate

Step 3: Fine tune the RBS connections by adjusting
the geometry to achieve a more efficient frame design

Figure 5.8: Summary of step by step methodology from Figure 5.6

Figure 5.9a presents the distributions of the plastic hinges which formed in the columns of the WUF
frame (frame 1) under the MCE. A soft storey failure at the third floor developed. Figure 5.9a shows
that plastic hinges form in all columns across floors 1, 2 and 3. The development of these plastic
hinges violates the design regulations for a Medium to High ductility level according to BS EN 1998-1
(BSI, 2004).
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In order to solve this problem of plastic hinges developing within the columns, RBS connections at
all locations in floors 1, 2 and 3 were proposed. No RBS connections were fitted to floor 4 as no plastic
hinges in the columns developed at this level. Figure 5.9b shows the distribution of the plastic hinges
which formed within the columns for this RBS frame (frame 2). In this case, the RBS connections
protected the exterior columns in floor 3 and all the columns in floors 1 and 2. However, plastic hinges
still formed within the interior columns of floor 3. This floor suffered from extensive localised damage.

However, in order to solve this problem, the cut (c geometry) for the RBS connections within floor
3, was increased from the average value to the maximum value (according to the limits specified in
ANSI/AISC 358-16 (AISC, 2016b) refer to Chapter 2 Section 2.3.2 Table 2.3). Refer to Table 5.5 for
a summary of the connections on each floor. The set of NNs developed in Chapter 4 were used to
generate the mIK parameters which define the RBS spring model. Figure 5.9c (frame 3) shows that
under the MCE EQ, no plastic hinges formed within the columns, thus providing a safe and stable
frame which protected the columns. This is considered to be the most efficient frame design. This
frame sustained the MCE earthquake without damage in the columns and thus protected the gravity
load bearing system.

(a) (b)

(c)

Figure 5.9: The distribution of plastic hinges in the columns (represented by the red circle) and beams
(represented by green circles) under the Synthetic MCE for (a) WUF Frame (frame 1) (b) RBS frame
(frame 2) and (c) Optimal RBS frame (frame 3).
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Table 5.5: Summary of the RBS loactions and sizes adopted for frames 1, 2 and 3. Where c is the
depth of cut defining the RBS geometry and bf is the width of the beam flange.

Frame Type Frame label Floor No. c cut for RBS size

WUF frame 1

1 No RBS
2 No RBS
3 No RBS
4 No RBS

RBS frame 2

1 c = 0.175bf (average)
2 c = 0.175bf (average)
3 c = 0.175bf (average)
4 No RBS

More Efficient frame 3

1 c = 0.175bf (average)
2 c = 0.175bf (average)
3 c = 0.25bf (maximum)
4 No RBS

These results have demonstrated that the frame performance of this WUF frame can simply be
improved by replacing the WUF connections with RBS connection. Furthermore, a more efficient
steel RBS frame can be achieved by a step by step trial and error system. Fine tuning of the frame
was achieved by adjusting the RBS size in order to reach an efficient design by exhibiting a more
ductile behaviour.

In current practice, the geometry of an RBS is not considered during the design or structural
analysis of RBS frames. The geometry of an RBS can directly effect the beams cyclic performance (at
the local level) which directly influences the performance of a steel moment frame (at the global level).
Currently, there is no method of predicting the cyclic performance of any RBS given the geometries of
the RBS. This chapter has shown how significant the classification algorithm and set of deep learning
NNs developed in Chapter 4 are in developing a more efficient RBS frame design compared to WUF
and conventional RBS frames. A simple step-by-step permutation trial and error frame design in this
chapter has shown the significance and importance the classification algorithm and set of deep learning
NNs have on developing more efficient frame designs.

5.5 Scope for future applications

This Chapter has demonstrated how the performance of a moment resistant WUF frame can first be
improved by providing RBS connections, subsequently, a better seismic performance can achieved by
fine tuning the RBS connections (more specifically adjusting the c cut (geometry) of the connection).
Matlab was used to automate the design process, whereby, the non-linear OpenSees RBS model was
generated by linking the NNs developed in Chapter 4 by defining the input parameters for the beams
and RBS connections. As a result a performance-based design approach for RBS frames was developed
and a simple implementation example has been carried out.

This simple trial and error system for achieving a more efficient frame performance, has scope
to be applied in future optimization methods to achieve better frame performance. This method
to achieve a more efficient solution can be incorporated into multiple permutation steps in larger
multi-storey frames in order to improve the frames performance under string earthquake events. In
addition, a multi-criteria optimization approach could also be incorporated into this methodology for
different performance design levels and a range of damage indication parameters. The development
of the classification algorithm and set of deep learning NNs from Chapter 4 can be directly used to
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generate the cyclic models required for this methodology. However, it should be noted that this is not
in the scope of this research. Refer to Chapter 6 Section 6.2 for potential future applications of this
methodology.

5.6 Conclusion

The aim of this study was to develop a simple methodology for the achieving an efficient performance
of steel moment resistant RBS frames by controlling the geometry of the RBS. This methodology
utilised the set of NNs developed in Chapter 4 as a way of representing the cyclic non-linear behaviour
incorporating stiffness and strength degradation of RBS connections for any RBS geometry. Based on
the result of this Chapter the following conclusions can be drawn:

1. A simple methodology for achieving a more efficient performance of moment resistant steel
RBS frames was developed by utilising a step by step permutation approach. This approach
successfully transferred the plastic hinges which formed in the columns into the RBS connections
by controlling the geometry of the RBS connections

2. The adequacy of the frame meeting the capacity design principle and medium to high ductility
requirements of BS EN 1998-1 (British Standards Institute, 2005) was compared. Frame 1
which consisted of WUF connections violated these design regulations across floors 1, 2 and
3. Frame 2 which utilised RBS connections with a c cut (geometry) equal to average limits
specified in BS EN 1998-1 (BSI, 2004) and ANSI/AISC 358-16 (AISC, 2016b) improved the
frames performance but still violated the design guidelines within floor 3. Frame 3 consisted of
fine-tuned RBS connections within floor 3 which allowed a more efficient frame performance to
be achieved which satisfied the capacity design and medium to high ductility requirements in
BS EN 1998-1 (BSI, 2004).



Chapter 6

Conclusions and Recommendations for
Future Work

6.1 Summary and Conclusions

The main purpose of this research was to carry out an extensive analytical study into the perfor-
mance of fully welded Reduced Beam Section (RBS) connections. A summary of the main findings and
conclusions for each Chapter are summarised in the following sub sections. The main contributions
to knowledge are:

• identification of the key design parameters of RBS connections and their influence on the non-
linear cyclic performance of the connections

• a database of highly accurate and calibrated models which can accurately capture the cyclic
hysteresis of RBS connections

• a method which can accurately predict the complex non-linear hysteresis behaviour of any RBS
connection without the need of FE or experimental models

• demonstration of a developed framework which can be also used as an efficient and low compu-
tational cost tool to provide a more efficient design of RBS frames to achieve the best seismic
performance.

6.1.1 Chapter 2: More Efficient Design of Reduced Beam Sections (RBS) for
Maximum Seismic Performance

The aim of this Chapter was to investigate, through an extensive finite element parametric analysis,
the affects key geometrical parameters which define an RBS, have on the connections seismic perfor-
mance. As a result of this analysis, more efficient design methodologies for the RBS connection were
developed. With reference to Section 1.4, this chapter was aimed at achieving Objectives 1 and 2.

• Generally, the seismic performance of RBS connections is influenced in different degrees by the
three geometric parameters a, b and c. Parameter c has significant influence over all the five
seismic design parameters considered. The parameter b has a small effect on the connections
performance whereas parameter a has very little influence which can be considered negligible.

• According to the required rotational capacities (DL, SD and NC) for RBS connections according
to BS/EN 1998-3 (BSI, 2005), the beams adequacy of achieving these damage states was assessed.
The results indicated that the elastic state DL was achieved by all beams, however, the NC
rotational requirement was achieved by all but two beams. Direct links between the ultimate
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rotation and web slenderness was established. Beams with a web slenderness larger than 54
could not accommodate the NC requirement.

• Performance limits in ASCE/SEI 41-17 (ASCE, 2017a) were used to compare the rotations
at the beam and the column face. The results showed that none of the beams achieved the
CP performance level and only 4 beams achieved the LS performance level. However, all beams
achieved the IO level. Compared to the 4% inter-storey drift requirements of ANSI/AISC 358-16
(AISC, 2016b) and FEMA 350 (SAC Joint Venture, 2000a) all beams satisfied this requirement
apart from W27X84 and W24X68.

• To assess how the key seismic parameters of RBS compared to full section properties (no RBS
present) were effected by the geometric parameters a, b and c, design equations were developed.
Direct links between the beams properties, second moment of area and dimensions of the RBS
geometries were established. This is particularly useful in design purposes as the cyclic perfor-
mance and seismic design parameters of RBS connections can be estimated without the need for
complex and time consuming cyclic experimental or FE analysis.

6.1.2 Chapter 3: Development of More Accurate Cyclic Hysteretic Models to
Represent RBS Connections

This chapter focused on developing a better understanding for the cyclic behaviour of fully welded
RBS connections. In addition, a database of accurate and modified-Ibarra-Krawinkler models that can
reliably capture the cyclic hysteresis of RBS connections in a wide range of different RBS geometries
was developed. As a result of this chapter, objectives 1, 3 and 4 of Section 1.4 were achieved.

• The database containing the FE cyclic hysteresis results can be split into two general categories
– sections that do not buckle or sections that buckle. The buckling behaviour is influenced
strongly by the beam section web slenderness. Larger web slenderness have a much greater
propensity to buckle. The cyclic hysteresis results from the FE database can be split into
two general categories – sections that buckle or sections that do not buckle. This buckling
behaviour is strongly influenced by the slenderness of the beam sections web. In the range
34.01 < λweb < 47.0, the c geometry has the most effect where larger values tend to lead to an
increased likelihood of section buckling. There appears to be no significant influence from the c
and b RBS parameters on the buckling behaviour of beam sections for all other ranges of λweb.
Generally, for these sections the buckling behaviour is controlled by the slenderness of the web,
regardless of the RBS geometry

• For each of the 1480 specimens in the FE database accurate and reliable bilinear mIK parameters
were calibrated. The mIK parameters as and θp, common to both buckling and non buckling
specimens, were also influenced by the web slenderness. For buckling cases, the λ and θpc values
were influenced the most by the slenderness of the sections web. A clear linear trend for these
mIK parameters could be observed. K0 can be considered dependent on the second moment
of area of the corresponding section. However, the two different trends for the effective yield
moment of buckle and non buckle sections are significantly affected by IRBS . Thus My can be
considered to be dependent on both the buckling behaviour and IRBS of the section.

• The influence of the geometrical c and b RBS parameters on the mIK parameters were thoroughly
investigated. Results showed the K0 and My values were effected the most by the c parameter.
Some small influence of the c geometry on the θp was also observed, while this parameter had
very small effects on the as, λ and θpc mIK values. Practically, the mIK parameters are not
influenced by the b parameter.
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• The mIK database parameters for the 1480 different RBS specimens was used to directly compare
the predictive mIK values using the widely adopted equations suggested in Lignos and Krawinkler
(2011). The comparisons showed that predictive mIK values under predicted the θpc and λ values
and gave varying results for the θp predictions. This highlights that ignoring the effects of RBS
geometric parameters and trying to capture the cyclic hysteresis of sections by modifying the
monotonic backbone curve after Lignos and Krawinkler (2011) may lead to very unrealistic
results. The development of the database addressed these issues by directly using the cyclic
hysteresis of the sections in order to generate accurate and reliable hysteresis models of RBS
elements. The same problem has also been identified for the FS equations presented by Lignos
and Krawinkler (2011).

6.1.3 Chapter 4: Accurate Prediction of Cyclic Hysteresis Behaviour of RBS
Connections Using Deep Learning Neural Networks

A fast and reliable method which can accurately predict the complex non-linear hysteresis behaviour
of any RBS connection was developed as a result of Chapter 5. A practical method is proposed which
is capable of predicting improved models that can capture accurately the non-linear cyclic response of
any RBS connection based only on the beam and RBS geometries as input information. This mitigates
the need for complex, costly and time consuming detailed finite element (FE) analysis or full scale
experimental tests generally required to calibrate the mIK model parameters. The set of deep learning
NNs and classifier algorithm developed should prove useful in the practical design and assessment of
steel RBS frames. Consequently, objectives No. 1 and 5 from Section 1.4 were achieved.

Trends in the key mIK input parameters with respect to the second moment of area of the cor-
responding full section, second moment of area of the RBS section and slenderness of the web were
shown through the comprehensive database of calibrated modified-Ibarra-Krawinkler (mIK) models,
used to represent the non-linear cyclic hysteresis behaviour of steel RBS connections. However, ex-
isting mathematical equations do not take into account the effects of some of these parameters, and
therefore, may not lead to accurate predictions. To address this issue, a Supervised Machine Learning
Classifier and a set of Deep Learning NNs was developed based on the selected database of full cyclic
hysteretic behaviour of 1480 RBS connections, calibrated to capture accurately the non-linear cyclic
hysteretic behaviour of RBS connections. The buckle or non-buckle characteristics possessed by the
sections were classified through the ensemble-bootstrap-aggregating algorithm, where an accuracy of
96% was achieved. To predict the mIK parameters achieving a mode accuracy of 98% a set of cascade
forward-feed NNs with hidden layers were used. Trial and error permutations were used to establish
the parameters which control the training of the cascade forward-feed networks.

6.1.4 Chapter 5: More Efficient Design of Moment Resisting Steel Frames with
RBS Connections

The objective of this chapter was to implement the set of deep learning NNs developed in Chapter 4
in a practical design and assessment application at the global frame level. By controlling the geometry
of the RBS, a simple methodology for achieving an efficient performance of steel moment resistant RBS
frames was developed. The NNs developed in Chapter 4, which are used as a way of representing the
cyclic non-linear behaviour incorporating stiffness and strength degradation of RBS connections for
any RBS geometry, were incorporated into this methodology. This enabled the referenced objectives 1
and 6 from Section 1.4 to be achieved. The following conclusions can be drawn based on this chapter
:

• A step by step permutation approach was utilised for developing a simple methodology for
achieving a more efficient performance of moment resistant steel RBS frames. By controlling
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the geometry of the RBS connections the plastic hinges could be transferred from forming in the
columns to forming in the beams, which is the desired outcome.

• The adequacy of the frames in meeting the medium to high ductility and capacity design principle
requirements of BS EN 1998-1 (British Standards Institute, 2005) was compared. These design
regulations were violated by frame 1 (WUF frame) across floors one, two and three. Utilising
RBS connections with a c cut (geometry) equal to average limits specified in BS EN 1998-1
(BSI, 2004) and ANSI/AISC 358-16 (AISC, 2016b), frame 2 improved the frames performance
but still with design guide violations in floor 3. Fine-tuned RBS connections on floor 3 (frame
3) allowed a more efficient frame performance to be achieved which satisfied the capacity design
and medium to high ductility requirements in BS EN 1998-1 (BSI, 2004).

6.1.5 Appendix A: The Potential for 3D Printed Connections in the Design and
Retrofitting of Steel Structures

An extensive critical literature review was used in Appendix A to propose the future use of addi-
tive printing techniques for beam column connections which could allow designers and retro-fitters
the freedom to produce a wide range of connections with specified characteristics. As a results the
objectives No. 1 and No. 7 from Section 1.4 were achieved.

The range of connections critically reviewed fell into three groups: weakening sections of the beam,
fuse type connections and self-centring connections. These effective methods shift the damage away
from the column or beam-column-connection and into the beams or replaceable sections of the con-
nection or beam. However, many of these connections still do not solve the problems of a) no efficient
design methodology provided that can produce an efficient acceptance criteria, b) no optimal solution
has been developed for steel frames where these new connections or innovative methods have been
implemented and c) many of the the new connections and innovative methods discussed in Appendix
A do not have the flexibility to be easily adjusted. In order to optimize steel frames with replaceable
connections, the stiffness and strength (and consequently the energy dissipation) of the connection
needs to be easily controlled. For optimization, a large number of the same connections with varying
geometries and non-linear dynamic responses need to be produced. Currently, there is no connection
that has sufficient flexibility or that can be easily changed and adjusted. Perhaps a solution to this
problem lies in developing a concept and framework for an additively printed connection that can
dissipate the seismic energy through the yielding of small components within the connection, leading
to a lateral displacement (energy absorbing) method for absorbing energy.

Additive printing provides the opportunity to produce a huge range and variety of different con-
nections at no extra cost. Appendix A explores the superior behaviour of 2D and 3D additively
printed lattices compared to their solid counter part sections. Lighter, more efficient and stronger
shapes of additively printed lattices lead to increased energy absorption; utilising these properties
opens up opportunities for connections with designed characteristics and specified performance. The
ideal solution would allow additively printed beam-column connections that can be tailored to achieve
different performance targets in different parts of the structure by adjusting the geometries of the
connection (and consequently the stiffness and strength of the connection which effects the energy
absorption characteristics of the connection). This would allow an optimal solution to be achieved
which is highly flexible, where the characteristics of each connection can vary significantly.

While this idea may seem unrealistic at this current time, with the speed and rate of developing
technology, advances in additive (3D) printing and leaps and bounds in the sophisticated computer
technology, could the answer to the future design of optimized seismic connections lie within additive
(3D) printing?
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6.2 Recommendations for Future Work

As a result of the work completed in this research, the following recommendations for future work
have been proposed:

1. A proof of concept method for the performance-based design of steel RBS frames has been
demonstrated in Chapter 5, where the set of deep learning NNs developed in Chapter 4 was
used to assess the performance of a steel frame. Chapter 4 shows that the performance of the
frame in terms of rotational damage can be improved by varying the RBS geometries. There
is scope for further investigation for multi-criteria performance-based optimization of steel RBS
frames under non-linear dynamic seismic excitations to control the seismic performance under
different earthquake intensity levels.

2. The simple trial and error system for achieving an optimum performance, developed in Chapter
5, has scope to be applied in future optimization methods to achieve better frame performance.
This method, to achieve a more efficient solution, can be incorporated into multiple permutation
steps in larger multi-storey frames in order to improve the frames performance under strong
earthquake events. In addition, a multi-criteria optimization approach could also be incorporated
into this methodology for different performance design levels and a range of damage indication
parameters.

3. A cost analysis for the construction and fabrication of varying RBS connections in a steel moment
resistant frame should be conducted. A whole life cycle for implementation of this proposed idea
would be beneficial.

4. The potential for 3D printing in the development of future steel connections have been pro-
posed in Appendix A. Further research into how 2D and 3D lattices can be incorporated into
connections in order to develop bespoke seismic energy absorbing connections through lateral
displacement energy absorbing by yielding of small components within the connection should be
researched.

5. In order to develop item 4, representations for the full non-linear cyclic hysteretic behaviour of
the potential 3D printed connections could be developed. This would allow scope for the multi-
criteria performance-based optimization of steel frame incorporating these 3D printed connec-
tions, as developed in Chapter 5 and suggested in item 1 and 2.
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Appendix A

The Potential for 3D Printed
Connections in the Design and
Retrofitting of Steel Structures

This appendix explores the potential application of utilising and retrofitting additively manufactured connections

in steel structures. The concept of applying the general principles of Chapter 4 and Chapter 5 into additively

manufactured connections is examined. This appendix is based on the paper titled: The Potential for 3D Printed

Connections in the Design and Retrofitting of Steel Structures, with the intention of submitting to Journal of

Advances in Structural Engineering date tbc. It should be noted this appendix reads as a standalone paper. It

may repeat sections previously introduced in this thesis.

A.1 Abstract

European and American design codes specify RBS connections as a method of protecting columns
through a capacity based design. The weakened sections of beam in the RBS dissipate the seismic
energy through plastic yielding of the beam flanges and web. While RBS connections provide a safe
and stable frame performance under earthquakes, they do not solve the problem of 1) large plastic
deformations of structural members, 2) large residual storey drifts, 3) high repair costs and 4) loss
of serviceability. There are three broad groups of new, novel and interesting connections which have
been proposed in literature aimed at solving these problems which include weakening sections of the
beam, fuse type connections and self-centring connections. However, many of these methods have
a) no efficient design methodology which can provide an efficient acceptance criteria, b) no optimal
solution for steel frames which can be implemented using these connections and c) no adaptability of
connections to enable easy adjustment of mechanical stiffness and strength properties required for any
design situation and optimized solution. This Appendix reviews the current literature and research into
steel beam-column connections for seismic design. First, a literature review of Reduced Flange Section
connections has been conducted followed by the many different novel dampers and energy dissipation
devices, integrated into connections as fuses, self centring connections, and the feasibility of integration
of Smart Memory Alloys into beam-column-connections as a means of re-centring damaged frames.
Finally, a literature review of additive printing methods and techniques has been completed. The
superior behaviour of additively printed 2D and 3D lattices suggests that stronger, lighter and more
efficient energy dissipative connections could be produced. As a result of this work, additive printing
techniques are proposed for beam column connections which could allow designers and retro-fitters
the freedom to produce a wide range and variety of connections with specified characteristics.
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A.2 Background

Reduced Beam Section (RBS) connections are included in European (BSI, 2004) and American
(AISC, 2016b) design codes. RBS weaken sections of the beam adjacent to the beam-column con-
nection by trimming the beams flanges which forces elastic and plastic yielding to occur in the RBS
section. The main advantages of RBS connections are the prevention of brittle fracture occurring in
conventional beam-column connections, ability to absorb the seismic energy from an earthquake by
yielding at the RBS and provision of a specifically weakened point in order to protect the columns
and beam-column welds joints (BSI, 2005; AISC, 2016b).

However, there are four main problems faced by structures incorporating RBS sections in the after-
math of an earthquake: 1) large plastic deformations of structural members, 2) large residual storey
drifts, 3) high repair costs and 4) loss of serviceability. While conventional methods of RBS design
provide a safe and stable design which prevents the collapse of the structure during an earthquake, often
structures are permanently damaged to such an extent that they become unserviceable. Following an
earthquake it may be to be more viable to demolish and rebuild structures rather than retrofit and
repair. This extensive literature review examines the various retrofitting proposals, improvements to
existing connections and new proposed ideas to address these four main problems.

1. Large plastic deformations of structural members: Under current design methods for
moment resistant steel framed buildings the beams are allowed to form plastic hinges at either
end resulting in significant yielding damage to the beam after an earthquake and damage (Sultana
and Youssef, 2016b; Moradi and Alam, 2017), not only to the steel structure but also localised
damage to building services, which in turn leads to expensive and time consuming rehabilitation
consequences (Tong et al., 2016; Valente et al., 2017a,b). Although buildings are designed for a
no-collapse and damage limitation requirement under BS/EN 1998 (BSI, 2004), with checks for
compliance criteria for the ultimate and damage limitation states, this methodology of design
produces large amounts of permanent damage and residual deformations.

2. Large residual storey drifts: Farmani and Ghassemieh (2016) noted that significant residual
deformations in steel structures after severe earthquakes are a result of plastic hinges forming
in the beams and Baiguera et al. (2016) state that residual inter storey drifts need to be better
controlled. These residual drifts according to Valente et al. (2017a,b); Banisheikholeslami et al.
(2016); Vasdravellis et al. (2013b,a) are difficult to inspect requiring repair that leads to high
social-economic losses. Dimopoulos et al. (2013) summarises the social and economic losses
associated with the repair of large residual drifts, including high repair costs, loss of building
functionality (such as business interruption) and potential building demolition due to large
residual inter-storey drifts (Priestley, 2000; Iqbal et al., 2016; Moradi and Alam, 2017).

3. High repair costs: The Northridge earthquake led to many beam to column connection failures.
According to Castiglioni et al. (2012b,a) large repair costs were required in order to make the
steel structures serviceable and advises that steel structures must be simple and cost effective
to repair, as structural repairability of members poses a significant problem. Baiguera et al.
(2016) and Moradi and Alam (2015) conclude through recent studies that repair costs are not
viable when residual drifts are greater than 0.005rad. Chan et al. (2009) and Xu et al. (2016)
note that permanent damage from a serious earthquake is often so large that it is too expensive
to repair and in some cases it is more economical and cost effective to demolish and rebuild a
severely damaged building than to attempt retrofit or repair (Castiglioni et al., 2012b,a; Lin,
2015; Moradi and Alam, 2017).

4. Loss of serviceability: Buildings are designed to Collapse Prevention under a Maximum Con-
sidered Earthquake and to Immediate Occupancy under a Design Basis Earthquake (Garlock
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et al., 2007). The MCE corresponds to a return period of a 2% probability in 50 years and
the Design Basis Earthquake corresponds to a return period of 50% probability in 50 years (Jin
and El-Tawil, 2005). A buildings performance can be significantly improved (in relation to the
amount of structural damage sustained) by increasing the Immediate Occupancy performance
level to achieve a return period of 2% probability in 50 years or the MCE. McCormick et al.
(2008) conducted a study to assess the effects that residual drifts have on the occupants of
buildings. They concluded that residual drifts of 0.5% (0.005rad) are considered as maximum
permissible drifts. According to Erochko et al. (2010) if residual drifts of 0.5% are taken as
the level beyond which structures are practically usable, then Special Moment Resistant Frames
(SMRF) and Buckling-Restrained Braced Frames (ERBF) will not meet this immediate occu-
pancy requirement. This is due to 79% and 60% of the design-level earthquake ground motions
applied in Erochko et al. (2010) analyses, caused residual drifts greater than 0.5% in SMF and
BRBF respectively. Xue and Chen (2003) highlights that even though a structure is designed
against collapse, large amounts of damage may still occur in the building leading to a loss of
serviceability.

A.3 Scope of this literature review

Proposals of new ideas for seismic design have been investigated by many researchers and presented
in papers throughout literature. A detailed review of these proposals are explored in this Appendix.
Many research papers have been produced on seismic resistant steel framed beam column connections
that allow plastic hinges, and thus energy dissipation, to occur in either the beam or in the connection
itself. Different methods ranging from simple to complex, such as: reduced beam and web sections,
self-centring framed connections, self-centring pre-tensioned connections, replaceable fuse type damper
connections and smart memory alloys (SMA) have been proposed by many researchers. Many of these
methods seek to reduce the residual deformations, inter-storey drifts and larger plastic deformations
that occur in both the steel beams and in the building.

Much research have been conducted on dampers located at the vicinity of the beam-column connec-
tions as a means to protect structural members from damage through friction or energy dissipation
(Hsu and Halim, 2017). Fully welded connections cannot be easily replaced or repaired after a seismic
event, thus, bolted connections with replaceable sections offer a more versatile solution (Oh et al.,
2009; Köken and Körolu, 2015). Researches have proposed replaceable fuse type connections capa-
ble of sustaining multiple cyclic loading and absorbing seismic energy (Vasdravellis et al., 2013b,a).
However, replacing dampers in a structure after a large-scale earthquake has proved to be both an
economic and operational problem (Jahangiri et al., 2016). Thus, the ideal solution would need to be
easily replaceable to minimize repair costs (Valente et al., 2017a,b).

The aim of this Appendix is to carry out an extensive literature into the existing steel seismic beam
column connections. Subsequently, a review of some of the additive printing methods and techniques
that have recently been conducted. This Appendix proposes the use of additive (3D) printing of parts
or whole beam-column-connections in order to produce superior seismic resistant connections and
reduce or eliminate plastic deformations in beams, residual storey drifts, high repair costs and loss of
serviceability.

A.4 Novel dampers and energy dissipation devices

Web Hourglass Pins (WHP) were first proposed by Kobori et al. (1992). Aa honeycomb damper
(Figure A.4.1a) system and an hourglass-shaped damper (Figure A.4.1b) were proposed. The work
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showed the development and application of honeycomb dampers and hour glass-shaped dampers to
absorb the seismic and vibrational energy in a 29 storey building and indoor ski-slope respectively.

(a) (b)

Figure A.4.1: Novel energy dissipation devices (a) honeycomb damper and (b) Hourglass Pin (WHP)
(Kobori et al., 1992)

Experimental results by Kobori et al. (1992) demonstrated excellent energy dissipation capacities
with a butterfly shaped hardening characteristics at larger amplitudes of displacement and non-linear
analysis showed how the structural displacements, storey drifts, maximum shear forces were reduced
in the structures where the dampers were retrofitted.

A.4.1 Experimental evaluation of WHP

Vasdravellis et al. (2014) investigated the behaviour of WHP to evaluate how they performed and
their application for use as steel yielding devices. The fracture capacity and the hysteretic behaviour
of the hour shaped devices were investigated through testing of three types of steel: 1) HSS high
ductility stainless steel carbon grade M1020, 2) SS304 stainless steel austenitic grade 304 and 3)
SSD Duplex stainless steel. The yielding behaviour of the WHP is shown in Figure A.4.2. Fracture
commonly started from section 1 in cyclic loading. Cracks formed also in sections 2 and 3. Ultimately
the connections fractured at section 1.

Figure A.4.2: Yielding of a WHP after testing (Vasdravellis et al., 2014)

The results showed that SS304 has the highest ductility followed by SSD with HSS having the least
ductility. Monotonic tests showed that the hour glass connections are ductile and do not fracture
and cyclic loading showed a stable hysteretic response. The SSD has a more reliable response and
hence proved to be the most practical for seismic energy absorption applications. WHPs were noted
to achieve a ratio of fracture displacement to yield displacement (ductility), suggesting that WHPs
have adequate cyclic ductility and will not produce a sudden drop in strength which can accelerate
the collapse of a frame.

A.4.2 WHPS integrated into moment frames

Baiguera et al. (2016) proposed a moment resistant frame (Figure A.4.3a) combined with concentric
braces which used the novel hour glass shaped energy dissipative pins (WHP) proposed by Vasdravellis
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et al. (2014) at the connection as replaceable fuses (shown in Figures A.4.3b and A.4.3c). The WHP
are designed to dissipate energy by yielding of the high post yield stiff WHPs in the locations where
plastic hinges are expected to occur in the beams. Experimental results showed that the WHPs
produced a uniform distribution of plastic deformation in order to delay fracture and increase energy
dissipation. Equations to predict the mechanical characteristics and capacity of the hour glass shaped
pins were developed. The beam fuses presented in Baiguera et al. (2016) are designed to follow the
same methodology as Shen et al. (2011), where a steel plate was bolted between two beams in order
to concentrate and localise the plastic deformation in this plate.

(a) (b) (c)

Figure A.4.3: (a) Concentric braced moment frame with SSD-WHP connections, (b) section through
the SSD-WHP connection and (c) experimental tests on the WHPs (Baiguera et al., 2016)

Baiguera et al. (2016) showed through push over analysis of the frame, that the integrated WHP
fuse sections reduced the base shear and horizontal drifts. However, more tests should be undertaken
to take into account the specific boundary conditions which may affect the performance of the WHPs.
Baiguera et al. (2016). concluded that the proposed dual frame shown in Figure A.4.3a allowed plastic
deformations to be concentrated in the fuses. The WHPs give the system a much higher post yield
stiffness. Results showed that the combination of both the WHPs and bracing drastically reduced the
maximum residual drift. The WHPs have been designed to have large yield displacements in order to
minimize the likelihood of fracture and prevent collapse.

A.4.3 Sliding controlled coupled beam module

A novel sliding controlled self-centring coupled beam module adopted by Lin (2015), shown in Figure
A.4.4, was adopted for a global frame analysis of a steel frame. The module consists of two wide flange
beams are mounted on top of each other with a number of post tensioned stands between them. Energy
dissipation devices are also located between the wide flanged beams consisting of friction bolts, steel
plates and tee sections to dissipate the energy. Lin (2015) investigated the performance of the new
self-centring couple beam system using OpenSees (a finite element dynamic package). A non-linear
model was created and a static pushover analysis was used to verify its behaviour. A dynamic time
history analysis was performed in order to investigate how the frame responded to 44 different ground
motion records.
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Figure A.4.4: Sliding controlled coupled beam used in the frame analysis (Lin, 2015)

From the static push over analysis Lin (2015) showed that the sliding couple beam system achieved
the expected limit states with some column base yielding which consequently reduced the moment-
rotation stiffness. The peak story drifts indicated that the couple beam system could reduce the
damage to displacement-sensitive elements of a building. In addition, the minimal residual story
drifts of about 0.0002% also showed that minimal residual damage of the building frame would occur
compared to a frame without the coupling module. Finally, the ground floor accelerations were also
very small, suggesting very little damage would occur to acceleration-sensitive building elements.

A.4.4 Weld free cast steel energy dissipation connections

Two innovative weld free beam to column connections have been proposed and investigated by Tong
et al. (2016). The cast steel connections shown in Figure A.4.5a were labelled as C1 type connection
and C2 type connection. The “C1“ type dissipative device was designed for unidirectional deformation
only and the “C2“ type device for bidirectional deformations.

Tong et al. (2016) wanted to force the deformation and energy dissipation away from the beam
(and column) and into the dissipative connection to allow easy replacement of the connection after a
seismic event. Figure A.4.5b shows five different arrangements of the dissipation devices to form five
connections. These consisted of a combination of the new innovative dissipation devices (C1 and C2
– shown in Figure A.4.5a) as well as shear tabs and traditional welded T-stubs (WT1 and WT2).

(a) (b)

Figure A.4.5: (a) Weld free cast steel connections with “C1“ type on the left and “C2“ type on the
right (b) Five different connection combinations investigated (Tong et al., 2016)

All of these connections tested by Tong et al. (2016) eventually failed by the fracturing of the cast
steel energy dissipation devices. The traditional welded connections all failed by fracture of the T-
stub along the weld line. Tong et al. (2016) concluded that the innovative cast steel devices have a
good energy dissipation capacity. The shear tab did not improve the energy dissipation capacity of
the connection but did increase the stiffness and strength, therefore, it was recommended that the
shear tab should not be used unless large shear forces are present. A simple equation to determine
the resistance of the connection and design recommendations relating to connection detailing and
preliminarily design for the cast steel dampers were also proposed.
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A.4.5 Slit dampers

Oh et al. (2009) developed a metallic slit damper, shown in Figure A.4.6a, that limited the plastic
deformations of the connection into the damper which can easily be replaced. The slit damper actively
plastics before any damage occurs in the beam-column connection, achieving suitable energy absorbing
characteristics. Four different arrangements were tested: two different arrangements of slit damper
geometry (shown in Figure A.4.6b), and each tested with and without a concrete slab present above a
welded moment connection. The results showed that all slit damper configurations sustained rotations
over 0.03rad with no sign of plastic deformation in any parts of the beam or column, an ultimate state
was achieved at 0.04rad of rotation. The slit dampers absorbed on average 94% of the energy showing
that the energy absorption of this connection is mainly in the dampers (more specifically the damper
struts – shown in Figure A.4.6c) rather than in to the beam.

The presence of a reinforced concrete slab affects the position of the neutral axis and hence causes a
larger strain on the lower flange, leading to a potential brittle fracture at the bottom flange. Oh et al.
(2009) showed that the deformation capacity of a composite connection was half of that of a steel
beam connection with the slit damper at the lower flange. Experimental tests were also compared to
a conventional welded connection, shown in Figure A.4.6d. This welded connection sustained major
local buckling, demonstrating how the slit damper can absorb most of the energy and concentrate
all of the deformation to the dampers struts (Figure A.4.6c). Slit dampers are located at the lower
flanges of the beam, to allow easy replacement even if a reinforced composite concrete slab is present.
Oh et al. (2009) concluded that this damping system provided stable hysteretic energy absorption
behaviour with the plastic rotations concentrated only in the replaceable slit dampers.
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(a) (b)

(c) (d)

Figure A.4.6: (a) energy dissipation device connection (b) two different geometries of slit damper
investigated (c) yielding of the slit damper and (d) deformations due to local buckling in cases where
no slit damper is present (Oh et al., 2009)

Köken and Körolu (2015) carried out experimental studies on beam to column connections with
slit dampers in order to dissipate lateral cyclic loading. The slit damper tested, shown in Figure
A.4.7a allows the structure to be easily repaired. Köken and Körolu (2015) carried out three full
scale experiments using two dampers (Figures A.4.7b) and one traditional extended end plate (Figure
A.4.7b). They observed that for the end plate connection buckling of the lower flange of the beam
occurred after 0.02rad but in both connections with dampers, rotations of 0.04 and 0.06 (for the two
different thickness of dampers 12mm and 15mm respectively) were obtained with cracks developing
in the dampers at these large rotations. Stiffeners have been added to the beam and column to help
concentrate the deformation in the damper, allowing the beams to remain elastic until the ultimate
state (typical arrangement of the connection shown in Figure A.4.7b). The larger (thickness) slit
damper of 15mm carried a higher load compared to the thinner (thickness) 12mm slit damper. Köken
and Körolu (2015) concluded that the slit dampers provide a stable hysteresis behaviour under large
storey drifts.
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(a) (b)

(c)

Figure A.4.7: (a) typical schematic of the slit damper tested and (b) connection details fitted with
the damper (c) traditional extended end plate connection (Köken and Körolu, 2015)

A.4.6 Pi damper for weak axis connections

A new and novel connection for the weak axis of a beam-column connection shown in Figures A.4.8a
and A.4.8b has been proposed by Koetaka et al. (2005). The new connection configuration consists of
U-shaped steel dampers (Figure A.4.8b) which connect the beams lower flange to a continuity plate
which is welded to the column. The top of the beam flange is connected by splice plates as shown in
Figure A.4.8a. This novel connection was developed in order to have a stable hysteresis behaviour,
large ductility capacity and a resistance to low-cycle fatigue. Koetaka et al. (2005) tested 6 different
variations of the Pi damper sub assembly as shown in Figure A.4.8c.
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(a) (b)

(c)

Figure A.4.8: (a) Connection showin the Pi damper with moment splice plates, (b) dimensions of the
Pi damper and (c) experimental set up used (Koetaka et al., 2005)

The innovative U-shaped Pi damper could provide an effective weld free moment resistant frame by
transferring the gravity loading through bending of the splice on the top flange and transferring the
moment, as a couple, through the splice and U-shaper Pi damper. The simple design of the connection
enabled it to be very predictable and precise design was to be possible through equations, as a result
of their work a number of equations are presented in Appendix A of Koetaka et al. (2005).

A.4.7 Curved steel damper

Hsu and Halim (2017) proposed to use curved steel dampers (shown in Figure A.4.9a) as an energy
dissipation device in-order to improve the strength, stiffness and energy dissipation of moment resisting
steel framed buildings. Hsu and Halim (2017) performed cyclic tests on rigid, semi-rigid steel frames
(without curved dampers) and semi-rigid steel frames fitted with curved dampers: examples of the
frames tested are shown in Figure A.4.9b.
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(a) (b)

Figure A.4.9: (a) Semi-rigid frame system with curved damper and (b) elevation of the frame and
damper system (Sabbagh et al., 2012)

The tests showed how the stiffness of the semi-rigid frames is enhanced by using the curved dampers
providing a stiffer frame compared to a semi-rigid steel frame (without curved dampers). The response
of the frame due to different sized dampers was investigated and in general, larger dampers gave lower
stiffness in structural frames. Although the rigid moment frame was the strongest the semi rigid
moment frame with dampers fitted improved the strength compared to a semi rigid moment frame
(without dampers) and the curved dampers improved the dissipation of the semi rigid moment frame
significantly providing a much larger energy dissipation compared to the rigid moment frame. The
curved dampers provided a stable hysteresis response as well as, significant improvements in the
stiffness, strength and energy dissipation compared to semi-rigid moment frames and enhanced frame
performance compared to a rigid moment frame.

A.4.8 Yielding shear panel device

Chan et al. (2009) proposed a new type of seismic energy dissipation device, which dissipates energy
through the plastic shear deformation of a thin walled steel plate welded to the inside of a hollow
section. A yield shear panel device (YSPD) is connected to the top of an inverted V-brace and the
floor panel in a structural system (shown in Figure A.4.10a). The YSPD device is made from a short
section of a square hollow section (SHS) with a steel diaphragm plate welded inside. Examples of the
YSPDs are shown in Figure A.4.10b. Twelve specimens were tested under monotonic and cyclic tests
with two different sized SHS and three different sizes of diaphragm plates with thickness t (refer to
Figure A.4.10c). Bolt holes were drilled into the flanges of the SHS and the diaphragms were spot
welded in the corners and fillet welded along the edges.
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(a) (b)

(c)

Figure A.4.10: (a) inverted V-braced frame, (b) cyclic deformations on the yield shear panel devices
(YSPD) and (c) elevation (left) and plan (right) of a YSPD (Chan et al., 2009)

From the experimental cyclic tests it was observed that specimens with thick diaphragms did not
buckle but produced largely pinched hysteresis loops while most others exhibited shear buckling
depending on the plate slenderness. Slender diaphragms offered good energy dissipation, strength
and ductility due to inelastic plate buckling whereas devices that did not buckle gave unsatisfactory
strength and energy dissipation.

A.4.9 Steel plate shear walls

Dampers dissipate energy by deformation/yielding or by another means (such as fluid dampers).
The simplest method and most widely adopted approach is a fuse device which is designed to yield
when dissipating energy and hence needs to be replaced after an earthquake (Kurata et al., 2015).

The special steel plate shear wall, included in American standards consists of a steel panel (Figure
A.4.11a) with many slits laser cut into it (referred to as links, see Figure A.4.11b and A.4.11c). Upon
shear deformation, the links behave like a flexural member with the point of inflection at mid height.
As the links yield, out of plane buckling occurs and energy is dissipated by the slit wall. The stiffness
and strength of the slit wall can be controlled by varying the aspect ratio and thickness of the links.
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(a) (b) (c)

Figure A.4.11: (a) elevation of the slit shear wall, (b) arrangement of the openings in the slit wall and
(b) isometric elevation of the openings (Kurata et al., 2015)

Kurata et al. (2015) investigated how the thickness and aspect ratio of the links affects the behaviour
of the slit shear wall. A finite element (FE) model of the slit shear wall was developed and used
to investigate the width-thickness ratios which control the buckling. Test results showed that the
initiation and growth of torsional deformation differed depending on the thickness ratio with the
smaller slits being more vulnerable to local buckling than yielding. They showed through test results
that the slit shear walls could be used as an assessment of the condition of the structure. They
concluded that if the links were designed to rotate at specific drift ratios in a structure, these deformed
links could be used as an indicator of the maximum deformation experienced by the shear wall (and/or
structure).

Steel plate shear walls have become integrated within the American design process. Previous re-
search has shown that steel plate shear walls are good at resisting shear deformation by a tensile action
after the onset of buckling of the links. Energy dissipation is provided by the yielding of laser cut
links, however, shear plate walls have been noted to exhibit a pinching cyclic hysteresis behaviour.

He et al. (2016) tested four different steel shear plate walls shown in Figure A.4.12. Width to
thickness ratios control the local buckling, hence, the width to thickness of the individual links in the
shear walls controls the inelastic behaviour. Early local buckling reduces the energy dissipation of the
links so in order to maintain the shear strength and stiffness, shorter links are required and should be
arranged in rows.
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(a) (b)

(c) (d)

Figure A.4.12: The different shear plate walls tested refereed to as (a) Specimen 1, (b) Specimen 2,
(c) Specimen 3 and (d) Specimen 4 illustrate the varying link dimensions investigated (He et al., 2016)

Experimental results showed that in specimen 1 local buckling occurred and a slight pinch in the
hysteresis started from a 3.5% drift ratio. Specimen 2 and 3 exhibited a large amount of dissipation
and no local buckling. Fracture of the links occurred in specimen 4 at a drift ratio of 2%. A proposed
design procedure was based on the overall dimensions of the steel shear wall and also on the width to
thickness ratio of the link. By changing the aspect ratio and width to thickness ratio, a specific shear
strength and stiffness can be achieved while at the same time maintaining the energy dissipation.

A.4.10 Cold formed steel dissipation

Sabbagh et al. (2012) investigated the moment rotation behaviour of thin walled cold form steel
sections (shown in Figures A.4.13a and A.4.13b) to identify their potential as dissipative elements
in seismic design. Typically, cold form steel has a low seismic energy dissipation capacity and beam
column connections develop premature local failures with low strength and stiffness. Sabbagh et al.
(2012) investigated how to develop plasticity in the beams rather than yielding of the material around
the bolt holes (which is usual in the relatively thin cold formed sections) and the inability of thin
walled beam elements to develop plastic hinges. The moment rotation behaviour of out of plane
stiffener configurations of cold formed steel beams were compared, as well as a study on the buckling
and post-buckling of beams with curved flanges (see Figure A.4.13b).

Moment rotation curves are shown (Figure A.4.13b) for a range of section profiles. By increasing
the number of bends in the flange the moment strength and initial stiffness is also increased. Sabbagh
et al. (2012) also investigated how vertical stiffeners affected the performance of the connection (shown
in Figure A.4.13c). It was noted that premature web buckling occurred in the case where no stiffeners
were present, where a large force concentration was detected in the first line of bolts.
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(a) (b)

(c)

Figure A.4.13: (a) Cold formed steel connections, (b) profile of the cold formed steel sections and
moment rotation curves and (c) experimental tests with additional out of plane stiffeners for increased
stiffness (Sabbagh et al., 2012)

FE analysis showed that bending the flanges, increased the level of stiffness which can be achieved
(with the maximum stiffness occurring when curved). FE analysis of the connection also showed
that out of plane stiffeners are needed in-order to improve the bending strength and ductility of
cold formed steel connections, and that the optimum configuration of stiffeners (adopted from a FE
analysis) improved the moment strength, ductility and hysteretic energy dissipation capacity.

A.4.11 Retrofitted rubber dampers

Cao et al. (2016) reported on a rehabilitation project in a building where oil dampers (which
were damaged due to pounding and over extending leading to significant damage beyond repair)
were retrofitted with rubber bearings. A non-linear time history analysis was performed to select
the appropriate retrofit strategy. The retrofitted isolators, shown in Figures A.4.14a and A.4.14b
give smaller acceleration and displacement responses compared to the oil dampers under a simulated
response. They are also able to accommodate large inter storey drifts and produce a stable hysteresis
curve. Although the rubber isolators cannot enhance the load carrying capacity, they do however
suppress the vibration responses and produce a stable hysteric response (shown in Figure A.4.14c)
capable of absorbing significant energy. Cao et al. (2016) concluded that the target performance of the
energy dissipation device should be set based on the building performance level for the rehabilitation
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design.

(a) (b)

(c)

Figure A.4.14: (a) section through the rubber damper, (b) plan view of the rubber damper and (c)
stable cyclic hysteresis of the rubber damper (Cao et al., 2016)

A.4.12 Innovative weld free energy dissipative connections

Inoue et al. (2006) proposed a new structural system, shown in Figure A.4.15, which consists of
a mechanically joined weld free arrangement with a metallic yielding damper for a beam to column
joint. A weld-free system was proposed in order to avoid problems with defective welds and other
detailing which could lead to brittle failure (such as backing bars and weld access holes). This research
idea was to use a metallic yielding device at the beam to column joint, very high strength bolts and
restraint bucking.



APPENDIX A. POTENTIAL FOR 3D PRINTING IN STEEL STRUCTURES 169

(a) (b)

(c)

Figure A.4.15: Weld free assembly of the connection investigated with (a) double side bracing and (b)
single side bracing (b) detailing and section of the bracing connection members (Inoue et al., 2006)

The top of the wide beam flange and the top of the wide column flange are bolted using shear and
splice plates allowing the beams to rotate at their top flanges. Buckling braces, made of two steel tee
sections, sandwich a core plate with a welded end plate at either end to provide a bolted connection
to the column flange. These braces are present above and below the beam, Figure A.4.15a, and only
beneath in Figure A.4.15b. Beams and columns are expected to respond in the elastic range with only
significant yielding occurring in the buckling restrained braces.

The braces were designed to withstand twice the storey drift limit. The design criteria proposed
assumes that yielding only occurs in the braces, the core plate axial strain must be limited and the
restraining sheath in the brace must remain elastic. The lateral torsional stability of the braces have
been investigated by Kawai et al. (2012) in an attempt to address these issues through experimental
evaluation. The weld free set up provided a good hysteresis behaviour compared to conventional
connections and moment resistant frames.

A.4.13 Improvements to double split tee connections

Latour and Rizzano (2015) proposed and developed a new concept of the double split tee stub
connection. Normal tee stubs (Figure A.4.16a) are characterized by pinching and strength degradation,
however, X-shaped double split tee stubs (Figure A.4.16b) have hour glass shaped flange plates to
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spread the plasticization over the whole T-stub flange plate. Experimental tests (Figure A.4.16c) were
conducted on a conventional double split tee connection and X-shaped double split tee connections
(Figure A.4.16d) in order to compare their cyclic behaviour. The X-shaped flange has a higher
dissipation capacity and does not exhibit strength degradation up to failure, which occurred in the
heat-affected zone with a crack occurred in the hour glass shaped part of the flange.

(a) (b)

(c) (d)

Figure A.4.16: (a) Conventional double split tee, (b) X-shaped double split tee, (c) double split tee
experimental testing set up and (d) the conventional double split tee connection on the left and the
x-shaped double split tee connection on the right (Latour and Rizzano, 2015)

The experimental results showed that compared to a typical tee stub connection, the X-shaped
tee stub connection has a much higher energy dissipation and a better strength degradation which
enables it to concentrate the plasticization in the desired parts of the connection facilitating repair
after seismic events. The performance of the connection could be controlled by calibrating the width
and thickness of the tee stub and the distance between the bolts and the arising plastic hinge in the
stem-flange connection.

Further research conducted by Latour et al. (2015) proposed the use of frictional pads integrated
into double split tee connections and the effects of different types of materials (steel, brass and rubber)
frictional dissipation devices using the test set up and apparatus shown in Figure A.4.17a. Classic
double split tee connections with friction dampers incorporated into the joint detail are shown in
Figure A.4.17b and the test set up shown in Figure A.4.17c.

Latour et al. (2015) concluded that the frictional double split tee connection is much less expensive
than the traditional connections because over strength does not need to be provided in the form of



APPENDIX A. POTENTIAL FOR 3D PRINTING IN STEEL STRUCTURES 171

cover pates or haunches but, the damage free connections do not return to their original position after
slippage occurs which suggests that large residual drifts are probable.

(a) (b)

(c)

Figure A.4.17: (a) Experimental arrangement and testing of the five different frictional materials, (b)
double split tee connection arrangement and (c) the frictional and dynamic behaviour exhibited bt
the double split tee connection during testing (Latour et al., 2015)

A.4.14 Sliding hinge joint

A sliding hinge joint, shown in Figure A.4.18, which rotates about a pin at the top of the beam
flange shown as point of rotation in Figure A.4.18a was proposed by Clifton (2005). The sliding hinge
joint is rigid under static loading but allows inelastic rotations under seismic or major earthquake
excitations. Energy is also dissipated through an asymmetric friction connection at the bottom of
the beam flange – enlarged details of the bolts, cleat and shims are shown in Figure A.4.18b. Yeung
et al. (2013) conducted an experimental study in order to provide a better understanding of how the
connection behaves.
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(a) (b)

Figure A.4.18: (a) Sliding hinge joint first proposed by Clifton (2005) and (b) the asymmetrical friction
connection setup of the energy dissipating device in the sliding hinge joint (Yeung et al., 2013)

A.5 Replaceable fuse type connections

Most seismic design codes allow the energy from an earthquake to be dissipated in a building
through inelastic deformations in the beams (or sometimes in the connections). This however leads
to permanent deformations often incurring large repair costs in the building (Vargas and Bruneau,
2006). Fuse type connections consist of “links“ between the beam and beam-column connection which,
are usually bolted for easy replacement. Located in the position where the plastic hinge is likely to
occur, these links are weaker than the beam and beam-column connection. This forces localised
damage to occur in the links in order to protect the structure. Vargas and Bruneau (2006) suggest
that the damage should be directed into easily replaceable fuses to allow easy replacement of these
structural parts of the building. They proposed a design procedure for replaceable structural fuses
based on a parametric study which considered the response of Single Degree Of Freedom (SDOF)
non-linear structures under artificial ground excitations. The “upper bound“ of the design procedure
is controlled by an allowable storey drift, while values of the post yield stiffness ratio are chosen based
on a capacity design for the type of fuse used in the connection. The ductility and post yield stiffness
ratio are defined as target values. Vargas and Bruneau (2006) defined a procedure which designs an
efficient frame for a specific set of design parameters which was subsequently verified using a non-linear
time history analysis.

A.5.1 Dissipative devices research project

A “Dissipative Devices for Seismic-Resistant Steel Frames“ (Vayas et al., 2013) investigated steel
moment frames developed with dissipative fuse type connections: a bolted web and flange plate
connection for a beam-column connection and dissipative pins for a shear wall assembly. The aims
were to deliver a high level of ductility while at the same time providing repairable or replaceable
components. A fuse type beam-column connection was developed by shown in Figures A.5.19a and
A.5.19b, to control and concentrate the damage sustained during an earthquake leaving the beam and
columns damage-free while at the same time being easy to replace. The stable hysteretic behaviour
of the fuse allowed the damage to be concentrated in the fuse plate. A maximum rotation of 0.05rad
was achieved by the connection and the minimum rotation capacity according to the European Design
code (BS/EN 1998-3 (BSI, 2005)) was achieved.
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(a) (b)

Figure A.5.19: (a) Bolted fuse connection arrangement with the presence of a concrete slab and (b)
elevation of the bolted fuse (Vayas et al., 2013)

A.5.2 Bolted fused web plate

Castiglioni et al. (2012b) carried out experimental testing of a bolted fuse type beam-column con-
nection. The fuse type connection, shown in Figure A.5.20a, consists of bolted flange plates (Figure
A.5.20b) and bolted web plates (Figure A.5.20c) connecting the beam to the column using high
strength bolts. The energy dissipation is concentrated in these sections and are designed to develop
plastic hinges so that they can be easily replaced after seismic loading.

Castiglioni et al. (2012b) conducted experimental tests (Figure A.5.20d) on four different specimens
of fuse device which had varying thicknesses of the steel fuse plates. Moment rotation diagrams of the
different fuses were produced, which, in general, showed a stable hysteretic behaviour with pinching
due to the high strength bolts slipping and the fuse plate buckling. Energy was mainly dissipated by
yielding and buckling of the plates and friction between the plates and connection surface.

(a) (b)

(c) (d)

Figure A.5.20: (a) Bolted fuse plate connection and (b) experimental tests on the bolted fuse web and
flange plates(Castiglioni et al., 2012b)

In general the beams and columns remained elastic with the inelastic behaviour being concentrated
in the fuse connection. The results showed that fused connections with higher values of capacity
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ratios gave better performances but connections with capacity ratios close to unity were not able to
concentrate the damage to just the fuse connections.

A.5.3 Replaceable bolted steel plate

Valente et al. (2017a), carried out two experimental tests using a replaceable bolted fuse type link in
a beam column connection incorporated into a composite steel and concrete set-up. The performance
of the fuse device was assessed under cyclic loading. Results showed that the proposed device was
easy to replace and isolated the large plastic deformations in the fuse through yielding, proving a good
source of energy dissipation.

(a) (b)

(c)

Figure A.5.21: (a) Bolted fuse plate connection arrangement, (b) experimental set up of the bolted
fuse plate connection and (c) FE models of the four bolted fuse plate connections assessed (Valente
et al., 2017a)

Experimental tests from Valente et al. (2017a) were used to validated FE models. Four different fuses
with varying slenderness, which were determined by the thickness of the fuse plate, were compared in
the validated FE model. Non-linear dynamic FE analysis to assess the performance of the composite
steel frames with the replaceable links using a computer code SIMQKE was also conducted. This
enabled multi-storey composite steel frames to be analysed using simple numerical models calibrated
from the experimental results. Results from the non-linear FE analysis of steel frames incorporating
bolted fused connections lead to a reduction in the lateral stiffness and generally larger maximum
displacements of upper floors, however, smaller residual drifts were noted. Higher amounts of total
energy were dissipated in bolted fused frames giving a more stable plastic hinge formation under high
seismic actions and gave larger ductility factors.
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A.5.4 Welded fused web plate

Valente et al. (2017b) conducted a similar study but on welded fuse plates in a steel concrete
composite floor system, shown in Figure A.5.22a. The fuse device consisted of steel plates welded to
the web and the bottom flanges of the beam, providing a replaceable connection, allowing the plastic
deformations from the stresses to be concentrated in the welded plates and hence protecting the rest of
the beam, column and connection and preventing damage spreading into other parts of the structure.

(a)

(b)

Figure A.5.22: (a) Welded fuse plate connection arrangement and (b) FE models of the four welded
fuse plate connections assessed (Valente et al., 2017b)

Detailed FE models were used to analyse the response of the proposed connection – the gap between
the connection was varied in order to investigate the effect of the buckling length of the steel plate on
the connection; the cross section of the steel plates was also varied with four different geometries of
welded fuse plate (refer to Figure A.5.22b).

Valente et al. (2017b) also investigated how steel framed multi-storey buildings with composite beam
to column welded fuse plate connections responded through non-linear dynamic and static analysis.
Three different steel frames with three, six and nine storeys were used and three different dynamic
artificial earthquake records were applied to the steel frames through a computer code, and results were
compared to conventional steel framed composite beam buildings. Generally, compared to conventional
steel frames, the presence of the welded fuse plate gave larger maximum roof displacements but smaller
base shears which varied depending on the resistance capacity of the welded fuse connections. The
welded fuse plate frame were able to dissipate larger amounts of energy but larger maximum rotations
were observed as a result of the welded fuses deforming and absorbing more energy. A collapse
assessment showed that lower base shear forces were experienced for the welded fuse connection due
to a reduction of the fuses bending moment capacity. Valente et al. (2017b) concluded that the position
of the fuse is important and by moving the connection away from the beam column connection the
top displacements of the frame could be reduced if the distance is too large plastic deformations occur
in the beam or even in the column.
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A.5.5 Non-linear replaceable fuse links

Shen et al. (2011) proposed two replaceable links: a W-section with bolted end plate connections
(Figure A.5.23a) or back-to back channel sections with bolted web connections (Figure A.5.23a).
Results indicated that frames fitted with the replaceable non-linear connection provided equivalent
strength and ductility compared to conventional frames. The W-section end plate links showed a better
energy dissipation capacity but a lower rotational capacity (0.04rad) compared to the back-to-back
channel bolted web connections (0.07rad).

(a) (b)

Figure A.5.23: (a) W-Section replaceable fuse link and (b) back to back bolted channel section fuse
link (Shen et al., 2011)

A.5.6 Removable links in braced frame

Dubina et al. (2008) attempted to direct inelastic deformations into removable links in eccentrically
braced frames (shown in Figure A.5.24a) in order to allow easy repair and a reduced cost of rehabili-
tating a damaged building. They investigated through experimental tests (shown in Figure A.5.24b)
how extended bolted end plate connections could be used as removable links. Figure A.5.24c and
A.5.24d show examples of the links being tested.

Previous research by Dubina et al. (2001) showed that fillet welds, full penetration V welds (with
the root at the exterior part of the beams cross-section) and the presence of a weld access hole all
caused brittle failure of the beams flange during ground motions. For this reason Dubina et al. (2008)
proposed the use of a full-penetration V weld with no weld access hole and a reinforcing fillet weld
on the interior flanges and web. An over strength of the connection compared to the strength of the
link shear resistance was adopted through a capacity design rule and the use of grade S235 steel for
the link and S355 grade steel for the structure. The effect of closely and largely spaced stiffeners in
the link was also investigated. Four different lengths of link connections varying between 100mm and
700mm were experimentally tested to investigate the moment to shear force ratio.
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(a) (b)

(c) (d)

Figure A.5.24: (a) Location of the removable link in the braced frame, (b) experimental test set up,
(c) short removable link and (b) long removable link with web stiffeners (Dubina et al., 2008)

Results showed that a longer link produced larger ultimate displacements with smaller links exhibit-
ing a larger rotational capacity. Interestingly, pre-loading of the bolts did not affect the rotational
capacity. The presence of the stiffeners in the links affected the deformational capacities with closely
spaced stiffeners improving the deformation capacity.

Non-linear static and dynamic analyses were conducted for eccentrically braced steel framed building
incorporating the replaceable link connections. The eccentrically braced frames with links exhibited
larger inter-storey drifts than those without links but the links reduced the deformational demands on
other members of the structure, as intended, as well as producing lower permanent inter-storey drifts.

A.5.7 Modular construction using cast beam sections

Fleischman (2013) suggested the idea of cast steel modular components in construction and showed
that by casting specifically designed and engineered shapes, efficient and excellent energy dissipation,
ductility and a specified reliable responses can be achieved. A superior structural performance can
be achieved while improving the efficiency of structures by eliminating the need for many connection
parts. The Cast Modular Ductile Brace System, aims to achieve this superior performance through
a ductile mechanism, controlled by the relative flexural and axial strength of the cast components
relative to the main HSS member. The main advantages of this system are a controlled buckling
direction, strong bolted interface, ductile frame mechanism in the post-buckling behaviour and simple
steelwork erection. Fleischman (2013) proposed the cast modular connecting concept shown in Figure
A.5.25. These replaceable link elements utilize transverse or longitudinal bolts to connect the links to
the rest of the frame.
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Figure A.5.25: The cast Modular Ductile Brace System proposed by Fleischman (Fleischman, 2013)

Fleischman (2013) presents two interesting concepts – a cast node connection (Figure A.5.26a) and
a cast bolted plastic hinge connection (Figure A.5.26b). The cast node would eliminate a number
of failure modes and reduce the need for the amount of welding and cutting of chord pieces. It also
reduces the overall weight, however, this comes at an increase in fabrication cost. A cast bolted
plastic hinge connection using cast connection elements consists of a reduced web section and two
reduced flange sections shop welded to the beam and field bolted to the column to provide easy and
fast construction. Flared geometry and smooth precise cast edges help to provide the best possible
connection interface and transfer of forces between the beam and the column.

(a) (b)

Figure A.5.26: (a) Cast node connections and (b) cast bolted plastic hinge connection Fleischman
(2013)

A.6 Self centring connections and frames

Self-centring moment resistant frames provide an alternative connection to the welded beam column
connections (Herning et al., 2009). Post tensioned strands enable the connection to open and close
during seismic excitations. The self-centring properties of these connections enable moment resisting
frames to return to their original position with little, if any, residual storey drift.

A.6.1 Novel post tensioned self-centring connection

Jahangiri et al. (2016) investigated a new post-tensioned self centring connection, shown in Figure
A.6.27. This connection utilizes a node which dissipates energy, while at the same time has the
required stiffness, strength and ductility. Figure A.6.27b shows how the novel connection works; the
post tensioned tendons pass through the column and over the yellow rigid node grooves, through the
beam flanges and back over the node and return through the column. The column and beam webs
require strengthening using double channel sections to prevent local buckling. Jahangiri et al. (2016)
conducted monotonic experiments on this connection using a hydraulic jack to apply static monotonic
loads.
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(a) (b)

Figure A.6.27: Novel self-centring connection (a) 3D view of set up and (b) cross section showing the
self centring forces (Jahangiri et al., 2016)

Five test specimens with varied tendon lengths and strands were selected for experimental analysis.
The post tensioned connection enabled self-centring post-testing and prevented damage to the beam
and overall frame. The main advantage of this connection is the ease with which post-earthquake
repairs could be carried out without welding or bolting.

A.6.2 Web friction device

Ricles et al. (2010) carried out an experimental study on a self centring moment resistant frame
with web friction devices. This type of beam column connection utilises post tensioned strands to
provide an opening and closing of the connection in order to allow the frame to self centre (i.e. return
to its original position) after a seismic force has been applied. The addition of the web friction device
allows dissipation of energy in the connection.

Figure A.6.28a shows the typical cross section of the connection tested. Two channel sections are
welded to the column flange and attached to the beam by friction bolts and brass cartridge plates
which provide additional friction for energy dissipation. Shim plates are also welded to the column
flange to provide a large contact area. Reinforcing plates are welded to the beam flanges and to the
inside column flanges (where the holes for the post tensioned strands are located) to prevent low-cycle
fatigue.

(a) (b)

Figure A.6.28: Self-centring connection showing (a) typical cross sections and (b) flag type energy
dissipation concept (Ricles et al., 2010)
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A typical conceptual moment rotation behaviour for a post tensioned web friction connection under
cyclic loading is depicted in Figure A.6.28b (Ricles et al., 2010). Between points 1 and 2 the gap θr
opens and energy is dissipated in the friction device. If the gap is too large, the strands yield at point
3.

A performance-based design of a steel frame incorporating these self centring devices was conducted
to achieve immediate occupancy performance level under a design basis earthquake and a collapse
prevention performance level after a maximum considered earthquake. The web friction device con-
nections proved successful in self-centring the frame after design basis (immediate occupancy) and
maximum considered (collapse prevention) levels of earthquake loading.

A.6.3 Bolted flange friction device

Wolski et al. (2009) carried out an similar experimental study on self centring connection utilising a
bolted flange friction device. This device, shown in Figure A.6.29, dissipates additional energy through
a friction device located below the lower beam flange (which helps prevent interference with the floor
slab during construction). Pre-tensioned bolts with brass washers provide additional friction between
the steel and brass.

Figure A.6.29: Self centring connection with bolted flange friction device (Wolski et al., 2009)

Seven 0.6 scale tests were conducted which included both cyclic and seismic loading (Figure A.6.29).
The effects of changing the level of friction, the bolt bearing, the weld details and the loading history
applied to the device were investigated during the tests. The connection stayed damage free as long
as the post tensioned strands remained within the elastic range. Shear failure of the friction bolts
occurred after bearing on the ends of the slotted bolt holes was experienced. Furthermore, a fillet
weld to connect the friction device to the bottom of the beam should be avoided as it was noted to
have failed due to low cyclic fatigue and alternative complete joint penetration (CJP) weld should be
used instead.

Through a performance-based design Tong et al. (2011) investigated a steel frame equipped with
self centring beam column connections utilising the self centring friction device from Wolski et al.
(2009). Open Systems for Earthquake Engineering Simulation (OpenSees) was used to model the
frame at the global level as well as the connections at the local level. Zero length elements, based on
existing experimental results in Wolski et al. (2009), were used to model the self centring connections
response shown in Figure A.6.30. Compression only material properties were adopted to simulate the
gap opening of the bolted flange friction device.
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Figure A.6.30: Self centring connection with bolted flange friction device (Tong et al., 2011)

Tong et al. (2011) highlighted that a reliable performance-based design should be capable of cap-
turing the non-linear states as well as the elastic states of the connections; many studies previously
conducted in literature are limited to only the elastic analysis of the connection.

A.6.4 WHPs in self centring frames

Ductile steel moment resistant frames develop hinges in the beams in order to provide a global
plastic mechanism. Although this approach has many advantages (lower floor accelerations, smaller
base shear forces, collapse prevention) Vasdravellis et al. (2013a) note these plastic hinges lead to larger
residual drifts and large inelastic deformations making repair difficult. To eliminate these residual
deformations, flag shaped hysteresis curves need to be achieved by the connections. Vasdravellis et al.
(2013a,b) used WHPs and post tension strands to help dissipate the seismic energy, shown in Figure
A.6.31. This enhances the energy dissipation of the connection by isolating the damage in the WHPs,
eliminating the residual inter storey drifts and any damage to the rest of the connection. The WHP
pins do not interfere with the composite slab (if present), and are easy to repair without additional
bolting or welding. The pins have been optimized to enhance the energy dissipation capacity and
fracture capacity. The web of the beam has also been reinforced to avoid ovilasation of the WHP
holes. Cyclic loading experimental tests were conducted in order to assess the energy dissipation and
ductility of a post tensioned self-centring connection with integrated WHP pins. Two connections were
tested one with reinforcing beam flange plates and reduced beam web sections, and one without these
adjustments. The experimental tests conducted by Vasdravellis et al. (2013b) showed that WHP pins
accommodate a large amount of the plastic damage and can be easily replaced without any bolting or
welding.

Figure A.6.31: Self centring connection with WHP pins (Vasdravellis et al., 2013b)
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Experiments conducted on full scale specimens showed that the connection has a robust response to
cyclic loading and can sustain damage and residual drifts of up to 6%. Repeated tests where the WHP
pins were replaced, were also carried out. A finite element model was developed Vasdravellis et al.
(2013a) using the results in Vasdravellis et al. (2013b). A parametric analysis of the post tensioned
self centring connection characterised by the behaviour of the dissipative WHP pins was completed.
Material yield strength, detailing of reinforcement in the beam (longitudinal plates and RBS) and
contact plates (in the beam flange and between the beam and column faces) were all investigated
in order to enhance the connection and analyse its response. The post tensioned WHP connections
should be designed with RBS after the reinforcing cover plates to produce a stable plastic hinge as
shown in Figure A.6.32. Additional longitudinal stiffeners and contact plates should also be used in
order to help delay local yielding and prevent local buckling.

Figure A.6.32: Examples of the connection models investigated: (left) general set up (centre) additional
RBS and (right) additional contact reinforcing plates (Vasdravellis et al., 2013b)

A.6.5 WHPs in self centring frames – performance-based design

Dimopoulos et al. (2013) used the work of Vasdravellis et al. (2013b,a) and incorporated their WHP
pin connection in a global frame analysis using OpenSees. A simplified model, shown in Figure A.6.33
was created using zero length hysteretic springs elements to simulate connection behaviour including
the gap opening phenomena. The hysteresis performance of the WHPs pins was calibrated using
experimental results from Vasdravellis et al. (2013a,b).
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Figure A.6.33: Modelling of the self-centring devices in OpenSees (Dimopoulos et al., 2013)

Tzimas et al. (2015) investigated a self-centring moment resistant frame incorporating viscous
dampers in the connection through a performance-based design. The self centring connections in
the frame comprised of post tensioned connections with WHPs designed according to Dimopoulos
et al. (2013) with the addition of viscous dampers. A five step performance-based procedure was
suggested for the design of future self centring moment frames with or without the viscous dampers.
The post tensioned connection consisted of WHP pins to absorb the inelastic deformations and keep
the rest of the connection and structure damage free. The connection, in Figure A.6.31, consists of
post tensioned strands to aid the self-centring ability of the connection. Four WHPs pins are aligned
with drilled holes in the beams web and welded to stiff supporting plates that are in turn welded to
the column flanges. The beams flanges around the WHPs contact area are reinforced using steel plates
to help prevent ovalization and pinching behaviour.

A.7 Smart memory Alloys (SMA)

There are two types of of Smart Memory Alloys (SMA) which reverse the deformations: Shape
Memory Effects which uses heating or Super Elastic Effects which uses unloading (Fang et al., 2015).
Sultana and Youssef (2016b) investigated the use of SMA. Initially they analysed a conventional rigid
connected moment resistant steel frame using a simplified pushover analysis proposed by Sultana and
Youssef (2016a) and an Incremental Dynamic Analysis proposed by Luco and Cornell (1998) to identify
the floors that had significant damage under the effects of a linear and dynamic analysis respectively.
The failure and inter story drift limits were evaluated and used to decide where severe damage would
occur. Sultana and Youssef (2016b) then incorporated SMA connections into the frames to give six
different potential designs. The different designs were then analysed in terms of maximum inter storey
drifts, maximum residual inter storey drifts and damage distribution. It was found that the locations
of SMA affected the maximum residual inter storey drifts and that if all rigid connections were replaced
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by the SMA connections maximum inter storey drifts and the level of floor damage was significantly
increased compared to a rigid steel moment frame. However, if selected rigid connection locations
were chosen in the frame and replaced with SMA connections then lower maximum inter storey drifts
and levels of floor damage were observed. The SMA connections should be positioned at the top or
bottom of the critical column in order to provide the best seismic frame response.

A.7.1 SMA within beam sections

Moradi and Alam (2015) explored the feasibility of incorporating Smart Memory Alloys (SMA) into
beams (shown in Figure A.7.34) with the aim of forcing the plastic hinges to occur in the SMA so
that its reshaping properties could be used to re-centre the frame and recover residual damage drifts.
A 3D finite element model was used to analyse the intelligent SMA re-centring properties in order to
minimize damage to buildings post-seismic excitations.

Figure A.7.34: SMA incorporated within a steel beam section (Moradi and Alam, 2015)

Four different arrangements of the SMA were investigated these included using the alloy as: part of
the beam flange, part of the flange and beam and two local reinforcement arrangements of the flange
plates where the plastic hinge was forced into the memory alloy and away from the steel. The SMA
was assumed to be welded to the beam, with the beam also being welded to the box column. The use
of SMA reduced the residual inter storey drift compared to normal steel beams and the experimental
results showed that the smallest residual inter storey drift occurred in the cases where the SMA had
been used in both the web and flange, (shown in Figure A.7.34). The longer the SMA was, the smaller
the residual inter storey drifts remained. Yielding of the steel beams was avoided by reinforcing the
steel flanges enabling better re-centring of the frame. High costs are associated with the SMA to
ensure that the correct desirable properties are achieved. Also the manufacturing and welding of the
SMA to the steel beam are an area which requires further research.

A.7.2 SMA bolts

Super elastic shape memory alloy bolts and end plates were investigated by Farmani and Ghassemieh
(2016) as a method of re-centring the structural system. A FE model of the connection by Farmani
and Ghassemieh (2016) is shown in Figure A.7.35 which was validated from a finite element model
from previous experimental results and used to evaluate a number of different connection arrangements
with SMA bolts.
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Figure A.7.35: SMA bots within a bolted end plate connection (Farmani and Ghassemieh, 2016)

Two different end plate thickness were tested in order to represent thin plate (prying) and thick
plate (end plate remains elastic) failure. Different combinations of bolts were used with either 4 or 8
bolts. Normal practice allows plastic hinges to form in the beam but this study designed the bolts to
limit the joint moment capacity to less than the beam. Continuity plates (plates welded in-line with
the beams flange and from one column flange to the other) and doubler plates (plates flush on the
column web to strengthen it) were used to strengthen parts of the beam and column connection and
ensure that inelasticity was confined to the SMA bolts.

Joints with SMA bolts have similar initial stiffness but a higher drift level compared to those with
high strength bolts due to the fact that the high strength bolts lose their pre-tension after a number
of cyclic loadings. Flag shaped stress-strain diagrams, as a result of the super elastic nature of the
SMA bolts, prevents the pretension force from reducing during increased cycles of cyclic loading.

All connections tested by Farmani and Ghassemieh (2016) achieved an inter storey drift angle of
0.04rad or greater with the ductility provided by the end plate and in the shanks of the SMA bolts.
Higher energy dissipation in the SMA bolts compared to high strength bolts was observed as they
could tolerate a higher number of loading cycles although the energy dissipation per cycle of the SMA
bolts was smaller than that of the high strength bolts.

Hu et al. (2012) investigated the new connection shown in Figure A.7.36, consisting of shear tabs,
clip-angles, steel shear bolts and SMA tension bolts. Two numerical models built in OpenSees were
developed one using high strength bolts and the other using SMA tension bolts. The numerical models
were calibrated from previous experimental results and the model was able to capture the slip and
prying of the connection, as well as the bolt bearing demands.

Figure A.7.36: New type of connection analysed with and without SMA bolts (Hu et al., 2012)
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Compared to the connection with standard bolts, the SMA connection arrangement exhibited: 1)
larger re-centring capabilities, 2) lower ultimate strength capabilities, 3) larger recoverable deformation
and 4) a fatter energy dissipation curve leading to a larger energy dissipation capacity.

Fang et al. (2015) investigated the performance of using SMA bars in connections by carrying out
multiple tests on SMA bars under different loading conditions. Increases of residual displacement in
the experiments and in practice, leads to complex loading of tension, shear and bending on the bolt.
Fang et al. (2015) suggested that because of the low shear and tensile strength of the SMA bolts
(compared to high strength bolts) they should not be used to fully replace the high strength bolts.
Instead they proposed a system comprising of a combination of SMA bolts and high strength bolts
with spring washers, as shown in Figure A.7.37. The deformation can then be concentrated in the
spring washers.

Figure A.7.37: Connection analysed using SMA bolts (Fang et al., 2015)

A FE model was developed which showed that the energy dissipation is concentrated in the bolts
rows while the end plate and column flange remain elastic. They also concluded that the SMA bolts
do not respond well under direct shear and do not have good tensile properties compared to high
strength bolts, however, they have a reasonable energy dissipation capacity and re-centring ability.
Hence, an arrangement of high strength bolts and SMA bolts was adopted.

A.7.3 SMA tendons

Wang et al. (2015) investigated the possibility of using SMA tendons and steel angles in beam to
column connections, shown in Figure A.7.38. The re-centring abilities and performance of the SMA
tendons was examined as well as the energy dissipative performance of the steel angle sections through
experimental tests and finite element models.
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Figure A.7.38: Connection with SMA tendons (Wang et al., 2015)

SMA tendons provided a good re-centring ability of the connection and the steel angles provided
good energy dissipation with thicker steel angles enhancing the energy dissipation performance of the
connection.

A.7.4 Self-centring connection with SMA tendons

Two main approaches being pursued in self centring devices, consist of either post tensioned high
strength steel strands or SMA tendons (Farmani and Ghassemieh, 2017). Post-tensioned devices are
designed to remain elastic and not dissipate any energy under cyclic loads; additional energy dissipation
devices such as frictional or yielding devices should be present in order to absorb the energy. Farmani
and Ghassemieh (2017) present a detailed FE study on shear tab connections equipped with super
elastic SMA tendons (see Figure A.7.39a).

(a) (b)

Figure A.7.39: Self-centering connections with (a) SMA tendons and (b) SMA tendons with Hourglass
Pins (Farmani and Ghassemieh, 2017)

A high-strength steel cast bracket (shown in Figure A.7.39a) houses a SMA tendon gives re-centring
capabilities and bolted shear tabs with slotted holes allow frictional based energy dissipation. A
parametric study showed that sufficient pretension of the SMA could provide a high rotational stiffness,
which also enhanced the self-centring ability, and longer SMA tendons provided a higher rotational
capacity.

The connection was improved by incorporating WHP pins into the web of the beam as shown in
Figure A.7.39b. This provided an increase in the amount of energy dissipation, moment capacity and
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initial stiffness. The WHPs were designed according to Vasdravellis et al. (2014). The connection
incorporating the WHPs increased the moment capacity by 14%, initial stiffness by 17% and energy
dissipation by 77% compared to the connection with a shear tab and slotted holes.Significant residual
deformation of this type of connection will remain after unloading if the resisting forces induced by the
WHPs exceed a specific limit. At this limit the restoring force produced from the SMA tendons will
not be sufficient to restore the structure back to its initial position. Therefore, it is important to know
how the pretension forces in the SMA tendons change with cyclic loading. Farmani and Ghassemieh
(2017) suggested a more detailed and robust model must be produced to consider this effect in the
future.

A.8 3D Printing

Additive manufacturing or 3D printing offers great potential for developing innovative beam-column
connections with customised performance characteristics. 3D printing enables complex and intricate
shapes and patterns to be produced in steel which would be impossible or prohibitively expensive to
produce using conventional fabrication or casting techniques. These complex and intricate patterns
could be developed in such a way that they absorb the energy from a seismic event.

Additive printing is founded on a layer by layer approach used to create the final design or object.
Ti-6Al-7Nb and Ti-6AL-4V are the most commonly used alloys in additive manufacturing (Chlebus
et al., 2011; Brenne et al., 2013). The design for the object is split into thousands of different layers
in a CAD file which drives the printing equipment. Additive manufacturing machines consist of a bed
of powder which is solidified using a power source, in a layer by layer fashion to build up the objects
profile. The process of building up the final design object is as follows:

1. The surface is covered with a powder form of the alloy to be used in building the final design

2. The power source solidifies the powder to create the first layer of the object

3. The surface is lowered and more powder is spread on top of the surface

4. The power source solidifies the next layer of the object

5. This process is repeated until the final design of the object has been produced using a layer by
layer approach

There are two common types of additive printing techniques defined by the primary source of energy
for melting the powdered metal: Selective Laser Melting (SLM) and Electron Beam Melting (EBM)
(Tan et al., 2016).

The mechanical properties of additively printed materials will vary depending on its method of
manufacture e.g. the orientation of the layers used to build the final object. Chlebus et al. (2011)
conducted investigations into the mechanical properties and microstructure of Ti-6Al-7Nb specimens
in three different build directions using selective laser melting. Tensile and Compression tests were
carried out to assess the mechanical properties such as: tensile yielding, ultimate strength, Young’s
Modulus and ultimate compressive strength. Examinations of the microstructure were also carried
out.
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Results showed that the properties of the materials varied depending on the build direction. The
presence of pores can act as stress raisers and lead to failure under fatigue loading (Leuders et al., 2013).
Internal stresses can also affect the properties of additively printed materials. The internal stress can
be relieved by post heat treatment of the material or by careful monitoring of the temperature during
the manufacturing process (Leuders et al., 2013).

Siddique et al. (2017) suggest that Selective Laser Melting (SLM) can produce alloys with a com-
parable or even better static strength than conventional manufacturing methods. This is because a
denser and finer micro-structure can be produced in the additive printing process. Siddique et al.
(2017) investigated the fatigue of aluminium-silicon (AlSi12) alloy under repeated cyclic loading (ap-
proximately 100 cycles per day). The microstructure and internal porosity were investigated and the
fatigue behaviour carefully analysed. This level of loading is very different to the cyclic loading applied
to simulate seismic excitations but does give us an insight to how micro-structures behave.

A.8.1 Future possibilities in design and manufacturing

Labonnote et al. (2016) briefly explains the different types of additive manufacturing process that
are available for additive construction focusing on the forward thinking of potential construction
processes. These forward thinking solutions scale up the additive manufacturing process. Potential
solutions shown in Figure A.8.40 include:

a) gantry solutions a direct scaling up of a 3D printer (giant 3D printer)

b) cable-suspended solutions uses Cartesian coordinates and a suspended printer in retractable
wires to control its position

c) swarm solutions uses the idea of several smaller mobile robots

d) multi-purpose robotics involves the use of a robotic arm for movement of the 3d printer

e) combination with folding (folding and self-assembly) this involves the idea of origami, printing
thin layered materials to integrate a layer-based fabrication approach with appropriate folding
operations

Thus there are a range of potential options that can be used to manufacture objects and structures
using additive technologies. The specific technique that should be used can be decided based on the
type, location and assembly technique that will be used in order to produce the specified structure.

Figure A.8.40: Depictions of different 3D printing approaches (Labonnote et al., 2016)
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Labonnote et al. (2016) also explores the opportunity and potential of large scale production of
complex geometries at a structural scale, with advanced topologies and multi-functional building com-
ponents at no extra cost and hopes that the paper will trigger movement towards additive construction
with its potential to revolutionise the construction industry.

A.8.2 Lattified objects

Arisoy et al. (2015) presents a framework design engineering analysis of solids with lattice struc-
tures. This methodology takes a CAD model of the proposed solid structure and generates a lattice
structure used to replace the solid surfaces. Lattified objects describe an object whose solid volume
has been replaced by a lattice structure. These 3D structural lattices are then optimized to improve
the structural properties and response. Additive manufacturing enables the ability to create a complex
internal lattice without much fabrication process.

Lattified objects can provide an enhanced energy absorption which can be used for damping or
vibration control. Previous software available takes the solid geometry from a CAD software system
and transforms it into a lattice using independent software. This is generally done by removing the
solid internal of a specified object and replacing it with a lattice grid of cells, shown in Figure A.8.41.

Figure A.8.41: Demonstrating how an object can be latified (Arisoy et al., 2015)

Booleans and shelling are typical methods used in software to generate lattice structures such
as AutoCAD (Autodesk AutoCAD, 2019). However, these can cause many problems and require
regularization in order to avoid manufacturing failures. A new method is proposed which can be used
to lattify objects which is briefly described below. A new Discrete Signed Distance Field (d.s.d.f) based
modelling technique is presented by Arisoy et al. (2015) in order to provide a geometrical representation
of the lattice and is able to express complicated shape topology without representational complexity.

Figure A.8.42: A latified modelling process (Arisoy et al., 2015)
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A typical lattifield modelling scenario is shown in Figure A.8.42 (Arisoy et al., 2015). The eight
summary steps are: a) Select model, b) Create a shell, c) Select a user defined lattice template, d)
Hollow the internal volume and arrange the lattice, e) Use d.s.d.f based modelling techniques, f) Carry
out a FEA, g) Either send for additive printing if optimization is not required or h) Perform a topology
optimization and i) Verify using FEA and send for additive printing.

Optimization enables improved lattified designs to be created in CAD modelling systems. The
proposed system by Arisoy et al. (2015) can be added as a plugin to a Siemens NX CAD system
(Siemens, 2013) to help optimize lattified structures and improve their structural characteristics.

A.8.3 Dynamic testing

Nishida et al. (2015) carried out dynamic compression tests on both wrought manufactured 304L
stainless steel and additively manufactured 304L stainless steel using a Kolsky bar experimental set up
concluding that both materials showed a similar work hardening behaviour. However, the additively
manufactured specimen showed higher yield and stress flows and smaller strains but reduced when
the strains went above 15%. This suggests a milder work hardening behaviour in the additively
manufactured stainless steel sample. The surface of both samples were very different after the dynamic
tests.

Figure A.8.43: Left shows the wrought specimen tested and right shows the additively manufactures
304L SS specimen (Nishida et al., 2015)

A.8.4 Honeycomb structures

Honeycomb structures provide excellent energy absorbing characteristics. The characteristics and
properties of honeycomb structures could be incorporated into additive manufacturing and used in an
innovative beam-column connection. The following sections provide a brief overview of the research
that has been conducted into honeycomb and energy absorbing lattices.

A.8.5 Bending or stretching dominant structures

Deshpande et al. (2001) looked at the response of different structures under a bending or stretching
dominant structural application. Figure A.8.44 shows an example of a mechanism on the left and
a structure on the right. The deforming behaviour of the structure is stretch dominant, where the
structure would fail as a result of stretching of the elements. If all joints in Figure A.8.44 were moment
connections, this would represent most foam structures. The frame on the left would now adopt a
bending dominant failure. However, the frame on the right would have practically no effect on the
strength or stiffness compared to a frame with pinned connections and both the bending dominant
and stretching dominant variations would have the same response.
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Figure A.8.44: Different frames which represent a (a) mechanism and (b) structure (Deshpande et al.,
2001)

Foams that are stretching-dominated are more efficient from a weight point of view. A stretching
dominated foam is 10 times as stiff and 3 times as strong as a bending-dominated foam for similar
relative densities.

A.8.6 2D honeycomb mechanical behaviour

Hedayati et al. (2016) examined the mechanical behaviour of thick honeycomb structures with
varying thicknesses, additively printed from polylactic acid using a 5th generation replicator desktop
Markerbot 3D Printer. Analytical solutions using Euler-Bernoulli and Timoshenko beam theories were
developed to predict analytical relationships of the hexagonal honeycomb structure in both major
in-plane directions. Finite element models were developed which were compared to the two beam
theories. The model was validated with experimental results, which showed good agreement. Four
different densities of cell wall shown in Figure A.8.45 were experimentally tested under compression
using a 100kN load cell at a rate of 2mm/min.

Figure A.8.45: The different Octagonal honeycomb samples with varying cell wall densities with wall
thickness to length ratios of (a) 0.2727, (b) 0.4091, (c) 0.5454 and (d) 0.6817 (Hedayati et al., 2016)

The tests showed how the analytical relationships using the Euler-Bernoulli and Timoshenko beam
theories were much closer to the finite element and experimental results than older models of honey-
comb structural predictions.
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The experimental results of the four different relative densities (created by varying the wall thickness
to length ratio) showed a 45 degree failure pattern on all of the octagonal specimens with stress levels
and failure loading being much higher for the specimens with higher relative densities.

Hedayati et al. (2016) compared the elastic properties of the octagonal honeycomb structure with
properties of square, triangular, hexagonal, mixed diamond and Kagome shaped lattice. The octagonal
and hexagonal lattices showed similar properties in terms of yield stress and elastic modulus with all
other cell arrangements exhibiting much lower elastic properties.

A.8.7 Mechanical response of different types of honeycomb structure

Seven different cell types are considered by Wang and McDowell (2004) which consist of: square,
hexagonal with equilateral triangles, regular hexagonal, square super-cell (mix of squares and trian-
gles), Kagome, rectangular and diamond. These are shown respectively in Figure A.8.46.

Figure A.8.46: Honeycomb structures investigated (a) square cell (b) hexagonal cell (c) regular hexag-
onal cell (d) square super cell (triangles and squares) (e) Kagome cell (f) rectangular cell and (g)
diamond cell (Wang and McDowell, 2004)

Wang and McDowell (2004) suggest that in-plane loading of honeycomb structures is the limiting
factor which induces elastic buckling and yielding prior to failure of the specimens. Metal honeycomb
structures are commonly made from either strip-glued sheets or a stamping/bending process in order
to provide a 2D lattice. The cell walls of the honeycomb structures exhibit either bending, axial or
shear stresses. The stress-strain behaviour of typical honeycomb structures is considered to be an
initial elastic regime, followed by an extended stress plateau leading to densification, finally followed
by crushing of the material. The extended stress plateau occurs after the honeycomb cells begin to
collapse. Densification of the material occurs as the cells have completely collapsed.

Wang and McDowell (2004) considered a practical class of extruded cell structures. Yielding and
plastic flows were considered as the important failure mechanism, with this paper focusing on the
cell wall yielding. The cell wall struts can be considered as smaller trusses built from a number of
elements. Simple beam theories (e.g. Timoshenkos beam column theory) have been used considering
shear, rotation, bending and axial stress. In-plane shear properties, Youngs moduli and compressive
yield strengths of a number of honeycomb specimens were investigated. A simple truss analysis was
conducted on each 2D lattice structure in-order to explore its properties.
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Results showed that square cells deform by axial compression or extension hence cell wall bending
under shear loading will reduce the elastic stiffness. Hexagonal cells were noted to be stretch dominant,
with values of Youngs modulus, shear modulus, buckling limits and yield strength for hexagonal
honeycomb similar to the widely available values in literature (Zhang and Ashby, 1992; Gibson and
Ashby, 1997; Torquato et al., 1998). Equilateral triangular cell on the other hand behaved differently
to square and hexagonal, the deformations of the cell wall are stretch dominated, if the structure
is considered to be pinned and determinate. Mixed square/triangular cells were noted as statically
indeterminate structures with the in-plane response expected to be anisotropic due to the triangle
being a different size to each other. Kagome structures which are a mix of triangular and hexagonal
cells produced a stretch dominated periodic structure. Rectangular cell unit walls, all deform like a
fixed end column. Finally, diamond cells built from equilateral triangles and hexagonal super cells
were stretch dominant. It was noted that the compressive strength and stiffness were different in both
of the directions. Wang and McDowell (2004) concluded that based on simple beam theories, the cell
structure plays an important role in determining the in-plane mechanical properties of the proposed
2D honeycomb lattices.

A.8.8 2D honeycomb structural response under different loading rates

Previous research has shown the deformation mode of honeycombs behave differently under varying
dynamic loading. Ruan et al. (2003) used a finite element model in ABAQUS to study the deformation
modes of 2D hexagonal aluminium honeycomb structures, shown in Figure A.8.47a, in both the X1 and
X2 directions (defined in the figure). The parameters investigated were the cell wall thickness and the
speed of impact on the deformation of the honeycomb structure. The failure mode (Figure A.8.47b)
in the X1 direction produced an X shaped failure band under low impacts and a I shaped failure mode
occurred at high impacts. A transitional V failure mode for moderate impacts was observed. The
deformation mode or shape is also dependent on the cell wall thickness of the honeycomb. Layer by
layer crushing failure of the honeycomb structure was observed in the X2 direction. Similar to the V
and I mode. Lower velocities of impact allow the upper middle proportion on the structure to crush
where as higher velocities of impact let the crushing start at the face of impact.

(a) (b)

Figure A.8.47: (a) the 2D hexagonal structure analysed and (b) the different failure mechanisms
analysed (Ruan et al., 2003)

The cell wall thickness and size influenced the plateau stress depending on the impact velocity; in
general the plateau stress in the structure increases with impact velocity.
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A.8.9 Effect of the honeycomb orientation

Foo et al. (2007) created finite element models as well as experimental prototypes of Nomex Honey-
comb 2D structures. Nomex is made from strip-glued sheets as shown in Figure A.8.48. Tensile tests
in both the X1 and X2 direction were performed as well as compressive tests on the honeycomb cores,
in order to asses the orientation of honeycomb structures.

(a) (b)

Figure A.8.48: (a) 3D printed prototype (b) 2D lattice structure (Foo et al., 2007)

More load and displacement was taken in the X1 direction by the honeycomb structure in tension
compared to the X2 direction. Plasticity also occurred during the tensile tests due to the de-bonding
of the papers. Only static tension and compression tests were conducted and not the response of cyclic
performance.

A.8.10 Analytical approach of 2D structures

Goswami (2006) explores the various effective elastic properties of a number of different forms of
hexagonal honeycomb cellular structures by changing: the diagonal strut lengths, vertical strut lengths,
strut angles and thicknesses of the struts. This change of cellular structure geometry, shown in Figure
A.8.49, requires a complete new meshing and analysis. Goswami (2006) presents a new analytical
approach which computes the effective properties of the structure in a fraction of the time. Metallic
honeycomb core structures play important energy absorbing roles in super lightweight structures.
Hexagonal honeycomb structures are used especially in aerospace structures due to their lightweight
in sandwich structures comprising of a thick core and thin top and bottom skins.

Figure A.8.49: the hexagonal core investigated (Goswami, 2006)
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A unit cell from a standard hexagonal structure was taken and used in order to produce equations
for the Youngs modulus in both the X1 and X2 directions. Equations for the effective elastic properties
were also calculated using simple equations. These are based on a linear elastic approach and show
good agreement with experimental data and other analytical approaches in literature (Goswami, 2006).

A.8.11 Crushing experiment

Papka and Kyriakides (1998) conducted experimental and numerical tests on the crushing of honey-
comb structures, looking specifically at the failure mechanisms of the structures. Crushing experiments
were made from sheets of Al-5052-H39 of two thicknesses which are bonded together at bond lines
to make predefined assembled stacks. The honeycomb structure was then cut out from these stacks
of aluminium. Good agreement was shown between the ABAQUS finite element model and the ex-
perimental results. The experimental results showed that a band of cells crushed locally under shear
which spreads out throughout the specimen. Larger specimens of the honeycomb structure showed
criss-cross patterns of localized crushing.

A.8.12 3D micro lattices

Ozdemir et al. (2016) considered how lattice structures on a macro scale absorbed energy under
quasi-static and dynamic loading. Additively manufactured lattice structures from Electron Beam
Melting techniques were used as they could produce more samples in less time as well as avoiding
the need for additional treatments. Spherical grade 5 Ti6A14V powder with an ARCAM S12 EBM
machine was used. The three different arrangements of lattice structures shown in Figure A.8.50
consisted of: cubic, diamond and re-entrant cubes.

Figure A.8.50: Units cells for (a) cubic, (b) diamond and (c) re-entrant lattice (Ozdemir et al., 2016)

Two different arrangements of lattice structure consisting of single layer and multi-layer lattices
were tested under quasi-static loading. The single layer lattices are shown in Figure A.8.51. Both
lattices were tested in compression by either a 0.2mm/min or 0.1mm/min cross head speed actuator.
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Figure A.8.51: Single layer lattices of (a) cubic, (b) diamond and (c) re-entrant lattice (Ozdemir et al.,
2016)

Single-layer results showed: 1) Cubic structures give elastic response followed by brittle failure due
to the lattices inability to deform plastically and 2) Diamond and re-entrant lattices produce constant
initial stiffness followed by post-peak softening and later a stiffness increase due to the densification
of the material

Multi-layer results showed: 1) diamond and re-entrant lattice structures demonstrate clear peaks
at smaller latent displacements with smaller peaks at higher latent displacements these peaks on the
stress-strain curve correspond to individual layers failing, 2) re-entrant lattice structures tend to give
a more predictable response and 3) the re-entrant lattice fails layer by layer.

A.8.13 Energy absorbing micro-truss

Cellular materials such as stochastic foams and honeycombs can be a good source of energy ab-
sorption. These cellular materials absorb this energy elastically or by plastic yielding of the material.
Evans et al. (2010) looked at how a hollow pyramidal truss member absorbed energy by post buckling
deformation.

Figure A.8.52: The hollow Ni-micro lattice struss (Evans et al., 2010)

A shock propagation analysis of Ni Micro-Lattice structures was carried out using ABAQUS, which
gave similar experimental results. Evans et al. (2010) concluded that an unusually large amount of
energy was absorbed per unit mass of the hollow truss structure. Most of the energy absorption is
absorbed from the buckling and kinking of the lattice members. The experimental results showed
some wrinkling at the nodes which provided extra levels of energy absorption.
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A.8.14 Scaffold applications

Xu Bin et al. (2012) looked at developing porous scaffolds to be used in medical purposes. Specimens
were fabricated using Ti6Al4V material in an argon filled shielded environment. The fabrication
quality of the additively printed scaffolds was investigated and it was noted that overhang is a major
issue affecting the fabrication quality of additive manufacturing components (overhang is caused when
the liquid phase material droops due to gravity and capillarity inducing a dross formation on the
overhang surface).

Figure A.8.53: Comparisons between (a) computer model and (b) fabricated 3D printed model (Xu
Bin et al., 2012)

A.8.15 Porous scaffold

Chantarapanich et al. (2012) used selective melting additive methods in order to develop porous
scaffolds. They considered 119 different polyhedrons as open or closed cell scaffolds, as well as the
potential of joining different cell scaffolds together based on their contact surfaces.

Finite element analysis (Figure A.8.54a) was used on the library of scaffolds in order to evaluate
the equivalent stresses under a compressive strength analysis. A sample selection of these scaffolds
is shown in Figure A.8.54b. A three stage criteria was developed and used to evaluate each of the
proposed polyhedrons.

(a) (b)

Figure A.8.54: (a) Compressive FE analysis used (b) sample selection of open-cellular structures
(Chantarapanich et al., 2012)
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A.8.16 Selective laser 3D lattices

Chantarapanich et al. (2014) researched the design and production of 3D honeycomb selective laser
melted lattices for use in an aeronautical sandwich structure panel application. The main function of
a honeycomb structure is to withstand normal load in the longitudinal axis and a shear load in the
transverse axis.

Four polyhedrons shown in Figure A.8.55 which consisted of: cubic, cuboctahedron, truncated
octahedron and truncated hexahedron were selected to become possible sandwich lattice structures.
A finite element analysis was carried out in order to assess which structures mechanical performance
was more desirable for aeronautical sandwich structure panel application. The strain energy density
was used to assess how much energy the specific structure could absorb instead of transferring it to
the surrounding structure. Chantarapanich et al. (2014) showed using finite element analysis that the
truncated octahedron had the highest energy absorption properties.

(a) (b)

Figure A.8.55: (a) The hollow Ni-micro lattice truss and (b)selected 3D honeycomb truncated octa-
hedron tested (Chantarapanich et al., 2014)

AISA-316L stainless steel was used to produce a 3D printed truncated octahedron 3D honeycomb
matrix with unit cell of 2.5m and beam thickness of 0.15mm. It was then tested under compressive
loading at a rate on 3mm/min. The study showed that this type of arrangement provided the best
strain energy density.

A.8.17 Mechanical properties of 3D lattices

Van Bael et al. (2012) explored how the scaffold pore size, pore shape permeability and permeability
influenced 3D human periosteum-derived cell cultures. The properties of the different 3D structures
could be useful in producing specific mechanical properties for use in beam-column structural connec-
tion components. Selective laser melting was used to produce six different morphological specimens
made from Ti6Al4V which are described and shown in Figure A.8.56. The morphological parameters
of the different geometrical selectively melted 3D structures were evaluated All of the unit cell sizes
were 200µm in both planes.
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Figure A.8.56: (a) The unit cell of the 3D printed Ti6Al4V scaffolds and (b) Microscopy images of
the scaffolds structure (Van Bael et al., 2012)

Mechanical properties of the different structures were deduced from a compression test using a
100kN load at a loading rate of 0.2 mm per min, the stiffness of each of the structures was calculated
using the slope of the stress strain envelope. Hexagonal scaffold gave the highest compressive stiffness.

A.8.18 Octet truss lattice response under loading

Wendy Gu and Greer (2015) showed how the compressive strength of a laser written mesostructured
Cu lattice (shown in Figure A.8.57) exhibited a stronger bulk yield strength compared to the bulk
strength of a solid Cu sample. The octet structural topology and micron-sized beam thickness added
to the strength of the material and gave a strength of up to 1.8 times stronger compared to the solid
Cu sample. This was verified by Zheng et al. (2014). They showed how six different hollow Al2O3
and Ni-P micro lattices provide nearly a constant stiffness per unit mass density over three orders of
magnitude compared to the solid Al2O3 and Ni-P samples.

Figure A.8.57: Showing the 3D lattice structure of the truss tested (Wendy Gu and Greer, 2015)

Tancogne-Dejean et al. (2016) highlighted the benefits that micro structures can have. The mechan-
ical responses of micro trusses can be described as either bending or stretching dominant depending
on their nodal connectivity. Direct laser writing and additive manufacturing provide excellent lattice
printing opportunities, enabling almost any complex geometry to be a possibility (Tancogne-Dejean
et al., 2016).
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Lattice structures with hollow trusses provide a high load carrying capacity per unit density com-
pared to solid arrangements. Oct trusses with a non-circular cross sections buckle elastically and yield
plastically simultaneously. Tancogne-Dejean et al. (2016) highlighted the three main factors that affect
lattice structures which include: 1) The basis material, 2) The lattice geometry (tetrahedrol, octetc,
cubic etc), 3) Strut shape and 4) Relative density of the lattice material.

An octect truss lattice configuration shown in Figure A.8.58, provides an isotropic elastic response
which consists of two platonic tetrahedron and octahedron solids. An optimal configuration was
chosen by Tancogne-Dejean et al. (2016) which aimed at maximising the lattices energy absorbing
characteristics.

FE tests on 6 different relative density samples of 5x5x5 unit cells (shown in Figure A.8.58) showed
stable and unstable characteristics of different lattice densities were observed.

Figure A.8.58: Six FE models with varying density (Tancogne-Dejean et al., 2016)

The less dense lattices with thin slender elements tended to buckle under axial load forming plastic
hinges at the centre of the struts. As the lattice is compressed further plastic deformation occurred
at the centre of the slender struts producing a rigid body twisting effect. This reflects an unstable
low density structure. In denser lattices, plastic hinges formed at the connecting nodes which enabled
neighbouring plastic hinges to interact and a global state of plastic deformation to occur. These
findings were confirmed through experimental analysis.

A.9 Application of 3D printing in future steel connections

While RBS connections may provide a safe and stable steel moment frame by absorbing the seismic
energy, repairing damaged RBS connections in the frames has proved challenging. This state-of-the-
art literature review has extensively reviewed a wide range of alternative connections, many of these
connections utilise a replaceable type fuse type section. This replaceable section is designed to absorb
the large majority of the seismic energy while leaving the rest of the connection damage free, thus
enabling easy replacement of the damaged section. Many of these replaceable fuse type connections are
coupled with post tensioning strands or smart memory alloys, these mechanical aids help recentre the
frame following an earthquake and thus help to reduce the amount of permanent or residual damage
experienced by the frame compared to connections without these self centring aids. In this review,
the fuse type section of the connection is considered to be the fundamental part of the connection.
However, there are many challenges faced with the manufacturing and utilisation of these fuse type
sections.

Multi-storey steel moment frames require a significant amount of connections. In order to utilise the
full seismic capacity of a multi storey steel frame, many of the connections in the frame may require
varying seismic and energy dissipating capabilities and hence varying size and shape of the fuse type
sections. The current methods and techniques used for manufacturing the existing fuse type sections of
the connection reviewed in this Appendix are significantly time consuming to make, rely on a specific
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jig/template or require a bespoke casting mould. This presents many obvious challenges when scaling
up the fabrication process. The current methods of manufacturing these fuse type components leads
to complications when a bespoke or specific seismic capability (size and shape of the fuse section) is
required.

This research has shown that the arrangements and types of additively manufactured micro struc-
ture/lattices and mechanical properties which define honeycomb structures effect its energy absorbing
capabilities. Thus, if appropriately designed, an additively printed structure can have any desirable
capabilities. Subsequently, additive manufacturing presents a simple yet attractive solution to the
problem of scaling up the production of fuse type connections, whereby, producing a fuse type com-
ponent which can dissipate the seismic energy through the yielding of small components within the
connection, leading to a lateral displacement (energy absorbing) method for absorbing energy. This
method of manufacturing allows the designer to produce any size and shape component at no extra
cost, thus allowing scaling up of hundreds of varying and bespoke components possible. Computer
Aided Design (CAD) is widely used in industry for the design of structural components, additive
manufacturing techniques require the input of a detailed CAD drawing in order to produce the design.
This mitigates the requirement for many specific jigs, templates or casting moulds.

There is much scope for the future development of additive manufactured connections, perhaps a
solution could be in a replaceable fuse type section of the connection as depicted in Figure A.9.59a.
Whereby, the additivity printed connection is designed to absorb the seismic energy as a result of the
design effects from a non-linear dynamic seismic analysis at each connection location. Or perhaps
a modular type connection shown in Figure A.9.59b and Figure A.9.59c could be re-imagined with
additively printed components that have the desirable characteristics specific to the seismic energy
absorbing requirements of a steel frame and/or connection integrated within the internal structure.
Currently, the idea of suggesting the scaling up of additive manufacturing for industrial structural
connection capabilities may seem unrealistic due to significant high costs and complications with
additively printing large scale components. However, given the current speed and rate of develop-
ing technology, additive manufacturing or 3D printing could well be at the forefront of large scale
manufacturing within the coming decade.

(a) (b) (c)

Figure A.9.59: (a) Additively printed fuse type section concept integrated into a steel connection
(b) A modular connection arrangement (Fleischman, 2013) and (c) Modular component construction
(Fleischman, 2013)
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A.10 Conclusion

The widely accepted RBS method provides a practical solution for a safe and stable steel moment
frame by absorbing the seismic energy and thus shifting the plastic deformations from the column
and beam-column connections, into the beam. While this protects the columns in the steel frame and
prevents brittle fractures in beam-column connections, there are a number of limitations to the RBS
solution which include 1) large plastic deformations occur in the beam (Valente et al., 2017a; Moradi
and Alam, 2017; Tong et al., 2016; Sultana and Youssef, 2016b), 2) large residual drifts may occur
(Farmani and Ghassemieh, 2016; Baiguera et al., 2016; Dimopoulos et al., 2013; Valente et al., 2017b;
Iqbal et al., 2016; Vasdravellis et al., 2013b; Moradi and Alam, 2017), 3) significant cost for repair
(Castiglioni et al., 2012b,a; Chan et al., 2009; Lin, 2015; Banisheikholeslami et al., 2016; Priestley,
2000; Vasdravellis et al., 2013a; Farmani and Ghassemieh, 2016; Xu et al., 2016) and 4) structures may
not satisfy the Immediate Occupancy (IO) criteria (Baiguera et al., 2016; Moradi and Alam, 2015,
2017; Lin, 2015; Erochko et al., 2010).

New ranges of connections and new innovative connection ideas, have been explored and discussed
in this Appendix. In general, these fall into three groups: weakening sections of the beam, fuse
type connections and self-centring connections. These effective methods shift the damage away from
the column or beam-column-connection and into the beams or replaceable sections of the connection
or beam. However, many of these methods still do not solve the problems of a) no efficient design
methodology provided that can produce an efficient acceptance criteria, b) no optimal solution has been
developed for steel frames where these new connections or innovative methods have been implemented
and c) many of the the new connections and innovative methods discussed in this Appendix do not have
the flexibility to be easily adjusted. In order to optimize steel frames with replaceable connections,
the strength and stiffness (and consequently the energy dissipation) of the connection needs to be
easily controlled. For optimization, a large number of the same connections with varying geometries
and non-linear dynamic responses need to be produced. There is no connection that has sufficient
flexibility or that can be easily changed and adjusted.

However, while many of the innovative connections explored in this Appendix successfully shift the
deformation in steel framed buildings away from the column and connection and into the beam (at
the RBS location) there is currently no efficient, generic or optimal frame work for a multi-criteria
performance design of RBS steel frames in multi-storey steel structures, to consider the non-linear
dynamic affects at the element or structural level.

Perhaps a solution to this problem lies in developing a concept and framework for an additively
printed connection that can dissipate the seismic energy through the yielding of small components
within the connection, leading to a lateral displacement (energy absorbing) method for absorbing
energy. Additive printing provides the opportunity to produce a huge range and variety of different
connections at no extra cost (Leblanc, 2014). The detailed literature review in this Appendix explores
the superior behaviour of 2D and 3D additively printed lattices compared to their solid counter part
sections. Stronger, more efficient and lighter shapes of additively printed lattices lead to increased
energy absorption; utilising these properties opens up opportunities for connections with designed
characteristics and specified performance. The ideal solution would allow additively printed beam-
column connections that can be tailored to achieve different performance targets in different parts
of the structure by adjusting the geometries of the connection (and consequently the stiffness and
strength of the connection which effects the energy absorption characteristics of the connection). This
would allow an optimal solution to be achieved which is highly flexible, where the characteristics of
each connection can vary significantly.
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While this idea may seem unrealistic at this current time, with the speed and rate of developing
technology, advances in additive (3D) printing and leaps and bounds in the sophisticated computer
technology, could the answer to the future design of optimized seismic connections lie within additive
(3D) printing?



Appendix B

Review of the European and American
Standards

The following three main design guidelines and standards in Europe and America specify recom-
mendations for RBS design, Section B.0.1 reviews these methods in more detail:

• Eurocode 8 outlines a retrofitting design procedures for reduced flange sections. Firstly, the RBS
design procedure should be followed and then the limit state of the required rotational capacities
of the reduced beams should be then checked using table B.5 in BS/EN 1998-3 (BSI, 2005).

• ANSI/AISC 358-16 also lays down some prequalified limits on the design of RBS sections. Limits
are placed on the beam and column depths (limited to W36/W920). Weight, flange thickness
and span to depth ratios are also imposed on sections. The design procedure for the geometries
of RBS start with trial values based on the beam width and depth (AISC, 2016b).

• FEMA 350 lays down some prequalified limits and design procedures that should be used in
special and ordinary moment frame connections. Initial RBS geometries are defined based on
beam properties (SAC Joint Venture, 2000a).

B.0.1 RBS in current design

Reduced Beam Section (RBS) connections have become widely adopted in the European and Amer-
ican design guides and standards. The following sections briefly reviews these design guides. It should
be noted that there are many American Federal Emergency Management Agency (FEMA) documents
which aid in seismic design and retrofitting, only a few of the prominent and most interesting guides
have been summarised.

British design codes and standards

Eurocode 8 (British Standards Institute, 2005), is part of a set of standards known as the Eurocodes.
The Eurocodes are the reference design codes. The Eurocodes are standards recognised by all members
of the European union, they provide common structural design rules for all building types. There are 10
Eurocodes (abbreviated EN 1990 to EN 1999), each code consists of a number of parts (58 EN Eurocode
parts in total). They apply to the structural design of buildings and other civil engineering works.
The Eurocodes provide common rules for structural design within the European Union (Hamburger
et al., 2015). These have been published by the European Committee for Standardization (CEN) to
bring together the National Standardization Bodies of 34 European countries. Officially recognised by
the European Union and European Free Trade Association, the CEN has the responsibility of defining
voluntary standards at a European Level (CEN, 2017). BS/EN 1998 (BSI, 2004) is the British National
Standard for seismic design, covering all common and basic structures.

205
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BS/EN 1998-1: Design of Structures for Earthquake Resistance – Part 1: General rules,
seismic actions and rules for buildings (BSI, 2004)

The British Standard Design Code, Eurocode 8: Design of Structures for Earthquake Resistance
(BSI, 2004), applies to the design and construction of buildings and civil engineering works in seis-
mic regions. BS/EN 1998-1 (BSI, 2004) is based on two fundamental requirements; the no-collapse
requirement and damage limitation requirement.

1. The no collapse requirement of a structure in BS/EN 1998-1 (BSI, 2004) is evaluated using a
design seismic action expressed as the combination of a reference probability of exceedance in
50 years (or a return period) and an importance factor (depending on the type of structure).

2. The damage limitation requirement is verified using seismic action expressed as a probability of
exceedance of 10 years and a reduction factor.

BS/EN 1998-1 (BSI, 2004) uses a compliance criteria in order to satisfy the fundamental require-
ments for structures (previously mentioned). Ultimate limit states as well as damage limits states are
checked in the compliance criteria to help ensure the fundamental requirements are met.

1. The ultimate limit state needs to verify that the structure that is being designed for has the
necessary resistance and energy dissipation capacity, in order to prevent collapse or failure thus
protecting public safety. The resistance and energy dissipation represents how much of a non-
linear response the structure gives; which is based on the behaviour factor and class of ductility
assigned to the structure. A low dissipative structure would have a low behaviour factor value
and low ductility class; a highly dissipative structure would have a larger behaviour factor and
high ductility class.

2. The damage limit state helps to protect structures against an unacceptable level of damage to
building service requirements. This damage state is achieved by satisfying relevant limits in the
code.

BS/EN 1998-3: Design of Structures for Earthquake Resistance – Part 3: Assessment
and retrofitting of buildings (BSI, 2005)

Eurocode 8 Part 3 (BSI, 2005), acts as a guidance for the evaluation of seismic performance of
existing buildings, selecting appropriate corrective measures and defines criteria for the retrofitting of
buildings. BS/EN 1998-3 (BSI, 2005) has been developed because:

• The seismic design and resistance for many older structures have not been considered

• Evaluations on existing buildings may be required in order to indicate the need for retrofitting

• Damage caused by earthquakes may require major repairs

BS/EN 1998-3 (BSI, 2005) is intended for the evaluation and assessment of structures to check if
the building will satisfy the required limit state. A performance criteria for all structures is defined
in BS/EN 1998-3 (BSI, 2005) as three fundamental limit state requirements, their definitions are as
follows:

• Near Collapse (NC) significant damage to the structure, low stiffness and strength of main
structural members, non-structural members collapsed, large residual drifts and very unlikely to
survive another earthquake.
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• Significant Damage (SD) some residual stiffness and strength in structural members, non-
structural members damaged, moderate permanent drifts, able to survive after shock of an
earthquake and uneconomical to repair

• Damage Limitation (DL) small damage, yielding of structural elements (not much loss of
strength or stiffness), non-structural components may only be slightly cracked and negligible
permanent drift

A popular way of retrofitting a structure is by weakening the beams in order to improve the ductility.
By weakening the beam flanges, this shifts the location of the plastic hinge away from the column and
beam-column connection and into the beam. Reduced Beam Sections (RBS) are where the flanges of
the beams are trimmed back to weaken the beam, table B.5 in BS/EN 1998-3 (BSI, 2005) shows the
required rotation capacity of RBS dependent on the limit state required: 1) Damage Limitation (DL)
0.010rad, 2) Significant Damage (SD) 0.025rad and 3) Near Collapse (NC) 0.040rad.

If the specific design procedures in section B.5.5.4(3) of BS/EN 1998-3 (BSI, 2005) are followed, then
the above capacity rotations can be achieved. Beam-to-column connection retrofitting in accordance
with clause B.6.2.1(1) of BS/EN 1998-3 (BSI, 2005) aims at moving the plastic hinge location, from
the column face and into the beam. Retrofitting structures in this way can be achieved by either:

• Weld replacement; by replacing the filler, removing the backing bar or adding additional stiffeners

• Weakening strategy, aimed at shifting the plastic deformations into the beam and away from
the beam-column interface by using: RBS or adopting semi-rigid connections

• Strengthening strategy, which reduces the stress at the welds and forces the plastic hinge zone
to occur at the ends of either the haunch or cover plate, BS/EN 1998-3 cover the design of:
haunched or cover plate connections

Table B.6 in BS/EN 1998-3 (BSI, 2005) outlines the requirements of retrofitted beam-column con-
nections. Rotational capacities of five different connections and the three limit states are specified,
which can be achieved if the correct design detailing and requirements to BS/EN 1998-3 (BSI, 2005)
are fulfilled.

American design codes and standards

The code requirements for structural steel design of buildings are minimum legal requirements that
structures must meet. The American design requirements are contained in a set of standards or
building codes that consist of:

• ASCE/SEI 7-10 (ASCE, 2010) Minimum Design Loads for Buildings and Other Structures sets
basic loading criteria and drift limits for special moment steel frames

• ANSI/AISC 341-16 (AISC, 2016a) Seismic Provisions for Structural Steel Buildings this provides
detailed requirements for the detailing of steel buildings

• ANSI/AISC 358-16 (AISC, 2016b) Pre-qualified Connections for special and Intermediate Steel
Moment Frames for Seismic Applications Standardise the design of connections and allow these
connections in structural buildings without the need for additional testing.
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Other guides have been written by Federal Emergency Management Agency (FEMA) and Ameri-
can Society of Civil Engineers (ASCE) to assist in the clarification of the Code Requirements. Guides
also include recommendations or good design and construction practice that may not be specifically
required in the Code or Standard requirements. In America it is the responsibility of the local govern-
ment to enforce building codes and practices. Cities, countries or states base their building codes on
the International Building Code (IBC, 2015). The IBC (IBC, 2015) is regarded as the model building
code and is adopted as the base code for most jurisdictions in the United States of America.

The International Code Council (ICC) develops model codes and standards for use in structural
design which aim to protect the health, safety and welfare of the public. Updates to the IBC are
published every three years, which adopt the latest additions of the American National Standards
Institute (ANSI). The American National Standards Institutes (ANSI) oversees the development of
American National Standards such as ASCE/SEI 7-10: Minimum Design Loads for Buildings and
Other Structures (ASCE, 2010) by accrediting the procedures of Standard Developing Organisations
(SDOs) which include committees such as the American Institute of Steel Construction (AISC), the
Federal Emergency Management Agency (FEMA) and the American Society of Civil Engineering
(ASCE).

The IBC (IBC, 2015) has detailed provisions and requirements relating to: fire, life safety, health and
safety, construction and building design. The IBC is a tool which aims at preserving public health
and safety while providing safe guards from hazards within the built environment. The IBC IBC
(2015) adopts provisions for structural design which have been approved by the American National
Standards Institutes (ANSI). The IBC is accepted by the Unites States as a model code. This code
should be adopted in accordance with laws and procedures of the government jurisdiction. IBC volume
2 chapters 16 to 35 provide structural provisions for seismic resistant buildings.

American Institute of Steel Construction (AISC)

The American Institute of Steel Construction (AISC) provides publications and documents for de-
sign and construction of steel buildings for the United States. The AISC is accredited by the ANSI
to ensure it meets their standards. An ANSI-accredited balloting process, ensures that all AISC
publications are scrutinised through discussions and suggestions for improvements. The AISC has
produced current standards for all types of structural buildings for the United States. Contributions
to the standard by many committees in the United States include: the Building Seismic Safety Coun-
cil (BSSC), the Federal Emergency Management Agency (FEMA), the National Science Foundation
(NSF) and the Structural Engineers Association of California (SEAOC). The AISCs mission is to;
make structural steel the material of choice (AISC, 2017).

ANSI/AISC 341-16: Seismic Provisions of Structural Steel Buildings (AISC, 2016a)

Seismic Provisions for Structural Steel buildings (AISC 341-16) (AISC, 2016a) is one of the current
American Standard. The design guideline covers connection detailing and member design require-
ments for structural steel or composite steel and concrete systems. This design code accompanies
the Specification for Structural Steel Buildings (AISC 360-16 (AISC, 2016c)) which provides general
requirements for the construction and design of steel structures. AISC 341-16 (AISC, 2016a) provides
the design, fabrication and erection guidelines of structural steel members and connections in seismic
force-resisting systems (SFRS). It covers: additional codes, standards and specifications, for materials
and design drawings.
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ANSI/AISC 358-16: Pre-qualified Connections for Special and Intermediate Steel Mo-
ment frames foe Seismic Applications (AISC, 2016b)

This pre-qualified connection standard is based on chapter k of AISC 341-16 (AISC, 2016a) (Pre-
qualification and Cyclic Qualification Testing Provisions). It specifies connections that have been
pre-qualified for use in Special Moment Frames and Intermediate Moment Frames, which require no
further testing. Pre-qualified connections are defined as connections that have been previously tested
experimentally, if specific detailing is provided then the required connection response can be achieved.

The ten pre-qualified connections defined in AISC 358-16 (AISC, 2016b) are: Reduced Beam Sec-
tions (RBS), Bolted unstiffened extended end plate (BUEEP), Bolted stiffened extended end plate
(BSEEP), Bolted flange plate (BFP), Welded unreinforced flange-welded web (WUF-W), Kaiser bolted
bracket (KBB), ConXtech ConXL moment connection (ConXL), Simpson Strong-Tie String Frame
moment connection and Double-tee moment connection. Refer to AISC 358-16 (AISC, 2016b) for
more details of these connections.

American Society of Civil Engineers (ASCE)

The American Society of Civil Engineers (ASCE) is the worlds largest publisher of civil engineering
content and is the forefront of the built environment while at the same time protecting the natural
environment. The ASCE mission is to Deliver value to our members, advance civil engineering, and
protect the public health, safety and welfare (ASCE, 2017b). The Structural Engineers Institute (SEI)
is a technical institute within the ASCE (one of nine sub institutes within the ASCE) comprising of
30,000 members. It is responsible for developing the ASCE standards through a Consensus Standards
Process. Specifically, the SEI Codes and Standards Division produces a variety of publications (in-
cluding standards). This division (sometimes referred to as a committee) co-ordinates all activities
of ASCE relating to the establishment, use and discontinuance of building codes and standards. The
ASCE is accredited by the ANSI and hence provides technical guidelines, standards and building codes
that can be adopted by the United States. The process of the ASCE are overseen by the Codes and
Standards Committee (CSC). Building codes are reviewed every 5 years to ensure the latest additions
are available.

ASCE/SEI 7-10: Minimum Design Loads for Buildings and Other Structures (ASCE,
2010)

Minimum design loads for buildings and other structures (ASCE/SEI 7-10) (ASCE, 2010) has been
prepared by the SEI committee. The ASCE/SEI 7-10 provides minimum load requirements, design
strengths, design limits, drift limits and design specifications for the structural design of buildings in
the Unites States.

ASCE/SEI 31-03: Seismic Evaluation of Existing Buildings (ACSE, 2003)

In some cases, the seismic evaluation of existing buildings may be required where structures have
not been initially designed to seismic provisions. This is common in old buildings or where a buildings
structure has been significantly altered. This standard is used to assess buildings to determine if
it has been adequately designed and constructed to resist seismic forces, and whether or not the
structure needs to be seismically retrofitted. Buildings are evaluated to either Life Safety or Immediate
Occupancy performance levels. The need to evaluate a building using ASCE 31-03 (ACSE, 2003)
may have been prompted by the Rapid Visual Screening of Buildings for Potential Seismic Hazards
(FEMA P-154) (FEMA, 2015) handbook. If a structure is deemed suitable for rehabilitation the
Seismic Rehabilitation of Existing Buildings (ASCE 41-17) (ASCE, 2017a) should be consulted for
information regarding retrofitting and mitigation strategies.
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ASCE/SEI 41-17: Seismic Evaluation and Retrofit of Existing Buildings (ASCE, 2017a)

The Seismic Evaluation and Retrofit of Existing Buildings (ASCE 41-17) (ASCE, 2017a) standard
defines deficiency-based and systematic based methods in order to evaluate and retrofit structures to
withstand seismic forces. Performance-based principles underpin the methods used for evaluation. A
deficiency based evaluation procedure, relies on past observations and responses of a similar building
as a result of seismic events. A systematic based procedure is appropriate for any type of building,
comprising of a complete methodology to evaluate the entire building. ASCE 41-17 (ASCE, 2017a) has
been based on the Pre-standard and commentary for the seismic rehabilitation of buildings (FEMA
356) (FEMA, 2000). For a more extensive array of retrofitting techniques for strengthening structural
elements in buildings refer to Techniques for the Seismic Rehabilitation of Existing Buildings (FEMA
547) (FEMA, 2006) for additional information.

Federal Emergency Management Agency (FEMA)

The Federal Emergency Management Agency (FEMA) is part of the United States Department
of Homeland Security and is responsible for coordinating government-wide relief efforts. The FEMA
brings assistance to areas in the United States affected by natural disasters, (this includes earthquakes).
It also works to protect communities from hazards. FEMAs mission is to build, sustain and improve
the United States capability to prepare for, protect against, respond to, recover from and mitigate all
hazards (FEMA, 2017). FEMA is one of four federal agencies of the National Earthquake Hazards
Reduction Program (NEHRP). NEHRP is at the forefront of the federal governments efforts to reduce
the facilities, injuries and property losses caused by earthquakes. The United States governments long-
term nationwide program is to reduce the risk imposed on life and property due to earthquakes; thus,
NEHRP was established by the congress in the Unites States to help reduce losses due to earthquake
through improved methods.

FEMA 355D: State of the Art Report on Connection Performance (SAC Joint Venture,
2000d)

The State of the Art Report on Connection Performance (FEMA 355D) (SAC Joint Venture, 2000d)
is a report put together by the SAC, this is a Joint Venture comprising of three organisations:

• the Structural Engineers Association of California (SEAOC) a professional structural engineers
organisation based in California which helped develop the International Building Code (IBC)
(IBC, 2015) and the NEHRP recommended Seismic Provisions for new buildings and other
structures (FEMA P-750) FEMA (2009)

• the Applied Technology Council (ATC) is a non-profit organisation which aims at mitigating
the effects of natural hazards among civil engineering structures

• and the California Universities for Research Engineering (CUREe) a non-profit organisation
which carries out earthquake hazard prevention research.

This SAC Joint Venture was formed specifically to solve intermediate and long term effects of the
problems relating to steel moment connections, following the 1994 North Ridge Earthquake. Refer to
Chapter 1 Section 1.2.1 for more details.

FEMA 350: Recommended Seismic Design Criteria for New Steel Moment–Frame Build-
ings (SAC Joint Venture, 2000a)

FEMA 350 (SAC Joint Venture, 2000a) provides specific design and performance evaluation pro-
cedures for steel framed moment resisting structures. The seismic performance-based design of steel
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buildings is also considered in this report; which can be useful for a more reliable and higher building
performance compared to code based designs. Detailed pre-qualified connections are presented as well
as the procedure for performance and evaluation for new connections. The performance evaluation of
structures using two performance levels is adopted, and an acceptance criteria has been used to assess
the buildings ability to achieve the selected performance objective.

Performance evaluation in chapter 4 of FEMA 350 (SAC Joint Venture, 2000a), gives guidance on
evaluating welded steel moment framed buildings. Performance objectives are defined so that struc-
tures can achieve a level of confidence for a desired performance objective. An acceptance criteria has
been defined to evaluate the buildings ability to meet the desired level of confidence. Two performance
levels are defined in FEMA 350 (SAC Joint Venture, 2000a) which are: Collapse Prevention (CP) and
Immediate Occupancy (IO). They describe damage states for the structural elements of steel-moment
framed buildings as follows:

• Collapse Prevention (CP) the structure is on the edge of total or partial collapse post earthquake
and is not safe for occupancy, significant reduction in the stiffness strength and vertical load
carrying capacity of the elements, large permanent deformations/drifts, possibility of collapse if
another seismic event is experienced and uneconomical to repair.

– Damage to columns some experience yielding

– Damage to beam-column connections many fractured and loss of capacity

– Inter storey drift large permanent

• Immediate Occupancy (IO) damage is significantly light and building inspection not necessary,
vertical and lateral load resisting systems keep nearly all of their stiffness and strength, buildings
likely to be safe for immediate occupancy as long as appropriate services are available.

– Damage to columns no damage

– Damage to beam-column connections less than 10% fractured on any one floor

– Inter storey drift less than 1% permanent

Structural analysis is used to predict the structural responses and demands in steel frames. The four
types of analysis permitted in FEMA 350 (SAC Joint Venture, 2000a) are: 1) Linear static procedure,
2) Linear dynamic procedure, 3) Non-linear static procedure and 4) Non-linear dynamic procedure.
Acceptance of a structure is determined by its ability to achieve the performance objectives of either
CP or IO, with a level of confidence.

FEMA P-750: NEHRP Recommended Seismic Provision for new buildings and other
Structures (FEMA, 2009)

Prepared for FEMA by the Building Seismic Safety Council (BSSC). The BSSC is a voluntary body
with a purpose to enhance the safety of the public by providing improved seismic safety provisions for
use in the building community for planning, designing, regulation and utilization of structures. This
FEMA P-750 (FEMA, 2009) references the ASCE/SEI 7-10 (ASCE, 2010) standard published by the
ASCE and SEI.

FEMA P-154: Rapid Visual Screening of Buildings for Potential Seismic Hazards (FEMA,
2015)

This handbook provides you with guidance for a rapid visual screening process on existing buildings
to determine if a detailed evaluation and hence potential retrofitting or rehabilitation of the structure
is required; in order to provide the required seismic resistance and level of performance.
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FEMA 547: Techniques for the Seismic Rehabilitation of Existing Buildings FEMA
(2006)

Some buildings constructed in the United States have a poor seismic resistance to earthquakes,
generally this is because there was no seismic code or standard available at the time of construction.
Seismic rehabilitation, retrofitting or strengthening is the process of improving the seismic performance
of existing buildings. The Techniques for seismic Rehabilitation of Existing Buildings (FEMA 547)
FEMA (2006) guide has two main purposes: 1) to provide a number of appropriate and practical
rehabilitation techniques for existing buildings and 2) to provide guidance on which techniques are
appropriate for specific seismic deficiencies in buildings. FEMA 547 FEMA (2006) is just a retrofitting
and rehabilitation guide for existing buildings and does not provide guidance, requirements or seismic
engineering procedures for buildings.

FEMA 356: Pre-standard and Commentary for the Seismic Rehabilitation of Buildings
(FEMA, 2000)

The Pre-standard and commentary for the seismic rehabilitation of buildings (FEMA 356) (FEMA,
2000), provides provisions for the rehabilitation of buildings and structures so that the performance
and resilience to earthquakes can be improved.



Appendix C

Detailed Review of Connection and
Frame Modelling

C.0.1 Modelling of connections to ASCE/SEI 41-17 (ASCE, 2017a)

There are two main types of connections, fully restrained and partially restrained. A connection is
considered to be fully or partially restrained depending on the strength and stiffness of the connection
assembly. Fully restrained connections are defined in ASCE/SEI 41-17 (ASCE, 2017a) in a table
which depends on the type of connection used, where for example, Reduced Beam Sections (RBS) are
defined as fully restrained connections. If the connection is not specified in the table, a fully restrained
connection is classified where: 1) the connection deformation does not contribute to more than 10%
of the total lateral deflection and 2) the connection is just as strong as the weakest member of the two
connecting members of the joint.

The following sections briefly summarise the important modelling procedures specified in ASCE/SEI
41-17 (ASCE, 2017a) for linear static, linear dynamic, non-linear static and non-linear dynamic anal-
ysis of connections.

Linear Static and Linear Dynamic

Unless specified in ASCE/SEI 41-17 (ASCE, 2017a), the specifications of ANSI/AISC 360-16 (AISC,
2016c) should be followed. The panel zone modelling can be taken into account by either: 1) adding
an element to model and take into account the flexibility of the panel zone – such as a spring element
or 2) adjustment of the beams stiffness to take into account the flexibility of the panel zone

Direct modelling of the panel zone is not needed when either: 1) the expected shear strength of the
panel zone is larger than the flexural strength of the beams at the connection or 2) the stiffness of the
panel zone at least 10 times larger than the flexural stiffness of the beam. For connections (such as
RBS considered in this study) where the plastic hinge is forced to occur in the beam, rigid elements
can be used for the effective span of the beam.

Non-linear static

To account for the non-linear effects the following shall be taken into account: 1) elastic properties
to be modelled as per Linear Static and Linear Dynamic Procedures. The flexural stiffness of the
beam and column shall be modified using τb as specified in ANSI/AISC 360-16 (AISC, 2016c), 2)
the plastification should be modelled using moment-curvature relationships and 3) the non-linear
behaviour of panel zones should be taken into account using a mathematical model.

213
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Instead of using experimental methods or analysis, the generalized load-deformation curves in
ASCE/SEI 41-17 (ASCE, 2017a), shown in Figure C.0.1 can be adopted for the components in the
frame. The parameters of the curve are defined in ASCE/SEI 41-17 (ASCE, 2017a) in the relevant
tables depending on the type of connections. The load-deformation curves can be adjusted to take
into account strain hardening by: 1) strain-hardening the elastic slope of the curve by 3% and, 2) if
panel zone yielding occurs, apply a strain-hardening slope of 6% for the panel zone.

Figure C.0.1: Generalized load-deformation to be used in nonlinear dynamic analysis instead of ex-
perimental or analysis results (ASCE, 2017a)

where: Q = generalized component load, Qy = generalized component expected strength, θ = total
elastic and plastic rotation of the beam or column, θy = yield rotation of beam or column or the
angular shear deformation for shear panels, ∆ = total elastic and plastic displacement and ∆y = yield
displacement.

Non-linear Dynamic

ASCE/SEI 41-17 (ASCE, 2017a) states that the complete hysteresis behaviour of the connection
should be taken into account from experimental results or using other appropriate methods approved
from jurisdictions. This research focuses on the modelling of RBS connections for implementation in
the non-linear dynamic analysis of steel structures.

C.0.2 Modelling the hysteretic behaviour of connections

There are a wide range of different methods available which are capable of modelling and representing
the non-linear behaviour of connections. In this research the modified-Ibarra-Krawinkler model has
been used. The following sections provide some background and introduction into this model. Refer to
Chapter 3, Section 3.2.3 and Chapter 4 Section 4.2.3 for an in-depth literature review of this method.

Background to the Ibarra-Krawinkler model

According to Ibarra et al. (2005), it is necessary to have a simplified model in order to represent the
seismic demand on elements or sub-assemblies. Ibarra et al. (2005) first investigated this by comparing
the load verses displacement of plywood shear panels under cyclic and monotonic loading. Figure
C.0.2a shows that the strength has been capped followed by a negative tangent stiffness. The results
clearly shown the strength of the plywood shear panel during the hysteretic response, deteriorate with
an increase in the the number of loading cycles. According to previous work carried out by Ibarra
et al. (2005), the hysteretic behaviour of existing models do not incorporate the important strength
degradation properties.
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Figure C.0.2b shows a backbone curve which is used to simplify the hysteretic plot. It represents a
monotonically increasing deformation representation of the hysteretic response. The main parameters
used to define this backbone curve are: Ke = elastic stiffness, Fy = yield strength, Ks = strain
hardening stiffness, δy = yield deformation, δc = capping deformation, δr = residual deformation Fc
= peak strength, Kc = post-capping stiffness and Fr = residual strength. These parameters can have
different values in the positive and negative regions if necessary. Parameters: αc, δc/δy, αs and λ are
all obtained from either analytical predictions or from experimental calibration results.

(a) (b)

Figure C.0.2: (a) Comparisons of monotonic and hysteretic models and (b)Backbone curve repre-
senting the deformation against force for the simplified model of the hysteresis plot (Ibarra et al.,
2005)

There are three types of basic model by Ibarra et al. (2005) which are capable of capturing the cyclic
deterioration. These are bilinear model, peak-oriented model and pinching model (models shown in
Figure C.0.3). Different rules which define the hysteresis, are bound by the backbone curve of the
basic Krawlinkler curve shown in Figure C.0.2b.

Figure C.0.3a shows the standard bilinear hysteretic rules with kinematic strain hardening. A
strength limit should be introduced to the model to prevent the strength increase in the loading path
at later stages of the model. The strength limit corresponds to the smallest strength in the non-linear
range. Figure C.0.3b shows the peak-oriented hysteretic model. The backbone model is changed to
include strength capping and residual strength. The reloading of the curve always targets the previous
maximum displacements. Figure C.0.3c shows the pinching hysteretic model. Reloading of this model
is of two parts: the Krel,g and Krel,b. Reloading of the model is initially directed towards a break point
(which is a function of the maximum permanent deformation and the maximum load experienced in
the direction of loading).

(a) (b) (c)

Figure C.0.3: (a) Bilinear hysteretic model, (b) Peak-orientated model and (c) Pinching model (Ibarra
et al., 2005)
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Modifications by Ibarra et al. (2005) take into account strength degradation by predefined rules
which govern the cyclic loading. There are up to four different modes of deterioration that can be
activated once a yield point has been surpassed in either direction, refer to Figure C.0.4 for these four
modes. A defined parameter (γs,c,a,k) controls the rate of these deteriorations. The basic strength
deterioration has two strength deterioration parts. Firstly, Figure C.0.4a shows how the branch
between the yield strength Fy and the peak strength Fc is translated towards (0,0) by reducing the yield
strength of the cycle which is of interest. Secondly, the strain hardening stiffness Ks is reduced. Figure
C.0.4b, which defines post capping strength deterioration, shows how the post capping branch (which
is the backbone branch defined between Fc and Fr) is translated towards (0,0) by reducing the reference
strength of the peak strength Fc. Figure C.0.4c shows how the unloading stiffness deteriorates, this is
similar to the deterioration of the strain hardening stiffness. Finally, the accelerated reloading stiffness
is shown in Figure C.0.4d. This deterioration only applies to the peak oriented model, in general, the
location of the target displacement (which is based on the maximum previous cycle) is moved by a
specific amount along the backbone curve. the distance the target displacement is moved along the
backbone curve depends on the amount of energy dissipated in the previous cycle.

(a) (b)

(c) (d)

Figure C.0.4: Examples of (a) Basic strength deterioration, (b) post-capping strength deterioration,
(c) unloading stiffness deterioration and (c) accelerated reloading deterioration for a peak orientated
model (Ibarra et al., 2005)

As explained previously, the rate of these deterioration modes is controlled by the parameter (γs,c,a,k)
which is associated with a βi parameter. The energy deterioration parameter which controls the rate
of deterioration is βi defined in Equation C.1. The cyclic deterioration of the model is based on
a hysteretic energy rule developed by Rahnama and Krawinkler (1993) which considers the energy
dissipation under cyclic loading of the element.

The energy deterioration parameter is defined as:

βi =

(
Ei

Et −
∑i−1

j=1Ej

)c
(C.1)

where Ei is the hysteretic energy dissipation during the ith excursion,
∑
Ej is the total energy

from previous excursions, Et is the reference energy and c is an empricial parameter (taken as 1.0
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in Lignos and Krawinkler (2011)). Different rates of deterioration can be defined in the positive and
negative direction – see Ibarra et al. (2005) and Lignos and Krawinkler (2012) for more details.

For the bilinear hysterisis response the strength deterioration and postcapping strength deterioration
(basic strength deterioration) is modeled by translating the strength bounds towards the origin at the
rate:

Fi = (1 − βi) · Fi−1 (C.2)

where i is the extrusion where energy is dissipated, Fi is the reference strength value on each
backbone curve and βi is the energy deterioration parameter.

The stiffness deterioration for the bilinear hysterisis per ith excursion is modeled using:

Ki = (1 − βi) ·Ki−1 (C.3)

where Ki is the stiffness of the ith excursion and βi is the energy based excursion parameter of the
ith cycle and Ki−1 is the stiffness of the previous excursion.

The modified-Ibarra-Krawinkler (mIK) model

An improved model, first proposed by Lignos and Krawinkler (2007), is an improvement on the
original Krawlinkler model by Ibarra et al. (2005). The differences in the models are due to differences
between determining the parameters that define the backbone curve. More detailed information on
the modified Ibarra-Krawlinker models can be found in: Lignos (2008), Ibarra and Krawinkler (2005),
Lignos and Krawinkler (2007) and Lignos and Krawinkler (2012). The differences between the Ibarra-
Krawlinker and modified Ibarra-Krawlinker model are as follows:

1. The relation of post yielding stiffness to initial stiffness by the strain hardening ratio results in
an unreliable prediction of the cap strength Fc. The post strength ratio results in an unreliable
prediction of the cap strength Fc. The post yield strength ratio of Fc/Fy (1.05 for bare RBS
steel connections) is a much more reliable for post yield behaviour.

2. δc/δy (shown in Figure C.0.2b) has been previously used to define plastic deformation capacity.
θp is better to describe the deformation capacity of steel components. θpc (the post capping
plastic hinge deformation) defines the post-capping strength deterioration. Figure C.0.5a shows
the definition of these new parameters.

3. Λs, Λc, Λa and Λk (which are the reference cumulative plastic rotation parameters for strength
deterioration, post-capping deterioration, accelerated reloading deterioration and unloading stiff-
ness deterioration respectively) are used opposed to γs, γc, γa and γk. These parameters are
used to describe the cyclic deterioration as a function of the cumulative deformation capacity of
the component, where Λs,c,a,k = Et/Fy = λs,c,a,k · θp. Refer to Lignos and Krawinkler (2011) for
more details.

The model has strength bounds established by a backbone curve shown in Figure C.0.5a. A set of
new parameters to define this backbone curve are slightly different to the original Ibarra-Krawlinker
curve. This curve is defined by three strength parameters and four deformation parameters, these are as
follows: effective yield moment My, capping moment strength Mc, residual moment Mr = κ ·My, yield
rotation θy, pre-capping plastic rotation θp, post capping plastic rotation θpc and ultimate rotation
capacity θu. Similarly, the same set of rules define the bilinear, peak-oriented or pinching hysteretic
behaviour.
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(a) (b)

Figure C.0.5: (a) The new improved back bone curve used to define the bounds of the hysteresis
and (b) the three main deterioration modes that can be activated in the bilinear model (Lignos and
Krawinkler, 2011)

Refer to Chapter 3 Section 3.3.1 and Chapter 4 Section 4.3.2 for more information on the param-
eters which define the behaviour of the mIK model.

Parameters used to define the mIK

Lignos and Krawinkler (2007) highlighted that the effects of residual strength in RBS connections
are significantly important and should be incorporated into the hysteretic response of the connection.
In order to determine the appropriate parameters for these deterioration models Lignos and Krawinkler
(2007) first developed a database of cyclic hysteretic responses from experimental results. The database
produced by Lignos and Krawinkler (2007) has over 200 steel specimens, with half of them being RBS
connections.

Lignos (2008) looked at both composite (mainly consisting of W36 beam sections) and non-composite
(bare steel beam sections) beam column connections. From the data collected in literature, there was
not enough data or range of sections for multivariable regression analysis to be carried out on composite
beam column connections. However, there was a large enough range of data in current literature to
carry out mulivariable regression analysis on steel connections. These connections were split into three
main groups:

• Beams other than RBS connections

• Hollow square tube sections

• Beams with RBS connections

Lignos (2008) concluded that there was not a large enough range of connections in the current
literature to specifically define the type of connection for other than RBS connection (such as bolted
or welded connection etc). Therefore, Lignos (2008) combined all other than RBS steel connections
into one data set for analysis. Hollow square tube sections are widely used in Japanese practice. Hollow
square sections from 113 HHS column connections were taken from literature in order to determine
multi variable regressional equations.
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As this study focuses on RBS connections, only the multi variable regression analysis of RBS
connections will be covered in detail here, for more information refer to (Lignos and Krawinkler, 2007;
Lignos, 2008). In the RBS connection case, there was enough data from previous experimental results
to create a separate set of connections. In the RBS connection data set, the depth d of all beams to
be considered using the multi variable regressional equations has to be larger than 21′′ (d ≥ 533mm),
no connection with a depth smaller than 18′′ was considered in the data set.

Using the 42 RBS test results from the database Lignos and Krawinkler (2007) carried out a study
in order to define relationships for the parameters: plastic rotation capacity, post capping plastic
rotation and cumulative plastic rotation parameter. A Matlab tool was produced by Lignos and
Krawinkler (2007) which calibrated the experimental results against the deterioration models in order
to obtain the parameters required to define the deterioration model. Information to calculate the
backbone curve for the modified Ibarra-Krawinkler model can be found using the following link:
http://dimitrios-lignos.research.mcgill.ca/databases/component/.

Equations to predict these three strength parameters (θp), post capping plastic rotational capacity
(θpc) and cumulative plastic rotation (Λ) were developed through regression analysis based on the local
web and flange buckling and lateral torsional buckling of the steel beams. The multivariable regression
equations are only valid for a specific range of parameters. The general non-linear regression model
proposed by Lignos and Krawinkler (2007) is as follows (RP defines the response parameter θp, θpc or
Λ):

RP = a1 ·
( d
tw

)a2 · ( bf
2 · tf

)a3 · (Lb
ry

)a4 · (Fy,f )a5 (C.4)

Lignos and Krawinkler (2011) discussed in detail and presented regression equation for determining
the values of θp, θpc and Λ. Values for My, Mc/My, κ and θu are discussed in Lignos and Krawinkler
(2011) and values have been suggested based on experimental statistics from the database and data
interpretation. A summary of these four predictive equations for RBS connections with beam sections
with a d ≥ 533mm are presented in Table C.0.1

Symbol Prediction for RBS connections

θp θp = 0.19 · ( htw )−0.314 · (
bf

2·tf )−0.100 · (Lb
ry

)−0.185 ·(Ld )0.113 · (
c1unit·d

533 )−0.760 · (
c2unit·Fy

355 )−0.0700

θpc θpc = 9.52 · ( htw )−0.513 · (
bf

2·tf )−0.863 · (Lb
ry

)−0.108 · (
c2unit·Fy

355 )−0.360

Λ Λ = ( Et
My

) = 585 · ( htw )−1.14 · (
bf

2·tf )−0.632 ·(Lb
ry

)−0.205 · (
c2unit·Fy

355 )−0.391

My My/My,p = 1.06
Mc/My Mc/My = 1.09

Table C.0.1: Equations and ratios used to estimate the parameters for the modified Ibarra-Krawlinker
models from Lignos and Krawinkler (2011) for cases where d ≥ 533mm. My,p is the predictive yield
strength, defined using the RBS properties

C.0.3 Importance of connections in modelling of steel frames

The behaviour of steel moment frames are controlled by the detailing and hence type of connec-
tion. Therefore, it is necessary to accurately represent the performance and hysteretic response of all
connections in a frame analysis. Refer to Chapter 3 Section 3.2.1 and Chapter 4 Section 4.2.1 for a
detailed literature review of RBS frame analysis.

http://dimitrios-lignos.research.mcgill.ca/databases/component/
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Performance Based Design (PBD) is a new modern method for the seismic design of structures.
This method attempts to predict the performance of a building based on a design earthquake, thus
designing the structure to be able to resits an appropriate level earthquake with an acceptable level of
damage (Naeim et al., 2001). The three main performance levels in which structures are designed for
in PBD are; Immediate Occupancy (IO), Life Safety (LS) or Collapse Prevention (CP). The American
Society of Engineers has incorporated PBD into ASCE/SEI 41-17 (ASCE, 2017a). Other design
recommendations, such as FEMA 350 (SAC Joint Venture, 2000a) and FEMA 273/274 (BSSC et al.,
1997), have also included PBD in their recommendations also.

The level of damage in PBD is quantified in terms of an acceptable level of force or damage.
Deformation-controlled or force-controlled actions are used in PBD, where the structures deforma-
tions or forces are compared to an acceptable criteria depending on the performance level selected.
ASCE/SEI 41-17 (ASCE, 2017a) provides an acceptance criteria which specifies the allowed and per-
mitted drifts and rotations of the frames. ASCE/SEI 41-17 (ASCE, 2017a) is a displacement based
design and in general uses drift demands to compare frames to acceptable levels of drift or displace-
ment.

All analysis methods must compare the performance of a frame to an acceptance criteria which can
be either force controlled or deformation controlled:

1. Deformation Controlled actions are defined as QCE and taken as expected strengths from ex-
perimental or derived from principles. The expected strength is the average resistance expected
over a specific deformation range which the element or component is expected to be subjected
to.

2. Force Controlled actions are defined as QCL there are lower bound strengths taken from exper-
imental results or derived from principles. Lower bound strengths are defined as the average
strength take away one standard deviation.

Linear static and linear dynamic

ASCE/SEI 41-17 (ASCE, 2017a) defines different actions and acceptance criteria for beams, columns,
panel zones and beam-column connections. For beams the deformation controlled actions of flexural
and shear of steel elements should be considered for acceptance criteria. For columns, deformation
controlled will be considered for flexural behaviour and force controlled for compressive behaviour.
For shear panels the shear behaviour shall be considered deformation controlled. Finally for beam
column connections fully restrained connections shall be considered deformation controlled.

Non-linear static and Non-linear dynamic

The actions of components under nonlinear actions must satisfy maximum deformations taken from
tables in ASCE/SEI 41-17 (ASCE, 2017a). Maximum permissible rotations are defined for: Beams,
Columns, Fully restrained connection panel zones and Fully restrained beam-column connections. For
beams the flexural actions should be considered to be deformation controlled with maximum plastic
rotations defined in ASCE/SEI 41-17 (ASCE, 2017a).

For columns the axial compressive loading shall be considered force controlled where the lower bound
capacity PCL is calculated according to ASCE/SEI 41-17 (ASCE, 2017a). The flexural loading of the
columns with axial loads at the target displacement that are 50% less than PCL shall be considered
to be deformation controlled with the acceptance criteria for rotations defined in ASCE/SEI 41-17
(ASCE, 2017a). Where the flexural loading of the columns with axial loads at the target displacement
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that are 50% grater than PCL force controlled shall be considered. Panel zone plastic rotations shall
be considered using the acceptance criteria in ASCE/SEI 41-17 (ASCE, 2017a).

The beam column connections (specific ones identified in ASCE/SEI 41-17 (ASCE, 2017a)) should be
considered deformation controlled. Acceptance criteria are determined from ASCE/SEI 41-17 (ASCE,
2017a). The acceptance of the connection is dependent on: the detailing of the connection continuity
plates, strength of the panel zones, the beam span to depth ratio, the slenderness of the beam web
and the slenderness of the beam flanges. If the connection does not meet a number of conditions laid
down in ASCE/SEI 41-17 (ASCE, 2017a) then the tabulated plastic rotations in ASCE/SEI 41-17
(ASCE, 2017a) will be multiplied by specified factors.

There are four criteria for non-linear modelling procedures in ASCE/SEI 41-17 (ASCE, 2017a),
these are:

1. Unacceptable response for nonlinear dynamic procedures: this underpins the nonlinear dynamic
methods of modelling. For a nonlinear model of a structure to be acceptable it must 1) converge
2) deformation controlled elements must not exceed the elements valid range 3) demands in
force controlled elements must not exceed the elements capacity and 4) deformation demands on
elements must not exceed the deformation limits of members to which they can no longer carry
the applied gravity loadings. Where a buildings performance level is modelled as life safety (or
lower) no more than one in eleven ground motions are allowed to fail the acceptance criteria.

2. Acceptance criteria for deformation controlled actions: the maximum deformation demands in
the structure (such as under the target displacement) must not be more than the elements
deformation capacities. In addition, the demands of the structure must be within the selected
acceptance criteria of the structure.

3. Acceptance criteria for force controlled actions: force controlled components of the model must
comply with equations specified in section 7.5.2.3. of ASCE/SEI 41-17 (ASCE, 2017a)

4. Verification of modelling assumptions: plastic hinges cannot form away from the ends of ele-
ments or element components unless they are specifically modelled (plastic rotations springs are
accepatble [reference here needed])

According to Table 9-5 section 9.4.2. in ASCE/SEI 41-17 (ASCE, 2017a), steel moment frames with
RBS connections can be modelled as fully restrained. Table 9-7.2 in ASCE/SEI 41-17 (ASCE, 2017a)
provides the acceptance criteria under non-linear procedures for flexural and shear actions for steel
components other than beams and columns. Table C.0.2 shows an extract (from Table 9-7.2) for the
acceptance criteria of four common steel moment frame connections.

Fully restrained moment connection
Acceptance criteria

IO LS CP

WUF 0.026 − 0.00065d 0.0323 − 0.00045d 0.043 − 0.00060d
Improved WUF - bolted web 0.010 − 0.00015d 0.0375 − 0.00045d 0.050 − 0.00060d
Improved WUF - welded web 0.02 0.041 0.054
Reduced Beam Section 0.025 − 0.00015d 0.0525 − 0.00023d 0.07 − 0.00030d

Table C.0.2: Acceptance criteria from ASCE/SEI 41-17 (ASCE, 2017a) for PBD criteria where d =
the depth of the beam
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American Wide Flange Beams used for
the Database

Table D.0.1: The 148 American Wide Flange beams selected for the parametric analysis, where d is
the depth of the beam, bf is the width of the beam flange, tf is the thickness of the beam flange and
tw is the thickness of the beam web

American Wide Flange Section ID (in inches)
Section Dimensions (mm)
d bf tf tw

W 8 x 8 x 31 203 203 7.2 11
W 8 x 8 x 35 206 204 7.9 12.6
W 8 x 8 x 40 210 205 9.1 14.2
W 8 x 8 x 48 216 206 10.2 17.4
W 8 x 8 x 58 222 209 13 20.6
W 8 x 8 x 67 229 210 14.5 23.7
W 10 x 5.75 x 22 258 146 6.1 9.1
W 10 x 5.75 x 26 262 147 6.6 11.2
W 10 x 5.75 x 30 266 148 7.6 13
W 10 x 8 x 33 247 202 7.4 11
W 10 x 8 x 39 252 203 8 13.5
W 10 x 8 x 45 257 204 8.9 15.7
W 10 x 10 x 49 253 254 8.6 14.2
W 10 x 10 x 54 256 255 9.4 15.6
W 10 x 10 x 60 260 256 10.7 17.3
W 10 x 10 x 68 264 257 11.9 19.6
W 10 x 10 x 77 269 259 13.5 22.1
W 10 x 10 x 88 275 261 15.4 25.1
W 10 x 10 x 100 282 263 17.3 28.4
W 10 x 10 x 112 289 265 19.2 31.8
W 12 x 6.5 x 26 310 165 5.8 9.7
W 12 x 6.5 x 30 313 166 6.6 11.2
W 12 x 6.5 x 35 317 167 7.6 13.2
W 12 x 8 x 40 303 203 7.5 13.1
W 12 x 10 x 53 306 254 8.8 14.6
W 12 x 10 x 58 310 254 9.1 16.3
W 12 x 12 x 65 308 305 9.9 15.4
W 12 x 12 x 72 311 306 10.9 17
W 12 x 12 x 79 314 307 11.9 18.7
W 12 x 12 x 87 318 308 13.1 20.6
W 12 x 12 x 96 323 309 14 22.9
W 12 x 12 x 106 327 310 15.5 25.1
W 12 x 12 x 120 333 313 18 28.1
W 12 x 12 x 136 341 315 20.1 31.8
W 12 x 12 x 152 348 317 22.1 35.6
W 12 x 12 x 170 356 319 24.4 39.6
W 12 x 12 x 190 365 322 26.9 44.1

Continued on next page . . .
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Table D.0.1 continued. . .

American Wide Flange Section ID (in inches)
Section Dimensions (mm)
d bf tf tw

W 12 x 12 x 210 374 325 30 48.3
W 12 x 12 x 230 382 328 32.6 52.6
W 14 x 5 x 22 349 127 5.8 8.5
W 14 x 5 x 26 353 128 6.5 10.7
W 14 x 6.75 x 34 355 171 7.2 11.6
W 14 x 6.75 x 38 358 172 7.9 13.1
W 14 x 8 x 43 347 203 7.7 13.5
W 14 x 8 x 48 350 204 8.6 15.1
W 14 x 8 x 53 354 205 9.4 16.8
W 14 x 10 x 68 357 255 10.5 18.3
W 14 x 10 x 74 360 256 11.4 19.9
W 14 x 10 x 82 363 257 13 21.7
W 14 x 14.5 x 99 360 370 12.3 19.8
W 14 x 14.5 x 109 364 371 13.3 21.8
W 14 x 14.5 x 120 368 373 15 23.9
W 14 x 14.5 x 132 372 374 16.4 26.2
W 14 x 16 x 145 375 394 17.3 27.7
W 14 x 16 x 159 380 395 18.9 30.2
W 14 x 16 x 176 387 398 21.1 33.3
W 14 x 16 x 193 393 399 22.6 36.6
W 14 x 16 x 211 399 401 24.9 39.6
W 14 x 16 x 233 407 404 27.2 43.7
W 14 x 16 x 283 425 409 32.8 52.6
W 14 x 16 x 311 435 412 35.8 57.4
W 14 x 16 x 370 455 418 42 67.6
W 14 x 16 x 398 465 421 45 72.3
W 14 x 16 x 426 474 424 47.6 77.1
W 16 x 5.5 x 26 399 140 6.4 8.8
W 16 x 5.5 x 31 403 140 7 11.2
W 16 x 7 x 36 403 177 7.5 10.9
W 16 x 7 x 40 407 178 7.7 12.8
W 16 x 7 x 45 410 179 8.8 14.4
W 16 x 7 x 50 413 180 9.7 16
W 16 x 7 x 57 417 181 10.9 18.2
W 16 x 10.25 x 67 415 260 10 16.9
W 16 x 10.25 x 77 420 261 11.6 19.3
W 16 x 10.25 x 89 425 263 13.3 22.2
W 16 x 10.25 x 100 431 265 14.9 25
W 18 x 6 x 35 450 152 7.6 10.8
W 18 x 6 x 46 459 154 9.1 15.4
W 18 x 7.5 x 50 457 190 9 14.5
W 18 x 7.5 x 55 460 191 9.9 16
W 18 x 7.5 x 60 463 192 10.5 17.7
W 18 x 7.5 x 65 466 193 11.4 19
W 18 x 7.5 x 71 469 194 12.6 20.6
W 18 x 11 x 76 463 280 10.8 17.3
W 18 x 11 x 86 467 282 12.2 19.6
W 18 x 11 x 97 472 283 13.6 22.1
W 18 x 11 x 106 476 284 15 23.9
W 18 x 11 x 119 482 286 16.6 26.9
W 18 x 11 x 130 489 283 17 30.5
W 18 x 11 x 143 495 285 18.5 33.5
W 18 x 11 x 158 501 287 20.6 36.6
W 18 x 11 x 175 509 289 22.6 40.4
W 21 x 6.5 x 44 525 165 8.9 11.4
W 21 x 6.5 x 50 529 166 9.7 13.6
W 21 x 6.5 x 57 535 166 10.3 16.5
W 21 x 8.25 x 62 533 209 10.2 15.6
W 21 x 8.25 x 68 537 210 10.9 17.4
W 21 x 8.25 x 73 539 211 11.6 18.8
W 21 x 8.25 x 83 544 212 13.1 21.2
W 21 x 8.25 x 93 549 214 14.7 23.6

Continued on next page . . .
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Table D.0.1 continued. . .

American Wide Flange Section ID (in inches)
Section Dimensions (mm)
d bf tf tw

W 24 x 7 x 55 599 178 10 12.8
W 24 x 7 x 62 603 179 10.9 15
W 24 x 9 x 84 612 229 11.9 19.6
W 24 x 9 x 94 617 230 13.1 22.2
W 24 x 9 x 103 623 229 14 24.9
W 24 x 12.75 x 117 616 325 14 21.6
W 24 x 12.75 x 131 622 327 15.4 24.4
W 24 x 12.75 x 146 628 328 16.5 27.7
W 24 x 12.75 x 162 635 329 17.9 31
W 24 x 12.75 x 176 641 327 19 34
W 24 x 12.75 x 192 647 329 20.6 37.1
W 24 x 12.75 x 229 661 333 24.4 43.9
W 27 x 10 x 84 678 253 11.7 16.3
W 27 x 10 x 94 684 254 12.4 18.9
W 27 x 10 x 102 688 254 13.1 21.1
W 27 x 10 x 114 693 256 14.5 23.6
W 27 x 10 x 129 702 254 15.5 27.9
W 30 x 10.5 x 99 753 265 13.2 17
W 30 x 10.5 x 108 758 266 13.8 19.3
W 30 x 10.5 x 116 762 267 14.4 21.6
W 30 x 10.5 x 124 766 267 14.9 23.6
W 30 x 10.5 x 132 770 268 15.6 25.4
W 30 x 10.5 x 148 779 266 16.5 30
W 33 x 11.5 x 118 835 292 14 18.8
W 33 x 11.5 x 130 840 292 14.7 21.7
W 33 x 11.5 x 141 846 293 15.4 24.4
W 33 x 11.5 x 152 851 294 16.1 26.8
W 33 x 11.5 x 169 859 292 17 31
W 36 x 12 x 160 915 305 16.5 25.9
W 36 x 12 x 170 919 306 17.3 27.9
W 36 x 12 x 182 923 307 18.4 30
W 36 x 12 x 194 927 308 19.4 32
W 36 x 12 x 210 932 309 21.1 34.5
W 36 x 16.5 x 230 912 418 19.3 32
W 36 x 16.5 x 300 933 423 24 42.7
W 36 x 16.5 x 328 942 422 25.9 47
W 36 x 16.5 x 247 931 419 20.3 34.3
W 36 x 16.5 x 262 936 420 21.3 36.6
W 36 x 16.5 x 302 948 423 24 42.7
W 36 x 16.5 x 330 957 422 25.9 47
W 40 x 12 x 149 970 300 16 21.1
W 40 x 12 x 167 980 300 16.5 26
W 40 x 12 x 183 990 300 16.5 31
W 40 x 12 x 211 1000 300 19.1 35.9
W 40 x 12 x 235 1008 302 21.1 40
W 40 x 12 x 264 1016 303 24.4 43.9
W 40 x 12 x 278 1020 304 26 46
W 40 x 12 x 294 1026 305 26.9 49
W 40 x 12 x 327 1036 308 30 54.1
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