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Abstract

Recent destructive seismic events have underlined the need for increasing research efforts devoted to
the development of innovative seismic-resilient structures able to reduce seismic-induced direct and
indirect losses. For steel Moment Resisting Frames (MRFs), the inclusion of Friction Devices (FDs) in
Beam-to-column Joints (BClJs) has been widely investigated as a viable solution to provide both high
local ductility and energy dissipation capacity. However, it has been demonstrated that, although using
FDs efficiently protects the BCJs’ components from local damage, global damage can still be observed
in significant post-earthquake residual drifts. This issue has been tackled by several research works,
introducing elastic restoring forces able to regulate the structure’s Self-Centring (SC) capability, having
the main advantage of ensuring both the energy dissipation capacity and the SC behaviour of the
structure. However, although considerable attention has been given to define innovative technologies
for BClJs, further research is still needed to define innovative configurations for Column Bases (CBs),
which play a fundamental role in the seismic performance of steel MRFs, and their protection is
paramount for the achievement of the structural resilience. In this context, an innovative Damage-Free
Self-Centring Column Base (SC-CB) has been recently experimentally developed at the University of
Salerno. It consists of a rocking column splice joint where a combination of FDs and PT bars with disk
springs dissipates the seismic energy and promotes the connection's SC behaviour. Component tests of
an isolated SC-CB specimen showed a good and stable flag-shaped hysteretic behaviour, demonstrating
the advantages of this technology in terms of improved SC and energy dissipation capabilities.

The present Thesis investigates the seismic behaviour of seismic-resilient steel MRFs equipped with
SC-CBs through different methodologies. Firstly, the thesis proposes a robust design methodology of
the SC-CB based on analytical formulations, discussing its assumptions and limitations. Then, an
experimental study of a SC-CB prototype is reviewed, and two modelling strategies (i.e., simplified and
advanced) are developed and validated against the experimental results. Successively, a Finite Element
(FE) parametric analysis is conducted in ABAQUS to investigate the relevant parameters affecting the
global and local behaviour of the joints while providing additional recommendations to improve the
design methodology. Besides, extensive numerical simulations are conducted in OPENSEES to
investigate the seismic performances of several case-study perimeter MRFs equipped with the SC-CB
connections through Incremental Dynamic Analyses (IDAs) and fragility curves. Lastly, an
experimental campaign on a large-scale two-storey steel structure equipped with BCJs endowed with
FDs and the proposed SC-CBs is carried out by adopting the Pseudo-Dynamic (PsD) procedure. In
addition, a simple repairing methodology, consisting of loosening and re-tightening all the high-strength
pre-loadable bolts of the FDs, is proposed and analysed to evaluate the effectiveness in terms of residual
drift reduction during repair. The results of this thesis highlight the effectiveness of the SC-CBs in
drastically reducing the residual drifts of steel MRFs below the acceptable drift limits while not affecting
the peak response and in protecting the first-storey columns from damage. In addition, the outcomes of
the thesis provide a large set of data for the validation process of simplified and advanced models, giving
insights into the use of the adopted SC-CB connections while defining the boundaries of the investigated
parameters for their application. Finally, results also demonstrate the repairing methodology's
considerable benefits in terms of repairability, functional recovery, and seismic resilience.
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Impact statement

The present thesis addresses multiple aspects related to the seismic assessment of steel Moment-
Resisting Frames (MRFs) equipped with innovative Damage-Free Self-Centring Column Base (SC-CB)
connections. The primary objective is to define design strategies for steel MRFs equipped with SC-CBs
and to show the benefits related to the use of these technologies in mitigating the impact of earthquakes
on steel MRFs. The reported findings on the SC-CB connections can significantly impact the increase
in popularity of these devices. In addition to being cheaper than many other seismic-resilient systems,
steel MRFs with SC-CBs are characterised by feasibility and practicality (i.e., the technology is easily
applied in practice) and, based on the observations highlighted in this document, are capable of
withstanding multiple strong earthquakes with almost no damage. In fact, introducing the proposed SC-
CB improves the self-centring behaviour of the whole system and protects the columns, which are
difficult to repair or substitute, from damage.

This work will have both scientific and practical impact. Scientific implications relate to develop and
validate new design criteria and modelling strategies for steel MRFs with SC-CB connections. These
will also strongly impact the evolution of the next generation of Eurocodes. In addition, the work aims
to develop standardised and feasible solutions that can be immediately applied in the industry. In fact,
the proposed SC-CBs are easy to implement from a technological point of view and can be introduced
with a negligible increase in the overall cost of the structure. Moreover, the experimental work reported
in this thesis can be used as a benchmark case study structure to evaluate the performance of other steel
MRFs equipped with other innovative CB connections, validate numerical models, and evaluate the
existing ones.

At this stage, the work presented in this thesis has already impacted the existing literature with the
following publications:

e Elettore E, Freddi F, Latour M, Rizzano G. Design and analysis of a seismic resilient steel
moment-resisting frame equipped with damage-free self-centring CBs. Journal of
Constructional Steel Research. 2021; 179:106543. https://doi.org/10.1016/j.jcsr.2021.106543

e Elettore E, Lettieri A, Freddi F, Latour M, Rizzano G. Performance-based assessment of

seismic-resilient steel moment resisting frames equipped with innovative column base
connections. Structures. 2021; 32:1646-1664. https://doi.org/10.1016/j.istruc.2021.03.07

e Lettieri A, Elettore E, Pieroni L, Freddi F, Latour M, Rizzano G. Parametric analysis of steel
MRFs with self-centring column bases. Steel Construction. 2022;5(2):91-99.
https://doi.org/10.1002/stc0.202100050

e Elettore E, Freddi F, Latour M, Rizzano G. Parametric Finite Element Analysis of Self-centring

Column Bases with different Structural Properties. Journal of Constructional Steel Research.
2022; 199:107628. https://doi.org/10.1016/j.jcsr.2022.107628

Also, a journal article is currently Under Review for publication in Earthquake Engineering &
Structural Dynamics in 2023, entitled ‘“Pseudo-Dynamic Testing, Repairability, and Resilience
Assessment of a Large-Scale Steel Structure Equipped with Self-centring Column Bases” by Elettore
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https://doi.org/10.1002/stco.202100050
https://doi.org/10.1016/j.jcsr.2022.107628

E, Freddi F, Latour M, Piluso V, Rizzano G. Moreover, most of the work here presented has been
included in multiple conference proceedings, including the SECED 2019 (Award for the Best Paper by
a young author), the CTA 2019 (Award for the Best Thesis), ANIDIS 2019, the EUROSTEEL 2020/21
(Nomination for the Best Paper), the WCEE17 2020/21, the STESSA 2022, the ANIDIS 2022 and the
COMPDYN 2023. In Addition, this work will also be included in the EUROSTEEL 2023, WCEE18
2024 and in STESSA 2024 Conference Proceedings.

Additionally, it is also worth highlighting that the outcomes of this work have also been included in the
project entitled "SC-RESTEEL: Self-Centring seismic-RESilient STEEL structures", which has been
recently funded within the framework of ERIES: Engineering Research Infrastructures for European
Synergies call (2023). The project will investigate the structural response, repairability, resilience, and
performance recovery of steel low-damage SC MRFs with FDs and PT bars with disk springs at both
CBs and SC-CBs. To this end, shaking table tests will be carried out on large-scale 3D three-storey steel
MRFs with the proposed joints considering different properties and placements of SC connections.
Experimental results will help validate new modelling strategies and design criteria for MRFs with SC
joints.
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1.1 Background and motivations

Earthquakes are among the deadliest and costliest catastrophic events worldwide. According to the
traditional ‘capacity design’ philosophy, suggested by most seismic design codes and guidelines,
structures must remain elastic or only slightly damaged in case of frequent (i.e., low intensity) seismic
events (i.e., Damage Limit State). Conversely, in case of rare (i.e., high intensity) seismic events (i.e.,
Ultimate Limit State), structures are typically designed to concentrate the seismic damage into
dissipative fuses, which are usually detailed to sustain cyclic inelastic demands. At the same time, the
other members of the frame are conceived to remain in the elastic range. Therefore, the seismic energy
dissipation capacity and ductility are adequately provided by the development of a high number of
dissipative fuses, referred to as plastic hinges, typically located at the beam ends and at the first-storey
columns.

Steel Moment Resisting Frames (MRFs) represent widely used seismic-resisting systems in building
structures, thanks to their ductile properties and ‘good’ seismic performance. The traditional design
strategy for these structures results in over-strengthened columns and connections, leading to structures
characterised by weak beams, strong columns and full-strength joints. This approach, if on one hand
allows the fulfilment of life safety requirements, on the other hand, it implicitly leads to the development
of significant structural damage in the structural members and significant permanent structural
displacements in the aftermath of strong earthquakes, which can significantly compromise the building's
reparability. Residual drifts and inelastic damage to nonreplaceable structural components are often
complex and costly to reinstate, so the structure may be demolished rather than repaired, even though
the collapse risk is remote. This leads to high direct (i.e., causalities, repair costs) and indirect (i.e.,
business interruption, downtime) losses, which, in many cases, are often unacceptable from both social
and economic perspectives. Furthermore, the inelastic response of the structural components can lead
to permanent structural displacements (i.e., residual deformations), which compromise the buildings’
reparability. As evidence of this, the 1994 Northridge (USA) and 1995 Kobe (Japan) earthquakes caused
extensive damage to thousands of steel MRFs, impairing their reparability and leading, in several cases,
to their demolition.

This situation strongly affects communities subjected to extreme seismic events, mainly when damaged
structures include strategic facilities that must remain operational after a damaging earthquake. In this
direction, the field of earthquake engineering is directing a growing research effort to provide innovative
structural systems that are durable, efficient, cost-effective, and capable of sustaining the design
earthquake intensity with limited socio-economic losses towards the so-called ‘seismic resilience.
Seismic resilience is defined as the capability of a structure to return to functionality (i.e., 100% quality)
within an acceptable short, if not immediate, time, to minimise the repair time and loss of service during
the lifespan of a structural system. In this direction, many recent research studies focused on the
development of advanced and more performing structural solutions that aim to minimise both seismic
damage and repair time, allowing a functional recovery after severe earthquakes. Significant advances
in seismic engineering have been developed, with further refinements of performance-based seismic
design philosophies and the definition of corresponding compliance criteria. Some examples are
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represented by seismic isolation systems or supplemental damping devices, which are currently
implemented in international design codes and used in practice in many earthquake-prone regions.

For steel MRFs, the inclusion of Friction Devices (FDs) in Beam-to-column Joints (BCJs) has been
widely investigated as a promising strategy to provide both high local ductility and energy dissipation
capacity with only minor yielding and wearing within replaceable elements. Noteworthy examples of
Damage-Free Beam-to-Column Joints (DF-BCJs) are the Sliding Hinge Joint, developed at the
University of Auckland, and the FREEDAM joint, proposed at the University of Salerno. However,
although using FDs efficiently protects the BCJs’ components from local damage, global damage can
still be observed in the form of significant post-earthquake residual drifts. In fact, it has been
demonstrated that the reduction of structural damage does not automatically entail repairability because
of possible post-earthquake residual drifts, exceeding the commonly accepted limits (i.e., 0.5% for
buildings' repairability or 0.2% for structural realignment according to FEMA P58-1).

This issue has been tackled by several research works, introducing elastic restoring forces able to
regulate the structure’s Self-Centring (SC) capability, which is defined as the ability to return to the
undamaged, fully functional condition in a short time. For steel MRFs, beams are usually clamped to
the columns through high strength Post-Tensioned (PT) steel bars/ strands parallel to the beams and
anchored outside the connection, allowing the control of gap-opening mechanisms (i.e., rocking) at
BClJs. The seismic energy dissipation is provided by replaceable/repairable dissipative devices (e.g.,
yielding set angles or FDs) included in the SC connection. These systems showed excellent post-
earthquake repairability due to their inherent ability to return to upright after strong earthquakes and
promoted several subsequent studies in this direction.

However, although significant attention has been given to the definition of innovative technologies for
BClJs that have been conceived, studied, and experimentally tested, additional research is required to
define innovative solutions for Column Bases (CBs). In fact, it has been demonstrated that CBs play a
fundamental role in the seismic performance of steel MRFs, and their protection is paramount to achieve
structural resilience. According to modern seismic design strategies, CBs can be designed as full- or
partial-strength. Conventional full-strength steel CBs may suffer from residual rotations, large plastic
deformations and axial shortening phenomena, which impair the structure returning to the initial
condition after severe earthquakes. Conversely, the design of partial-strength CBs needs the knowledge
of the hysteretic behaviour of the column base under cyclic loadings, which is difficult to predict, and
hence this strategy is rarely followed. To overcome the drawbacks of conventional CBs, in the last two
decades, several research studies have proposed novel CB configurations having the advantages of being
damage-free and characterised by an easy-to-predict hysteretic behaviour under cyclic loadings. Several
strategies focused on replacing the conventional full-strength CB connections with dissipative partial-
strength joints equipped with yielding or FDs. Furthermore, additional configurations have been
developed by combining energy dissipation devices and PT bars or strands, showing the advantages of
these systems in terms of improved SC and energy dissipation capabilities.

Within this context, an innovative Damage-Free Self-Centring Column Base (SC-CB) has been recently
proposed and experimentally tested at the University of Salerno. It consists of a rocking column splice
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joint where a combination of FDs and PT bars with disk springs dissipates the seismic energy and
promotes the connection's self-centring behaviour. Component tests of an isolated SC-CB specimen
subjected to cyclic loads demonstrated a good and stable flag-shaped hysteretic behaviour, with
negligible residual deformations, highlighting the promising behaviour of the system in terms of SC and
energy dissipation capabilities. Concerning past innovative CBs configurations previously proposed,
this connection is characterised by several advantages such as: /) feasible and economically comparable
with conventional joints; 2) self-centring capability obtained with elements (i.e., PT bars and disk
springs) that have a size comparable to the size of the joint (i.e.,, no need for long PT bars); 3) the
moment-rotation hysteretic behaviour of the components can be easily calibrated. Previous experimental
tests only focused on the response of an isolated SC-CB under cyclic loads, demonstrating the
advantages of this technology. However, there is a significant need for advanced studies to promote the
application of this innovative joint typology in practice towards the definition of pre-qualified design
rules.

1.2 Research objectives

The present thesis investigates the seismic behaviour of steel seismic-resilient steel MRFs equipped
with Damage-Free Self-Centring Column Base (SC-CBs) through different methodologies. In this
regard, the thesis describes the concept, the main features and the moment-rotation behaviour of the SC-
CB and proposes a robust design methodology based on analytical formulations, highlighting and
discussing its assumptions and limitations. Then, an experimental study of a SC-CB prototype is
reviewed and two modelling strategies (i.e., simplified and advanced) are developed and validated
against the experimental results. Successively, a Finite Element (FE) parametric analysis is conducted
in ABAQUS [1] on three selected case-study SC-CBs to investigate the relevant parameters affecting
the global and local behaviour of the joints. Besides, a performance-based assessment is carried out to
investigate the seismic performance of several case-study perimeter steel MRFs equipped with the
proposed SC-CB connections through extensive numerical simulations conducted in OPENSEES [2].
In addition, a parametric analysis is conducted to evaluate the influence of some design parameters (i.e.,
the frame layout and the seismic mass) on the SC capability of the case-study MRFs. For the numerical
simulations, Incremental Dynamic Analyses (IDAs) are performed with 30 ground motion records to
derive the samples of the demand for both global and storey-level Engineering Demand Parameters
(EPDs) while accounting for the record-to-record variability. Fragility curves are successively derived
to evaluate the SC capability of the analysed structures.

Lastly, an experimental campaign on a large-scale two-storey steel structure equipped with Damage-
Free BCJs (DF-BClJs) endowed with FDs and with the proposed SC-CBs is carried out by adopting the
Pseudo-Dynamic (PsD) procedure, giving valuable insights into the overall structural performance of
the structure, collecting data for the validation process while also providing further investigations
regarding the structure's repairability and resilience. In addition, a simple repairing methodology,
consisting of loosening and re-tightening all the high-strength pre-loadable bolts of the FDs, is proposed
and analysed to study the effectiveness in terms of residual drift reduction during repair.
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The main findings of this work are expected to finalize the seismic design recommendations for
standardized and feasible solutions that can be immediately applied in the industry. To fulfil this aim,
the following objectives can be summarised as follows:

e Objl To derive a step-by-step design methodology for the SC-CB using analytical formulations;

e Obj2 To investigate and focus on the relevant design parameters affecting the global and local
behaviour of the SC-CBs to provide design recommendations for specific performance
objectives;

e Obj3 To investigate the effectiveness of the use of SC-CBs within steel MRFs in terms of
damage-free behaviour and residual drift reduction within steel MRFs;

e Obj4 To investigate the seismic performances of several case-study perimeter steel MRFs with
SC-CBs while also evaluating the influence of some design parameters (i.e., frame layout and
the seismic mass) over the self-centring capability;

e Obj5 To provide experimental evidence into the use of the SC-CB connection through pseudo-
dynamic testing;

e Obj6 To assess a large-scale steel structure's repairability, resilience, and performance recovery;

e Obj7 To investigate the effectiveness of simple repairing methodologies for these structures;

e Obj8 To validate simplified and advanced previously developed FE modelling strategies for the
SC-CB and steel MRFs with SC-CBs based on a wide range of experimental results;

e Obj9 To support adoption into engineering practice and demonstrate the feasibility and
advantages of the SC-CB;

e Obj10 To contribute towards the development of the new generation of anti-seismic codes.

1.3 Thesis outline and methodology

The core of the present research work is divided into four categories: concept development and
analytical studies, FE parametric analyses, numerical simulations and experimental programs. Table 1
summarizes the contents of the thesis, highlighting the main sections and evidencing the contribution of
the Author to the work. The structure of the present work is outlined as follows:

e Chapter 2: covers the Literature Review in the fields of interest made by the Author, mainly
focusing on those topics used as a base for the subsequent parts of the thesis. The literature
review covers background topics related to traditional and innovative structural solutions for
steel MRFs, focusing on friction and self-centring BCJs and CBs. Attention is paid to the
innovative configurations of damage-free and self-centring CBs proposed within the current
literature. In addition, the numerical modelling strategies existing in current literature and
adopted for the structural modelling of this thesis are presented and discussed.

e Chapter 3: describes the SC-CB considered within this thesis. The concept, the expected forces
in the joint, the moment-rotation behaviour and the analytical formulations are described,
highlighting the assumptions and limitations of the design methodology. Then, an experimental
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study of an isolated SC-CB prototype is reviewed, and two FE modelling strategies (i.e.,
simplified in OPENSEES [2] and advanced in ABAQUS [1]) are developed and validated
against the experimental results. The validation process allows the prediction of both global and
local responses of the SC-CBs, while assessing the validity of design assumptions.

e Chapter 4: presents the Parametric FE Analysis of SC-CBs with different structural properties.
Three case-study steel MRFs equipped with the SC-CBs, extracted from reference prototype
buildings, are designed following Eurocode 8 [3], while the SC-CBs are designed by following
the design procedure proposed in Chapter 3. Then, three case-study SC-CBs are selected, and a
matrix of sixteen different configurations is considered for each SC-CB, obtained by varying
three design properties of the joints. A parametric FE analysis is conducted in ABAQUS [1] to
fulfil the following objectives: i) to investigate the scale effect on different geometrical
configurations; ii) to provide insights into the local behaviour of SC-CBs under cyclic loading;
iii) to identify the parameters that mainly affect the local behaviour of SC-CBs in view of
obtaining specific performance objectives (i.e., minimal yielding of the joint components and
self-centring capacity); iv) to provide insights and design guidelines for this joint typology.

e Chapter 5: performs a Performance-Based Assessment of case-study MRFs equipped with SC-
CBs. Several case-study steel MRFs are extracted from prototype structures and designed
following the Eurocode 8 provisions. Numerical models are developed in OPENSEES [2] for
the MRFs with traditional full-strength CBs and for the equivalent MRFs equipped with the
proposed SC-CB connections. IDAs are carried out to assess and compare the seismic
performances of the two structures while accounting for the record-to-record variability.
Fragility curves are derived, based on the IDA results, to evaluate the probability of exceedance
of the value of residual interstorey drift limit of 0.5%, which, for building frames, is
conventionally associated to the building’s reparability. Moreover, several performance levels
are considered by monitoring both global and local EDPs and hence deriving both system and
components-level fragility curves to provide information about the hierarchy of activation of the
different mechanisms within the structure. Additionally, a parametric numerical analysis is
performed in OPENSEES [2] to investigate the frame layout’s influence and the seismic mass
on the self-centring capability of the considered MRFs. Therefore, additional case-study MRFs
are selected, and their seismic behaviour is investigated through IDAs and fragility curves.

e Chapter 6: presents the PsD experimental campaign performed on a large-scale two-storey steel
structure equipped with DF-BCJs endowed with FDs and SC-CB connections. The tests have
been performed at the STRENGTH Laboratory of the University of Salerno. The large-scale
steel tested specimen is first described, including a presentation of the characterization tests
conducted to investigate the material properties of the specimen. Then, the experimental set-up
and the instrumentations are shown, with a description of the applied test matrix and procedure.
A sequence of six ground motion records, scaled to several intensities, has been defined and
applied. Moreover, two additional tests have been carried out considering additional structural
configurations. In addition, a simple repairing methodology, consisting of loosening and re-
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work and suggests future work paths in this field.

tightening all the high-strength pre-loadable bolts of the FDs of both DF-BCJs and SC-CBs, is
proposed and analysed to study the effectiveness in terms of residual drift reduction during
repair. Further insights concerning resilience and reparability are provided.

Chapter 7: draws the main conclusions and findings obtained in the previous chapters and
provides an integrated view of these findings, along with some of the limitations of the current

Table 1. Contribution to the thesis.

Section or topic

Contribution

Chapter 1 Introduction
Chapter 2 Literature Review
Chapter 3 Damage-Free Self-Centring Column Base (SC-
CB)
Concept and Design Procedure
Experimental tests on an isolated SC-CB
Modelling strategies and validation
Chapter 4 Parametric FE Analysis of SC-CBs with
different structural properties
Design of the case-study MRFs with SC-CBs
FE Modelling
Parametric FE Analysis
Design recommendations
Chapter 5 Performance-Based Assessment of case-study
MREFs equipped with SC-CBs
Design of the case-study MRFs
Numerical Modelling
Incremental Dynamic Analysis
Fragility Curves
Parametric Analysis
Chapter 6 Pseudo-dynamic Testing
Design of the SC-CB as part of a large-scale steel
structure
Set-up and instrumentation
Pseudo-dynamic Tests
Numerical Modelling and validation
Reparability and resilience assessment

1.4 References

1

3

Introduction
Bibliographic studies

Results of previous research projects
Results of previous research projects
Personal contribution

Personal contribution

Personal contribution

Personal contribution

ABAQUS/Standard and ABAQUS/Explicit — Version 2017. ABAQUS Theory Manual, Dassault
Systems, 2016. http://130.149.89.49:2080/v6.14/books/usb/default.htm

S. Mazzoni, F. McKenna, M.H. Scott, G.L. Fenves OpenSEES: Open System for earthquake
engineering simulation, Pacific Earthquake Engineering Research Centre (PEER), 2009, Univ. of
California, Berkley, CA

EN 1998-1, Eurocode 8: Design of structures for earthquake resistance — Part 1: General rules,
seismic actions and rules for buildings, European Committee for Standardization, Brussels.
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2.1 Seismic behaviour of traditional Steel Moment Resisting Frames

Steel Moment Resisting Frames (MRFs) represent widely used seismic resisting systems in building
structures, thanks to their architectural flexibility and ‘good’ seismic performance [e.g., 1-4] (Figure
2.1). They have been adopted worldwide for low-rise industrial buildings and multi-storey low, medium
and high-rise buildings. Steel MRFs are conventionally designed to withstand relevant seismic actions
by bending their structural members (i.e., beams, columns, and connections). Their primary source of
stiffness and lateral strength is given by the flexural resistance of members and connections, and the
seismic energy dissipation capacity and ductility are provided by the formation of a high number of
dissipative zones, which can be located in beams, columns or joints strictly depending on the applied
design philosophy. In a perimetral layout, MRFs are usually located along the building edges, while the
internal part is generally designed to sustain only gravity loads with pinned connections. Consequently,
in the hypothesis of rigid floors and during a seismic event, the equivalent horizontal actions induced
by the global mass of the building can be considered ideally distributed only among the MRFs.

- e

Figure 2.1. Steel Moment Resisting Frames (MRFs) [1-4].

Alternative solutions such as Eccentrically Braced Frames (EBFs) [e.g., 5-7], Concentrically Braced
Frames (CBFs) [e.g., 8] or shear walls are also widely adopted (Figure 2.2). These systems require
gravity frames to carry vertical loads while the energy dissipation capacity is assigned to the bracing
system. In the case of CBFs, the energy dissipation capacity is provided by the plasticization of
diagonals in tension. In the case of EBFs, the hysteretic dissipation relies on the participation of
predetermined regions of the beams, individuated by the bracing system, which is subjected to high
bending and/or shear. Nevertheless, although the aforementioned systems generally allow more rigid
configurations, resulting in structures less prone to second-order effects and compliant with the
serviceability limit states more easily compared to MRFs, bracings and walls could represent limits from
both the architectural and functional points of view. Steel MRFs can provide large open spaces without
the obstruction usually caused by bracings or shear walls. In addition, thanks to their flexibility and
relatively long periods of vibration, MRFs usually attract smaller seismic forces than CBFs or EBFs.

Steel MRFs can be designed to exhibit fully elastic or dissipative behaviour. In the first case, the
structural members of the frame are designed consistently with the maximum design actions. This
strategy is able to preserve human life and the serviceability limit states, but it generates a relevant
oversizing of the structural elements. Conversely, the dissipative strategy assumes that the structure can
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withstand the earthquake effects by dissipating the seismic input energy by activating a high number of
well-defined dissipative fuses that strictly depend on the assumed design philosophy.

Figure 2.2. Steel structural typologies: a) Eccentrically Braced Frames (EBFs) [5-7]; b) Concentrically
Braced Frames (CBFs) [8].

The traditional ‘capacity design’ philosophy of the ‘strong-column strong-joint weak-beam’ [9] (Figure
2.3(a)) implemented in current seismic design codes [e.g., 10-13] ensures that steel MRFs remain elastic
or only slightly damaged in case of frequent (i.e., low intensity) seismic events (i.e., Damage Limit State
DLS). Conversely, extensive damage is generally accepted in rare (i.e., high intensity) seismic events
(i.e., Ultimate Limit State ULS). The damage is assured to occur in the ductile parts of the structures
where dissipative zones are located, which are usually detailed to sustain cyclic inelastic rotation
demands. The seismic energy dissipation capacity and ductility are adequately provided by the
formation of a high number of dissipative zones, while the other parts must remain in the elastic range.
This design strategy results in strong columns, weak beams and full-strength joints, enforcing the
development of plastic hinges beams’ end to promote a global failure mechanism if first-storey columns
base sections are involved in the plastic range. In this way, the maximum global ductility of the structure
is guaranteed, and undesired collapse mechanisms are avoided. This approach inevitably leads to
significant structural damage in the structural members, thus implying structural damage with associated
repair costs and business downtime. Figure 2.3 (b) shows the expected damage in steel MRFs.
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Figure 2.3. Conventional design for seismic-resisting systems: a) Basic concept of capacity design
philosophy (Paulay and Priestley, 1992) [9]; b) Expected damage in conventional Steel MRFs.
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These drawbacks have been highlighted by several post-earthquake inspections after severe seismic
events, which revealed unsatisfactory performances on structures employing perimeter MRFs, and the
lessons learned from the field survey have been shown in several studies to date [e.g., 14-20]. For
example, the Northridge (California, USA, 1994) [14-15], Kobe (Japan, 1995) [16], and Tohoku (Japan,
2011) [17-18] earthquakes caused devastating losses and resulted in significant damage to buildings,
reinforcing the crucial importance of implementing measures for the reduction of the seismic damage.
In fact, after the Northridge earthquake, a survey of 2066 steel buildings showed that 70% of them
experienced connection damage [15]; after the Kobe earthquake [16], 4530 steel buildings suffered
damage, among which 1067 were unable to recover and needed to be fully or partially demolished.

Figure 2.4 (a) and (b) show a three-storey and a two-storey building from the 2011 Tohoku earthquake
in Japan [17-18]. Although these structures did not collapse, they still had to be demolished due to
excessive residual deformations after the seismic event.

Alternatively, it is possible to apply another approach based on the ‘strong-column weak-joint strong-
beam’ philosophy. This strategy assumes partial-strength connections and allows energy dissipation
through the plastic engagement of well-defined joint components while the column and the beam end
behave elastically. In this latter case, the dissipation of the seismic input energy is provided by the plastic
engagement of dissipative joint components.

2.1.1 Frame classification

According to Astaneh et al., 1995 [1], several steel MRF typologies can be individuated in practice
according to the following classification:
i) the spatial distribution of the frames within the whole building (i.e., space frame, perimeter
frames, planar frames);
ii) the ductility class (i.e., Low, Medium, High);
iii) the beam-column connections’ typology (i.e., riveted, bolted, welded);
iv) the stiffness of the joints (i.e., pinned, semi-rigid or rigid);

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



36 Chapter 2 Literature Review

V) the relative flexural resistance and rotational supply of the structural members and the
connections.

According to Eurocode 3 [21], a classification of frames is provided according to the following

characteristics:
i) the sensitivity of the structural system to second-order effects;
ii) the presence of a bracing system. According to the susceptibility to second-order effects,

framed structures are classified as non-sway or sway frames. The term non-sway frames is
used when the in-plane lateral stiffness is sufficient to allow geometrical second-order
effects to be neglected. Conversely, a sway frame is affected by relevant internal actions
induced by its high lateral deformability. A frame can be non-sway if the following
relationships are satisfied:

Fer : .
= —> 10 for elastic analysis;
Fgq

Fer : .
- Ao = F—;d > 15 for plastic analysis.

where a., is the multiplier of the design loading to cause global elastic instability, F_, is the elastic
critical buckling load for global instability on the initial elastic stiffness and Fj,; is the design load.
Another classification involves the braced and unbraced frames, which differ in the presence or absence
of specific stiffening elements that can reduce lateral displacements by at least 80%.

2.1.1.1 Spatial distribution

According to the spatial distribution, MRFs can be classified into the following categories:

i) space frames;

ii) perimeter frames;

iii) perimeter frames with only a few MRFs;
iv) planar frames and hybrid systems.

Figure 2.5 (a) shows a typical structure with space frames, in which all the frames withstand both the
vertical and horizontal loads, resulting in structures that need the adoption of expensive rigid full-
strength joints and, therefore, are not cost/effective. Figure 2.5 (b) shows a perimeter-framed building
characterised by MRFs located only along the perimeter. At the same time, the inner part has a pendular
behaviour and sustains only the gravity loads. Such a solution is preferred, as it is more effective and
cheaper than the previous one, primarily because the number of rigid connections is reduced. For this
reason, the adoption of perimeter MRFs has been widely applied in the last two decades. Later, the
concept of perimeter MRFs was extended in the perimeter MRFs with only a few rigid bays, further
reducing the number of continuous joints and the cost and structural redundancy. Figure 2.5 (c) shows
a perimeter-framed building characterized by a few MRFs, which are called to withstand seismic
actions, while the other parts of the structure carry the vertical loads only. Moreover, different seismic-
resistant strategies can be adopted along with the main directions of the building. For example, this
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happens in the case of planar frames (i.e., different systems in two directions) illustrated in Figure 2.5
(d) and hybrid systems (i.e., a combination of two systems in the same direction), where the solution
with MRFs can be coupled with other strategies (e.g., EBFs, CBFs).
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Figure 2.5. MRFs typologies: (a) Space MRFs; (b) Perimeter MRFs; (c) Perimeter frames with a few
MREFs; (d) Planar frames. The MRFs are highlighted in red, the pendular frames are highlighted in yellow,
and other structural systems are in green.

2.1.1.2 The connection typology

Another classification of MRFs is according to the connection typology. The Beam-to-Column Joints
(BClJs) can be classified as riveted, welded and bolted, as illustrated in Figure 2.6. In practice, before
the 1920s, steel structures were built exclusively by assembling beams and columns employing riveted
joints (Figure 2.6 (a)), enabling the connections to withstand shear and tension loads. Afterwards, the
introduction of high-strength bolts represented a significant innovation and an excellent alternative to
the riveted connections thanks to the friction mechanism developed between the two clamped surfaces.
High-strength bolts allowed to fasten of plates through high contact pressures, leading to the
development of the so-called slip-resistant joints. The adoption of these connections allowed relevant

time-savings thanks to the ease of installation due to threads and washers (Figure 2.6 (b)).

A

Figure 2.6. Beam-to-column connection typologies: (a) Riveted; (b) Bolted; (c) Welded.

Besides, starting from the 1920s and becoming more popular in the 1950s, the welding technique started
being developed due to the introduction of more advanced techniques (Figure 2.6 (c)). Since the 1960s,
with the refinement of the welding procedures and the reduction of the cost of the welding process, such
a technique has also been applied to steel structures. This technique allowed the connection of beams
and columns by melting the two parts and adding filler material. The first applications were limited to
shear connections, but the welding technique was also applied in the case of full-strength BCls.
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Nevertheless, during the unfortunately famous earthquakes of Northridge (California, 1994) [14-15],
Kobe (Japan, 1995) [16] and Tohoku (Japan, 2011) [17], many welded BCJs belonging to MRFs
exhibited unexpected brittle fractures, causing irreparable damage to the MRFs. Such unsatisfactory
behaviour, which occurred both in several perimeter MRFs, typically used in the USA, and in space
MREFs typically adopted in Japan, was found in the welding techniques used at the time, which was
inadequate and characterised by low ductility [22]. Therefore, the role of welded joints has been
reevaluated, and the significant advantages provided by adopting welded connections have been
discussed. Therefore, the costly but reliable bolted connections have been reconsidered as an effective
alternative to the low ductile and brittle “Pre-Northridge” field welded BCJs. Additional considerations
regarding traditional BCJs are discussed in Section 2.1.2 of this thesis.

2.1.1.3 The ductility classes

A further classification of steel MRFs is based on the Ductility Class (i.e., DC) (i.e., Low, Medium,
High). As a result of the importance of the current approach to the ductility supply, current seismic
international codes [e.g., 10-13] provide a classification of structures regarding the inelastic capacities
of the dissipative zones. According to the Eurocode 8 [10] requirements, three DCs have been defined,
differentiating for the rotational capacity of the connections (Table 2) according to the three following
categories:

e ECS: Ductility Class Low (DCL);
e ECS: Ductility Class Medium (DCM);
e ECS: Ductility Class High (DCH);

In the case of DCL, the MRFs are expected to exhibit a low dissipative behaviour, and connections are
not required to possess a specific plastic rotation supply. In the case of DCM and DCH, the structural
system is designed to behave in a ductile manner when subjected to a severe seismic event. Thus, brittle
mechanisms and buckling are avoided, and dissipation is reached through the inelastic behaviour of the
plastic hinges. Connections are required to sustain a minimum rotational capacity equal to 25 and 35
mrad for DCM and DCH, respectively.

Table 2. Required ductility of connections according to Eurocode 8 DC [10]

Ductility Cass Minimum Reotational Capacity
-] [mrad]
Ductility Class Low (DCL) [-]
Ductility Class Medium (DCM) 25
Ductility Class High (DCH) 35

Regarding the definition of dissipative and non-dissipative mechanisms, it is highlighted that inelasticity
in steel structures can occur from different mechanisms, such as the bending of beams/connections, the
shear plasticization of PZs or the friction due to the slippage of plates. Conversely, some examples of
non-dissipative mechanisms are the local buckling of members and/or of plates and the yielding of low
ductile materials, such as the plastic engagement of welds, which have been discovered to possess low
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dissipation capacities. To obtain ductile structures, non-dissipative mechanisms must be avoided, and
the brittle elements must be over-strengthened concerning the maximum actions associated with
developing the inelastic mechanisms.

In steel MRFs designed for DCM or DCH, the earthquake input energy is dissipated through the plastic
engagement of some specific zones (i.e., plastic hinges) located at the beams’ ends, in connections, PZs
or columns’ ends accordingly to the adopted design approach. Following the classical design strategy,
dissipative zones are located at the beams’ ends and the bottom sections of the first-storey columns, thus
providing a collapse mechanism of global type. The other structural parts (i.e., the connections, the PZs
and the columns) are designed to possess adequate overstrength compared to the maximum actions
transferred by the fully developed plastic hinges. In particular, connections and PZs are required to
possess a flexural strength greater than the maximum bending resistance of the fully yielded and strain-
hardened beams’ ends. The columns must be designed to satisfy the so-called strong-column weak-
beam requirements.

2.1.1.4 The stiffness and strength of the joints

The joints' stiffness, strength and rotational capacity strongly influence the overall structural response
and the dynamic structural behaviour of steel MRFs. Therefore, the classifications of the frames and
joints are strictly related. Several configurations of connections range from quasi-perfectly rigid to
flexible configurations, representing the two opposite extremal configurations. In the first case, no
relative rotations among the connected members are allowed, whereas in the second case, the joint
allows relative rotations among the members converging in the node. It is highlighted that, unlike
concrete structures, where the connections can be considered so rigid that no relative rotations among
the connected members are allowed, this solution represents an extreme behaviour of the joints in the
case of steel structures. Depending on the BCJ typology, it can be assumed that all the ends of the
members converging in the joint are subjected to the same rotation and the same displacements or that
the joints can permit free rotations. The first case leads to continuous frames, while the second one leads
to pinned frames.

In the case of elastic design, MRFs can be classified into the following categories according to the
rotational stiffness of the joints as follows (Figure 2.7):

i) Simple (i.e., nominally pinned) connections that are able to transfer only shear and axial
force since they allow the relative rotation among the members converging in the node
without the development of bending moments; as a consequence, the initial stiffness is
negligible. The obtained structural system is pendular, and joints can be modelled using
hinges.

ii) Continuous (i.e., rigid connections) that are able to transfer not only shear and axial actions
but also bending moments since the relative rotation among the members of the joint is
significantly limited. Connections can be modelled employing clamps.

iii) Semi-continuous (i.e., semi-rigid connections) that exhibit an intermediate behaviour
between the two previously described solutions. Joints are intermediate between the external
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situation of pinned and rigid-full strength. Their structural behaviour must be properly
accounted for through accurate models representing the actual moment-rotation curve.

Zone 1: rigid, if 8j; = kK EL /L,

where
Ml A k=8 for frames where the bracing system
reduces the horizontal displacement by
at least 80 %
ky = 25 for other frames, provided that in every
storey KoK, = 0,17

Zone 2: semi-rigid

All joints in zone 2 should be classified as
2 semi-ngid. Joints in zones 1 or 3 may
a optionally also be treated as semi-rigid.

-
¢

Zone 3 nominally pinned, if S = 0.5 Efy/ Ly

7 For frames where Ku/K; < 0,1 the joints
should be classified as semi-rigid.
Key:
K, is the mean value of I/L, for all the beams at the top of that storey;
K. 15 the mean value of [/L. for all the columns in that storey;
Iy is the second moment of area of a beam;
I is the second moment of area of a column,
Ly is the span of a beam (centre-to-centre of columns);
L. is the storey height of a column.

Figure 2.7. Classification of the joint according to the rotational stiffness (Eurocode 3 part 1-8 [30]).

In the case of rigid-plastic design, the classification criterion is based on the flexural strength of the
connections. According to Eurocode 3 [21], joints can be classified into the following categories (Figure
2.8):

i) Full-strength joints which are designed to have higher resistance than the connected
members (Mpeam pi,ra > Mjoint,ra) SO that plastic hinges can develop only at the beam or
the column ends;

ii) Partial-strength joints, which are designed to have lower resistance than the connected
members  (0.25Myeampira < Mjoint,ra < Mpeampi,ra) and for this reason, they are
characterized by dissipative components that are damaged or activated during a seismic
event;

iii) Nominally pinned joints, whose design resistance is much lower than the ones of the
connected members (Mjoint pa < 0.25Mpeam pira)-

Full strength

A

Partial strength

T
~D

-
¢

Figure 2.8. Classification of the joint according to the flexural resistance (Eurocode 3 part 1-8 [30]).
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Finally, the third classification criterion is based on the plastic rotation supply of the joints, according
to which it is possible to define two categories:

i) Full-ductility connections, whose plastic rotation supply is equal to or higher of the
connected members;

ii) Partial-ductility connections, whose plastic rotation supply is lower than the connected
members.

According to this classification, in the case of elastic analyses, only the rotational stiffness can affect
the overall structural behaviour, and the connections can be considered pinned, semi-rigid or rigid.
Instead, the stiffness and flexural strength must be considered if an elastic-plastic analysis is performed.
Finally, in the case of a rigid-plastic analysis, only the bending resistance plays a relevant role in the
overall response. Consequently, the joints can be classified as full-strength, partial-strength or pinned.
A summary of the joint classification is reported in Table 3.

Table 3. Joint classification
Method Classification Of The Joint
Elastic Nominally Pinned  Rigid Semi-Rigid
Semi-Rigid And Partial-Strength

Elastic-Plastic Nominally Pinned  Rigid And Full-Strength Semi-Rigid And Full-Strength
Rigid And Partial-Strength

Rigid-Plastic Nominally Pinned  Full-Strength Partial-Strength
Type Of Joint Model Simple Continuous Semi-Continuous

2.1.2 Beam-to-column joints (BCJs)

The best strategy to design seismic-resistant steel structures is to increase their energy dissipation
capacity by developing a relevant number of dissipative fuses characterized by wide and stable
hysteresis loops adequately designed according to the ‘Capacity Design’ principles [9] (i.e., hierarchy
criteria of the strong-column strong-connection weak-beam philosophy), according to which, the energy
dissipation capacity is provided by the development of a relevant number of dissipative fuses,
characterized by wide and stable hysteresis loops, which are usually detailed to experience significant
inelastic deformations under moderate-to-strong earthquakes.

According to the first principle of the ‘Capacity Design’, the dissipative zones are adequately designed
from the maximum actions deriving from the design phase. Instead, according to the second principle
of the capacity design, the non-dissipative zones must remain within the elastic range. Consequently,
they are designed considering the maximum actions that the yielded and strain-hardened dissipative
fuses are able to transfer. These principles assure, in most cases, the prevention of both brittle crises and
the development of storey mechanisms.
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This strategy is traditionally applied by over-strengthening columns and connections, enforcing the
development of plastic hinges at the end of beams to promote a global failure mechanism if first-storey
column base sections are involved in the plastic range. In this way, the maximum global ductility of the
structure is guaranteed, and undesired collapse mechanisms (i.e., storey mechanisms) are consequently
avoided. These mechanisms represent the worst approach through which the structure withstands a
seismic event as they induce the plastic engagement of the top and base ends of the columns belonging
to the same storey, whose plastic hinges are characterized by low ductility and energy dissipation
capacity due to the significant axial loads sustained by vertical elements. Within this context, it is clear
that the BCJs play a relevant role in the overall structural behaviour of steel MRFs.

2.1.2.1 The component method approach

The component method approach consists of modelling the monotonic moment-rotation law of
connections, starting from the characterization of individual joint components in terms of stiffness and
resistance [23-29]. This approach has mainly been exploited to investigate connections between double-
tee section profiles, assessing the response of partial-strength and/or semi-rigid connections, often
referred to as semi-continuous joints. Different joint components have been experimentally, numerically
and analytically investigated. For instance, to model welded and bolted joints, many works focused on
the study of the PZ [24-25], the end-plates [25] and the T-stubs [27]. After these studies, the component
method was first reported in the European Norm Voluntary version of EC3 (into annexe J) [21] and,
subsequently, in Eurocode 3 part 1-8 [30]. Moreover, the Eurocode 3 provides many design formulations
to assess the strength and stiffness of the following components: column web panel in shear; column
web panel in transverse tension; column web in transverse compression; column flange in bending; end-
plate in bending; flange cleat in bending; beam flange and web in compression; beam web in tension;
bolts in shear; bolts in tension; plates in bearing; welds; haunched beam. For instance, in Figure 2.9, the
main components of a welded connection with double-tee profiles as beam and column are reported:

i) the column web in shear (cws);
ii) the column web in compression (cwc);
iii) the column web in tension (cwt);
iv) the column flange in bending (cfb);
v) the web and the flange of the beam in compression (bfc).
owt||cfb | owt ¢
———a— -— e

o ] JM
————!—— |be ————— " S —
o | WS OWC pfe

Figure 2.9. Components belonging to the connection.
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In particular, the column web in shear, compression and tension represent elements that directly affect
the rotational stiffness and strength. Instead, the column flange in bending and the web and the flange
of the beam in compression can affect only the flexural strength of the joint. Since the component
method approach requires defining a force-displacement law for each joint component, an elastic-plastic
relationship is assumed for cws, cwe, cwt, while a rigid-plastic behaviour is assigned c¢fb and bfc, as
illustrated in Figure 2.10:

M M M

@“hﬁ + +

ows ave

cfb bft

Figure 2.10. Constitutive laws of the connections.

According to the above schematization, the rotational stiffness of the connection is assessed as:

k,=E he 2.1
¢ 1 n 1 +1 21
k k

kCWS cwce cwt

where E is the modulus of elasticity, h; is the distance between the flanges of the beam, while ks,
k.we and k., represent the stiffness of the components cws, cwe and cwt. Instead, the flexural strength
of the joint is related to the weakest among the abovementioned components:

Mj,Rd = min{chs; Fowes Fewes Fcfb; bec} “he (2.2)

Further and detailed formulations for the above application and more complex cases (e.g. bolted
connections with end-plates or angle flange cleats) are provided in the Eurocode 3 Part 1-8 [30].

2.1.2.2 Full-and Partial-Strength Beam-to-column connections

The traditional design approach for the BCJ is represented by the full-strength welded or bolted joints,
which have been widely adopted solutions within steel MRFs. Eurocode 8 [10] requires that the joint
design resistance (M; r4) should be higher than the plastic moment of the connected beam (Mp, r4)
amplified by the coefficient 1.1 to account for the effects of the material strain-hardening and the
overstrength coefficient y,,, to consider the random variability of the steel yield strength (i.e., the
recommended value y,,, = 1.25):
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M; g > 1.1 Vo - Mpra (2.3)

For many decades, there has been deep exploitation of full-strength welded or bolted BCJs. Although
this design approach should avoid damage to the non-dissipative structural elements, during the
unfortunately famous earthquakes of Northridge (California, 1994) [14-15] Kobe (Japan, 1995) [16]
and Tohoku (Japan, 2011) [17] many welded BCJs belonging to MRFs exhibited unexpected brittle
fractures, causing irreparable damage to the MRFs Figure 2.11. For example, the connection shown in
Figure 2.11 (b) exhibited the failure of the fillet welding at the beam’s end. The reasons for such
unsatisfactory behaviour were found in the welding techniques used at the time, which were
demonstrated to be inadequate and characterized by low ductility [22] but also because the adopted
design criteria did not ensure the right overstrength to the complete development of the beam's plastic

rotation capacity.

F
o

Figure 2.11. Damaged welded connections after the seismic event of a) Northridge 1994 [14-15]; b) Kobe
1995 [16]; ¢) Tohoku 2011 [17].

To solve the issues of conventional BCJs, two strategies were proposed. The first one was based on
strengthening the welding details. The second one was based on weakening the beam ends into areas
located sufficiently far from the column. The weakening approach called Reduced Beam Section (RBS)
or dog-bone [31-32] (Figure 2.12 (a)), allows the concentration of the damage in well-defined regions
sufficiently far from the columns. to reduce the welds' stresses, thus enhancing the overall seismic
performance. Such an improvement is mainly related to reducing the stress concentrations in the welds
while increasing the local ductility. This connection typology has been widely studied, and its design
rules are also part of the AISC provisions [33]. Recently, due to the rising interest in the cyclic behaviour
of this joint, experimental, numerical and analytical activities have been carried out at the University of
Salerno to investigate the response of RBS connections [34-35]. Partial-strength BCJs represent an
alternative to this design philosophy. These joints can lead to a high ductility and energy dissipation
capacity, provided that their geometry is designed by applying capacity design principles at the level of
the single components [26-29]. The weakest joint component can be initially selected and designed to
provide the required ductility and energy dissipation supply within this framework. In contrast, all the
other joint components, including the beam end, must be designed with appropriate over-strength to
account for the strain hardening and random material variability exhibited by the weakest joint
component. This approach has been applied in the last decades in many experimental activities
worldwide, showing that traditional connections (e.g., extended end-plate [44-28], double split-tee [36-
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40]) can assure high ductility supply when properly designed. The double-split T-stub BCJ [36-40]
represents an excellent example of such a strategy (Figure 2.12 (b)). This connection typology is
characterized by a couple of T-stubs to connect the beam flanges to the column. The T-stubs, if properly
designed, act as seismic dampers with levels of ductility and energy dissipation capacity, which can be
easily calibrated within the design phase. In such a way, according to the component method approach,
the bending moment at the beam end can be ideally schematized as opposite horizontal forces,
respectively stressing the T-stubs in tension and compression. Many studies have been carried out on
the classic T-stub BCJ. Among these, it has been demonstrated that the free deformation of the stem can
be increased by adequately designing a hole or a reduced section in the stem [39]. There are also other
proposed solutions based on weakening the flange of the T-element [40-41]. For example, Latour and
Rizzano [41] have proposed another connection characterized by X-shaped T-stubs. This connection
typology differs from the traditional one because the flange of the T-element is properly cut thanks to
an hourglass shape similar to the bending moment that arises in the plate part between the stem and the
bolts, thus ensuring a uniform yielding of this part.

Besides, another widely used BCJ typology within steel MRFs is represented by the unstiffened end-
plate bolted joint (Figure 2.12 (c)) or the Extended stiffened end-plate bolted (ESEPB) joints [42-48].
This type of bolted joint can guarantee satisfactory energy dissipation capacity without appreciable
degradation of strength and stiffness. In Europe (EU), the current versions of the Eurocodes (i.e.,
Eurocode 3 Part 1-8 [30] and Eurocode 8 [10]) provide neither specific requirements nor codified
prequalification procedures for seismic-resistant ESEPBjoints. However, prequalification criteria for
different types of bolted joints have been developed in Europe within the framework of the
EQUALJOINTS (i.e., European pre-QUALified steel JOINTS) research project [46-48]. Both AISC
358-16 [45] and EQUALJOINTS [46-48] provided design procedures for full-strength BCJs. This
purpose is differently achieved, and the main differences concern the configuration of the connection
(i.e. distribution of bolts and requirements on rib stiffeners), the calculation assumptions (i.e. capacity
design rules, the position of the centre of compression, active bolt rows, yield line pattern), and some
ductility criteria (i.e. limitations on the thickness of end-plate compared to the diameter of bolts).

Figure 2.12. Different connection typologies for BCJs: a) Reduced-Beam Section (RBS) connection; b)
Double split T-stub joint; c) Extended-end plate connection.
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2.1.3 Column Base (CB) Connections

Every structure has to transfer gravity, wind, seismic actions, etc., from the vertical elements to the
foundation. Typically, between the steel columns and the footing, it is necessary to insert an intermediate
element to spread the stresses along a smooth loading path. The Column Base (CB) joint represents the
intermediate element between the steel column and the concrete footing. Generally, a CB connection
may be constituted by steel plates, stiffeners and anchor bolts employed to transfer bi-directional
bending, axial forces and bi-directional shear. In some cases, only shear and axial forces may be
transferred through the CB, such as in the case of braced frames.

As suggested by Grauvilardell ez al., 2005 [49], several Configurations of CB connections exist and are
usually classified based on their interaction with the reinforced concrete foundation. They can be
classified into two macro-categories:

i) Exposed CB plate joints: in which, except for the anchor bolts, the connection elements are
all out from the concrete foundation [e.g., 49-54];

ii) Embedded CB plate joints: in which at least part of the connection and the column are inside
the concrete foundation [e.g., 55-58];

However, other configurations of CB connections exist, such as concrete-encased [e.g., 59] or shallowly
embedded type [e.g., 60]. The exposed CB plate joint (Figure 2.13) is typically realised with a steel
plate welded at the column's end, bolted to the concrete foundation through high-strength or mild-steel
anchors. This connection typology may be conceived to transfer bending moments, axial forces and
shear or to only transfer axial forces and shear. The capacity of an exposed CB joint to transfer
significant bending moments depends on the position of the anchor bolts that, when located outside the
column flanges, such as into an extended end-plate joint configuration, can provide high stiffness and
flexural resistance due to the high value of the lever arm. Conversely, when the anchors are placed only
inside the column flanges or even at the centre of the column base, such as for a flush end-plate
connection, the joint provides a behaviour intermediate between the semi-rigid and the perfectly pinned.
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Figure 2.13. Typical Exposed Column Base joint [e.g., 49-54].
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Exposed base plates have been particularly popular for industrial buildings. Historically, two anchor
rods providing only a limited capacity to resist bending moments have been used in many constructions.
When couples of anchor rods were used, the traditional design assumption was provided to neglect the
rotational stiffness of the connection, which was modelled as a pin. However, this assumption is not
realistic as the bending moment capacity of the connection may be relevant both in the low and high
eccentricity ranges. This wide range of responses has recently led to failures due to unexpected
behaviour. Several studies (e.g., Astaneh ef al., 1995 [1]; Lee and Goel, 2001 [50]; Latour et al., 2015
[52]) have confirmed that most CBs exhibited a semi-rigid response. Therefore, when assumed as fully
fixed in the structural analysis, without a specific assessment of the rigidity, they may be able to resist
the required loads only after significant deformations, which are not considered in the design phase. Not
accounting for the base plate's real fixity may result in larger values of the expected storey drifts, large
deformations, and, in critical cases, structural collapses [14-16].

As an alternative to the configuration with exposed base plates, columns may also be embedded in the
reinforced concrete foundation (Figure 2.14). Embedded base plates have been used more in building
applications than in lightweight industrial buildings. Typically, embedded base plate arrangements may
provide different responses based on the embedment length. In fact, for deep embedment length, the
objective is to provide the connection a full fixity resulting from the capacity of the joint to transfer to
the forces by contact with concrete. In this case, the base plate's function is different because it simply
helps to increase the axial resistance of the connection, while most of the bending and shear actions are
transferred directly by the column (Figure 2.15).
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Figure 2.14. Typical Embedded Column Base joint (Grilli et al., 2017 [56]).

Besides, exposed base plates with shallowly embedded beams, welded at the bottom surface of the plate,
have the objective of providing mainly an additional shear resistance to the joint, which, normally,
would transfer the shear load through the anchor rods. In the intermediate cases, as the behaviour will
be mixed and ranging from long embedment to shallow embedment, the behaviour will range smoothly
from fully fixed and, based on the transfer by bearing with concrete, to that of a traditional exposed base
plate joint (Figure 2.16). A disadvantage of the embedded CB is the higher complexity during
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construction. In fact, steel profiles must be placed before concrete pouring, providing a series of issues
related to the accuracy of positioning, which sometimes cannot be easily solved.
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Figure 2.16. Different levels of embedment [55-58, 60]

However, independently from the CB typology, according to Grauvilardell et al., 2005 [49], CBs can

be divided based on a phenomenological classification according to:

i) The base plate behaviour;
ii) the failure mode of the steel elements;
iii) the failure mode of concrete;

iv) the type of frame.

Astaneh et al., 1995 [1] proposed a classification according to the base plate thickness (Figure 2.17),
indicating three failure modes referred to as mechanism-1, mechanism-2 or mechanism-3 in the classical
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T-stub theory. CB connections having thick base plates are expected to be the strongest and most rigid
of the three types summarized in this classification. However, these are typologies most likely to present
a non-ductile behaviour due to fracture of anchor rods, which are often the weakest link in the design,
or the development of crushing and spalling failure of the grout for large rotations (i.e., larger than 0.03
rad.). Conversely, CB connections having thin base plates are characterized by flexible, ductile
behaviour, in which the inelasticity is concentrated in the base plate itself. Yield lines are formed along
the flanges; if the base plate is thin enough, 45° yield lines can form at the corners of the base plate. The
rest of the components (e.g., anchor rods and concrete foundation) remain in the elastic range.
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Figure 2.17. Failure modes according to Astanch et al. (1995) [1].

The CB joint can also be classified according to the weak steel element. Three cases can be individuated:
1) weak column, 2) weak connection, 3) intermediate behaviour. In the first case, the formation of a
plastic hinge at the base of the steel column occurs, and the rest of the connection elements remain
elastic or exhibit only incipient yielding. With this behaviour, the post-yield deformation reaches
maximum values with high strengths and the failure, after local buckling phenomena (Figure 2.18), may
also be due to the welds' premature fracture at the CB. Welds are essential in CBs with strong
connections/weak columns and must be checked and realized carefully. Conversely, strong
column/weak connection details are characterized by the inelastic deformation of one or more
components of the CB assemblage, and potential brittle failures are more likely to occur (e.g., concrete
crushing and anchor rod fracture). The intermediate behaviour consists of a balanced column and base
plate resistance design, leading to simultaneous yielding. In this case, not only one component is
subjected to extreme deformations, but all the elements of the base plate undergo inelastic behaviour
(Figure 2.19).

According to Stamatopoulos and Ermopoulos, 1997 [53] (Figure 2.20), the CB behaviour can be divided
into three failure modes according to the level of bearing concrete stresses that develop under the base
plate. For low axial loads (pattern 1), the bearing capacity of the concrete is never reached, and the
collapse occurs either when anchor rods yield or when the plastic mechanism forms in the base plate.
In the case of medium axial loads (pattern 2), the behaviour is characterized by the anchor rod reaching
yielding and the concrete attaining its bearing strength. The failure mode for high axial loads (pattern
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3) is identified because only the concrete bearing capacity is reached at collapse. In this last case, failure
occurs mainly in the low eccentricity range with no tension in the anchor bolts.

N

Figure 2.18. Failure of the column due to the onset of local buckling phenomena.
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Figure 2.19. Failure of the base plate due to the formation of a plastic hinge in the plate and concrete
spalling (Torres-Rodas et al., 2016 [54]).
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Figure 2.20. Bearing stress distributions in concrete (Stamatopoulos and Ermopoulos, 1997 [53]).
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However, the overall behaviour of the exposed base plates and the nature of the forces acting on the CB
will vary depending on the type of structure. When CBs are inserted in MRFs, they will be subjected to
the action of moments, axial forces, and shear. When gravity loads at the sides of the frames are low
and the lateral forces are important, this load combination may be the most demanding for this CB

typology.

2.1.3.1 The component method approach

Exposed CB joints are ruled under Eurocode 3 part 1-8 [30], where the component method is applied to
predict their flexural response. In this code, CB joints are characterized in terms of stiffness and
resistance, but only the case of CBs under major axis bending with a single row of anchor bolts in
tension is explicitly addressed. For all the other cases, reference to literature models has to be made, or
extensions of the component method could be accepted for the case of more bolt lines. The models for
CB joints were developed during the ‘90s and are now being further developed for improved
implementation in the structural Eurocodes. Besides, the design of embedded CBs indications can be
found in AISC or ACI codes [e.g., 11-12].

The prediction of stiffness and resistance of CB plate joints can be carried out through the component
method [61]. Within this framework, the elementary components are in part similar to those already
introduced for bolted joints but, in some other part, have to be added to consider the response of concrete
in bearing, which, in these connections, represents one of the main sources of resistance, especially in
the low eccentricity range. The approach to model the connection through the component method is
similar to that used for the BCJs, and, therefore, the joint components are first identified, then modelled
individually and finally assembled into a mechanical model representative of the connection's physical
response. In the case of extended end-plate joints, some components contribute in terms of both
resistance and stiffness (elastic-plastic components) and others only in terms of resistance (rigid-plastic
components).

The active components in the case of an exposed CB joint are:

i) The column flange under local compression (cfc);
ii) The base plate in bending (epb);

iii) The column web in tension (cwr);

iv) The anchor bolts in tension (at);

v) The concrete in compression, including grout (cc);

where three of the active components (i.e., highlighted in bold) have already been fully or partially
characterized with reference to welded and bolted BCJs in Section 2.1.2. Conversely, the remaining two
are those typical of CB joints, and they are mainly introduced to consider the response of the concrete
in compression and bedding grout (cc) and the anchor bolts in tension (at), whose behaviour is similar
to bolts. Still, there are some specific aspects which need to be addressed. Similarly, the base plate's
behaviour in bending needs to be specified to account for some issues arising due to the higher
deformability of the anchor bolts. All the listed components govern the joint's strength and stiffness
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except for the column flange in compression (cfc), which, at most, can limit the connection resistance.
For the response of the base plate joint, the geometry of the plates and the position of the anchors play
a primary role because they affect more than the other components the stiffness and resistance of the
connection. The evaluation of the flexural strength and the rotational stiffness of the joint requires the
definition of the strength and stiffness of each component and the lever arm. In the case of base-plate
joints with a single row of anchors in tension, according to Eurocode 3 part 1-8 [30], the lever arm
depends on the sign of the axial force (i.e., compression/tension) and the eccentricity. Eurocode 3 part
1-8 [30] model represents the CB joint through four springs (Figure 2.21). Two hook springs (i.e., only
active in tension), which are assumed aligned with the anchors, model the anchor bolts in tension and
the base plate in bending. Two gap springs (i.e., only active in compression), placed below the column
flanges, model the behaviour of the concrete in compression (cc), including grout. Therefore, for low
levels of eccentricity and relatively large compression axial forces, the mechanical model includes only
the compression springs because the combination of bending and axial forces is balanced only through
compression forces. Conversely, for low eccentricity levels and relatively high tensile axial forces, the
actions are only carried by the tensile springs. Lastly, in the high eccentricity range, namely, when one
side of the connection is in compression, and the other side is in tension (i.e., high eccentricity), the
lever arm is given by the distance between the compression column flange and the farthest line of
anchors (z = z.+ z)).
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Figure 2.21. Active components of a bolted end-plate CB joint and mechanical model according to to
Eurocode 3 part 1-8 [30].
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The modelling of base plate joints is more complex than BCJs because both the equipment needed to
perform experimental tests and the difficulties related to interpreting the experimental response of this
typology is influenced by a set of additional parameters. This higher complication is mainly due to a set
of further variables with respect to BCJs, which assess the response more complex:

i) the influence of the axial force;

ii) the dependence of the response on the load path (e.g., constant axial load or constant
eccentricity);

iii) the influence of long bolts and the typological variation of anchors and embedment
technologies;

iv) the distribution of prying forces underneath the plate due to the complex plate/concrete
interaction;

v) the influence of the resistance of the bedding grout;

vi) the random variation of the concrete mechanical properties;

vii) the influence of the shear force on the behaviour of the anchors.

Since the base plate joint's response is influenced by the axial force sign and the eccentricity that changes
the configuration of active springs, different cases may be individuated in practice. As aforementioned,
in the case of symmetric CBs, basically, three cases can be individuated:

i) Axial force of compression, low eccentricity;
ii) Axial force of tension, low eccentricity;
iii) Combined axial force and bending moment, high eccentricity.

In the first case, the active springs only represent the compression elements, namely the concrete in
compression, including grout and the column flange in compression (rigid-plastic component). In the
second case, the active springs only represent the behaviour of the tension elements, namely the base
plated in bending and anchor bolts in tension. In the third case, the compression springs are active on
one side of the connection, and the tension springs are active on the other. These three cases must be
treated separately to characterise the CB’s stiffness and resistance. The connection response can be
characterized by writing translational and rotational equilibria and assessing the settlement or elongation
of the joint components to calculate the base plate joint rotation for a unitary value of the bending
moment. As it will be seen, the base plate joint's properties depend upon the eccentricity's value.
Therefore, from the practical point of view, the value of the eccentricity and the sign of the axial force
must be fixed to define the connection stiffness and strength. It is worth noting that this aspect provides
a significant complication because of the correlation between the actions deriving from the structural
analysis and the stiffness of the connections.

To evaluate the accuracy of the component approach for predicting the rotational behaviour of CB
connections, Latour ef al., 2013 [62-63] and Latour et al., 2014 [64] developed a mechanical model to
predict the rotational behaviour of base plate connections under cyclic loads. The accuracy of the
component method in predicting the rotational stiffness, flexural resistance and the overall moment—
rotation curve of CB connections was validated against experimental tests. A refinement of the approach
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for predicting the connection rotational stiffness was suggested, considering the definition of an
effective width to be explicitly applied for stiffness calculation.

2.1.3.2 Full-and Partial-Strength Column Base connection

According to modern seismic design strategies, like those implemented within current international
building codes [e.g., 10], CBs can be conventionally designed as full- or partial-strength. However, most
typically, the seismic design of steel MRFs is carried out by adopting full-strength CB joints. Both full-
or partial-strength approaches are characterised by significant drawbacks. The first one usually leads to
the development of plastic hinges in the bottom end of the first-storey columns, thus causing significant
structural damage and residual drifts after a severe seismic event. Conventional full-strength steel CBs
may suffer from residual rotations, large plastic deformations [e.g., 62, 54], and axial shortening
phenomena [e.g., 65-68], which impair the structure returning to the initial condition after severe
earthquakes. In fact, post-earthquake inspections after the 1994 Northridge, 1995 Kobe, and 2011
Tohoku earthquakes [e.g., 14-19] revealed unsatisfactory performances, confirming the susceptibility
of CBs to difficult-to-repair damage and residual deformations due to several effects, such as anchor
rods elongation, base plate yielding, weld fracture, and concrete crushing. Figure 2.22 illustrates some
CB connections' most typical damaged configurations after the Tohoku earthquake in 2011 [17]. Most

investigated buildings were low- to mid-rise, where exposed CB connections were more commonly used
than embedded or encased CB connections. The damage to exposed base plates pointed out that, unless
the anchor bolts fractured, residual storey drift and structural damage to the building was minimal. On
the other hand, evidence suggested that the anchor bolt's fracture led to the column's dislocation and
severe residual storey drift.

4 - 9 G
Figure 2.22. Damaged welded connections after Tohoku, 2011 [17] for a) elongation of anchor
bolts; b) fracture of anchor bolts; c) spalling of concrete.

In the second approach, partial-strength CBs are designed to dissipate energy through inelastic
deformations in their main components (i.e., base plate anchor rods) [e.g., 10]. The design of partial-
strength joints allows better control of the dimensions of the CBs, but it requires the knowledge of its
complex hysteretic behaviour under cyclic loading, which is difficult to predict and is affected by
strength and stiffness degradation as demonstrated in Rodas et al., 2016 [54] and Latour and Rizzano,
2013 [64]. Hence, this strategy is rarely followed.
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From the design point of view, the design assumptions for the CBs may significantly affect the seismic
response of the structure. CBs can be designed as fully fixed, pinned, and other intermediate stiffness
conditions (i.e., rigid, flexible, semi-rigid). However, the stiffness and cyclic response of conventional
CBs are difficult to predict, as they are strongly affected by the base plate flexibility (Figure 2.23 [69])
and the magnitude of the axial force [e.g., 63]. Some studies in this direction demonstrated that the
assumptions made on the CBs’ flexibility influence internal force distribution, deformations, and
seismic reliability of steel MRFs. Therefore, assumptions on the CBs’ stiffness might underestimate or
overestimate the height-wise distribution of steel MRFs’ drift demands and the internal force
distribution, thus leading to uneconomical or unconservative designs [e.g., 69-70]. Zareian and
Kanvinde, 2013 [69] designed and analysed the seismic responses of four categories of MRFs (i.e., 2-,
4-, 8- and 12-storey) through static pushover simulations and sophisticated nonlinear response-history
simulations, including collapse simulations. A range of base fixities was investigated for each frame,
including realistic values calculated from the designed connections. The base stiffness was estimated
based on the response modes illustrated in Figure 2.23, schematically showing the various contributions
to connection flexibility. Results demonstrated that a reduction in base fixity alters the force distribution
and the plastic mechanism, significantly reducing ductility capacity, strength, and collapse resilience
while increasing member forces.
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Figure 2.23. (a) Exposed base plate connection in low-rise buildings and (b) embedded-type connection
with grade beams in mid- and high-rise buildings, indicating rotation components (from Zareian and
Kanvinde [69]).

2.2 Friction Connections
2.2.1 Generality

Friction connections are partial-strength joints equipped with friction dampers that are able to provide
dissipation of the seismic input energy by means of relative sliding between two surfaces in opposite
directions [e.g., 71-86]. These connections can provide high local ductility and energy dissipation
capacity, provided that the damper stroke is selected and the damper components are designed by
applying capacity design principles at the global and local levels. Based on Coulomb’s Law of friction,
the slippage force between surfaces directly depends on two parameters, as follows:
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F=u-N (2.4)

where p is the friction coefficient of the contacting materials, and N is the normal force exerted by each
surface on the other. The friction coefficient depends on different factors, such as adhesion and
ploughing in friction surfaces, caused by asperities. The hardness properties are also important since
when one of the surfaces is much stronger than the other, the softer one suffers ‘scratches and cuts’,
enhancing referred phenomena and shear stresses (Latour ef al., 2014 [78]).

The Friction Devices (FDs) currently proposed for BCJs can be divided into two categories:

i) dampers based on Symmetric Friction Connections (SFC);
ii) dampers based on Asymmetric Friction Connections (AFC).

The SFC is typically constituted by two external plates bolted with regular holes to an internal plate
with long slotted holes in the direction of the applied force. Moreover, friction pads are between the
external and internal plates (Figure 2.24 (a)). The friction pads can be constituted by a plate of a selected
friction material or by properly coated steel plates. The friction material needs to be accurately selected
to provide adequate friction coefficient values, aiming at assuring stable hysteresis loops. The normal
washers are usually substituted by means of Belleville washers, i.e. disk springs, to reduce the bolts’
preloading losses. The theoretical force-displacement behaviour of a SFC corresponds to the ideal rigid-
perfectly plastic model (Figure 2.24 (b)) where the plateau is actually due to the slip resistance of the
connection, which can be calculated as:

Ngip = npngpuNy (2.5)

lip

where n;, is the number of bolts, n, is the number of contact surfaces, u is the friction coefficient and
N,, is the bolt preloading.
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Figure 2.24. SFC concept and theoretical force-displacement behaviour.

The Asymmetric Friction Connection (AFC) (Figure 2.25 (a)) is constituted by two external plates that
are bolted with regular holes to an internal plate with long slotted holes in the direction of the applied
force, but the force is transmitted to the device by only one external plate. The second external plate,
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the so-called ‘cap plate’, is not subjected to external forces. Moreover, two shims or friction pads are
located between the external plates and the internal plate.
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Figure 2.25. AFC concept and theoretical force-displacement behaviour.

The AFC has two sliding surfaces: the interface between the upper shim and the external plate
transmitting the applied force and the interface between the lower shim and the internal plate. The
idealised force-displacement behaviour of AFCs is characterised by two slip resistance levels (Figure
2.25 (b)). It is demonstrated that the slip resistance due to a single bolt is evaluated as:

Fslip = ZﬂN (26)

It is useful to note that the main disadvantage of AFCs compared to SFCs is due to M-N-V interaction
in the bolt shank, which, given the coefficient of friction and the bolt diameter, leads to a reduction of
the force transmitted by friction. In fact, the value of N corresponding to the bolt-yielding condition is
less than Nj, so that AFCs are able to transmit a lower force compared to SFCs.

2.2.2 Friction Beam-to-column Connections

Connections equipped with FDs have been increasingly proposed in earthquake-resisting systems since
they represent effective solutions that can improve steel MRFs' performance in dissipating the seismic
input energy, improving large dissipation capacity and limiting damage under severe conditions. Several
types of FDs have been developed to improve the seismic response of structures. The type of friction
mechanism, which can be either asymmetric or symmetric, influences the non-linear response of these
connections. Grigorian et al., 1993 [71] pioneered the first FDs to be applied within BCJ for steel MRFs.
Successively, many theoretical and experimental works, as well as practical applications, were carried
out. The research activity on this innovative connection typology received a strong impact in New
Zealand [72-75], where the AFC concept has been applied within BCJs in the Sliding Hinge Joints
‘SHJ’, proposed by the research group of the University of Auckland [72-74] and the first applications
to real buildings have been also made in the ‘Te Puni Village Buildings’ [75] (Figure 2.26).

The SHJ (Figure 2.27) is an AFC BCJ representing a particular type of supplemental energy dissipation
system designed to prevent column/beam yielding. In this design approach, the top flange is connected
to the column flange using a cover plate welded to the column and bolted to the beam. The end of the
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cover plate, welded to the column, fixes the Centre Of Rotation (COR) location. The location of the
COR minimizes slab damage. The top web bolts carry the shear force in the beam. Horizontally slotted
holes are designed in the bottom flange plate and the bottom holes of the column web plate to
accommodate the expected rotation demands under severe seismic events. Below the bottom flange
plate, the bottom flange cap plate is located. This is a floating plate, as it has no physical connection to
the rest of the joint except through the bolts. A web cap plate is similarly placed on the outside of the
web plate. On all surfaces where sliding may occur, shims are placed. These shims may be manufactured
of steel, brass or other materials. These have standard-sized holes, such that sliding is expected to occur
on the side of the shim in contact with the bottom flange plate or web plate.

_1a

Figure 2.26. SHJ adopted in new buildings in New Zealand (Te Puni Village Buildings) [72-75]
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Figure 2.27. SHJ with AFC BCJ [36, 43].

Another significant example of such connections is represented by the ‘FREE from DAMage’
(FREEDAM) joint, developed within the framework of the European RFCS Research Project
FREEDAM [76] and further progressed in the RFCS Research Project FREEDAM+ [77]. In this
context, a comprehensive experimental analysis of different configurations of BCJs equipped with
symmetric FDs has been carried out at the University of Salerno, aiming to validate the design procedure
and assess the proposed system in terms of energy dissipation and prevention of connection damage.
Two configurations have been designed, namely the Horizontal Friction Configuration (HFC), where
the haunch is parallel to the beam flange, and the Vertical Friction Configuration (VFC), where the
haunch is orthogonal to the beam’s flange and parallel to the beam’s web (Figure 2.28 and Figure 2.29
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[79]). The connection is conceived to allow the use of a friction damper completely prefabricated and
assembled on the shop to assure the maximum control of the tightening of the bolts and, consequently,
of the bolt preloading level governing the slip resistance of the friction damper. Therefore, the
prefabricated and pre-assembled friction damper is successively bolted on-site to the column and beam
flange. In addition, the prefabricated friction damper increases the lever arm, thus increasing the
slippage bending moment of the connection.
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Figure 2.28. FREEDAM Configuration with damper plane parallel to the beam flange (HFC
Configuration) [79].
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Figure 2.29. FREEDAM Configuration with damper plane parallel to the beam web (VFC Configuration)
[79].

In both configurations, the FD employs an additional haunch bolted at the beam’s bottom flange, pre-
stressed with pre-loadable high-strength bolts. The joint resistance is controlled by properly regulating
the tightening torque of pre-loadable high-strength bolts while properly designed slotted holes adjust
the ductility. Beyond that, the main features of these connections are represented by the possibility of
uncoupling the stiffness of the connection from its resistance and the negligible post-elastic strain-
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hardening. The main advantage of this practice is that, in case of rare seismic events, the connections
exhibit wide and stable hysteretic cycles, yet concentrating damage in FDs, which can be easily replaced
with low additional cost.

During the FREEDAM European project [76], many experimental tests were carried out to choose and
characterise the best friction material constituting the dampers (Cavallaro et al., 2017 [80]; Cavallaro et
al., 2018 [81] and Latour et al., 2018 [82]). The experimental program consisted of specimens with
eight different materials (i.e.,, from M1 to MS) to define the static and dynamic friction coefficients
(Figure 2.30). Many parameters were monitored during the tests. These data allowed the definition of
an ‘effective’ and an ‘actual’ value of the friction coefficient. The effective value is calculated as the
ratio between the slippage force and the sum of the nominal values of the pre-loading forces. Conversely,
the actual value was determined as the ratio between the slippage force and the sum of the values of the
bolts' forces directly read from the load cells during the test. The present work’s aim does not consist of
discussing all these results. For this reason, only the main outcomes are reported.
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Figure 2.30. Characterisation of the friction material: a) Typical layout of a specimen; b) Set-up [80-82].
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Considering the materials M1, M4 and MS, it was observed that a force-slippage behaviour
characterised the tests with high initial stiffness until the achievement of the static friction coefficient,
which was higher than the dynamic friction coefficient obtained in the first stabilized cycle. In addition,
high energy dissipation and rectangular hysteresis loops were observed (Figure 2.31 (a)). The initial
value of the friction coefficient for material M1 was between 0.67 and 0.75, for material M4 from 0.71
t0 0.94, and for material M6 from 0.62 to 0.65. A clear correlation between the friction coefficient and
the bolts’ force was not observed. Instead, it was noticed that the reduction of the preloading force
resulted in a lower loss of the bolt’s preload and lower energy degradation. The conclusion was that the
stick and slip phenomenon and the minimum requirements for effective damping degradation suggested
limiting the preload to 60% of the proof load reported by Eurocode 3 part 1-8 [30] (Figure 2.31 (b)).
According to the abovementioned considerations, the material M4 was chosen as the best solution for
the FREEDAM BClJ.
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Figure 2.31. Characterisation of the friction material: a) Force-displacement hysteretic response (M4); b)
Influence of the bolts’ preload over the actual friction coefficient [80-82].

Several FREEDAM BClJs have been tested in the experimental campaign, considering different element
sizes and different friction dampers configurations. The tests have been executed for each damper using
different configurations of disc springs or simple flat washers for the bolts’ assemblies [83]. For
example, the testing of a BCJ equipped with the friction damper in the HFC is shown in Figure 2.32.
The profiles were IPE 270 for the beam and HE 220M for the column. The cyclic behaviour is presented
in terms of bending moment, evaluated at the column flange, vs. connection rotation. The shape of the
hysteresis loops is due to the bending of the stem of the fixed T-stub and to the bending of the angles
due to the connection rotation, which leads to a pressure distribution on the friction pads (i.e., cockpit
effect) different from the characterisation of the FDs alone. Besides, some minor yielding is limited to
the T-stub stem and the angles' stems for the cockpit effect.
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Figure 2.32. Testing of a FREEDAM BCJ equipped with the friction damper in the HFC [79, 83].

The BCJ equipped with the friction damper in the VFC has been conceived to avoid the cockpit effect
and, as a consequence, to improve the shape of the hysteresis loops (Figure 2.33). The shape of the
hysteresis loops is very close to the ideal rectangular shape, with excellent stability and no stiffness or
strength degradation. In addition, only minor degradation of the slip resistance is due to the wearing of
the contact surfaces of the friction pads. In addition, minor yielding is limited to the stem of the fixed
T-stub, subjected to the bending due to the connection rotation, used to locate the COR. The COR is
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located at the top flange supporting the concrete slab. Such a choice aims to prevent concrete slab
damage in building structures.

Hysteretic Curve - FREEDAM-CYCO02
250

200

150

100

50

-50

-100

-150

-200

Moment at the column flange [kNm]
o

-250
-0.06 -0.04 -0.02

0.02 0.04 0.06

0.00
§;/1y, [rad]
Figure 2.33. Testing of a FREEDAM BCJ equipped with the friction damper in the VFC [79, 83].

In addition, it is also worth mentioning that the FREEDAM BCJ has been extensively investigated by
further experimental works, which have addressed significant aspects, such as the response of the FDs
under different loading rates in Santos et al., 2020 [84] and the behaviour of the pre-loadable bolts at
installation and over their service-life by analysing the short- and long- term loss of preloading in
D’Antimo et al., 2020 [85]. Besides, a wide range of numerical and FE analyses have been conducted
by Tartaglia et al., 2021 [86].

2.2.3 Friction Column Base (CB) Connections

Steel MRFs with damage-free BCJs have been largely studied during the past decades. However, more
recently, innovative low-damage or damage-free systems have been proposed in CB connections to
overcome the shortcomings of conventional CBs. The idea of developing the dissipation of the input
seismic energy within CBs comes from the observation of the effects of past strong earthquake events
(e.g., Northridge (1994) [15], Kobe (1995) [16] and Tohuku (2011) [17]) where severe damage
involving plates and anchor bolts was observed.

Among the first attempts to develop minimal-damage CBs, Kelly and Tsztoo, 1977 [87] proposed and
experimentally investigated a partial isolation system associated with an energy-absorbing device that
could be easily replaced after an earthquake. This study demonstrated the advantages of damage-free
structural systems and promoted many successive studies in this direction. Alternatively, based on the
concept originally pioneered by Grigorian et al., 1993 [71], other authors further extended this idea to
CBs. MacRae et al., 2009 [88] and Borzouie et al., 2015 [89] developed two different configurations of
column base where the moment resistance and the energy dissipation were provided by friction
resistance activated by the relative movement of the column flanges with respect to foundation flange
plates with slotted holes.

Based on the SHJ concept, originally developed for steel BCJs [72], MacRae et al., 2009 [88] proposed
two typologies of Double Friction (DF) low-damage CB connections (Figure 2.34) where the prevention

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 2 Literature Review 63

of the column’s yielding due to the introduction of the FDs, is identified as an effective solution to
mitigate the axial shortening. The first configuration is illustrated in Figure 2.34 (a), where the axial and
the shear forces are transferred directly from the column to the pin at the centre of the column to the
foundation. Slotted holes in the foundation flange plate allow the achievement of large deformations. A
floating plate on the outside of the foundation flange plate is connected only by bolts to the column
flange through the foundation flange plate slotted holes. As the column flange moves relative to the
foundation flange plate, it also drags the floating plate, creating friction on two surfaces on each flange.
The second configuration is illustrated in Figure 2.34 (b), and it represents an alternative DF concept,
where the column sits on top of the foundation without a direct connection, except through the bolts to
the foundation flange plates and web plate. The flange plates are detailed as the first solution. The
column axial compression force goes directly from the column into the foundation. Conversely, the
shear force is carried by the web bolts. This detail is more feasible than the first one, but one side of the
column has to move up to allow flexural deformation. This changes the height of the centre of the
column. In addition, after a severe earthquake, the column may not have returned to its initial position,
so the bolts may need to be loosened and re-tightened. These CB configurations allowed superior
behaviour under loading in the column strong-axis direction. At the same time, damage and stiffness
degradation were observed under loading of the column in the weak-axis direction. In addition, the long-
term durability of the sliding surfaces for different environments could significantly affect the energy
dissipation capacity of the CB.
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(a) Double Friction Concept I (b) Double Friction Concept 2

Figure 2.34. DF Low-Damage CB connections (MacRae et al., 2009 [88]).

Borzouie et al., 2016 [89] implemented several experimental works on different low-damage steel
connections to prove the efficiency of seismic energy dissipation through CB solutions (Figure 2.35).
The work assesses a series of low-damage connections, and the traditional exposed CB connections are
reviewed in terms of low-damage concept, low cost, and feasibility. Two designs are remarkable: the
Weak-axis aligned Asymmetric Friction Connection (WAFC) ((Figure 2.35 (a)), where friction surfaces
are parallel to the web, and the Strong-axis aligned Asymmetric Friction Connection (SAFC) ((Figure
2.35 (b)), where the friction surfaces are parallel to the flanges. Both the CB connections experience
rocking, and energy is dissipated through the relative sliding of surfaces. Results showed that the base
plate connections with yielding angles and AFC are suitable for replaceability, permanent deformation,
cost and low damage to the column. However, although an efficient behaviour can be seen in the
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column's strong axis direction, damage and stiffness degradation were observed under loading in the

column's weak axis direction.

a)

WAFC Base SAFC Base

Figure 2.35. Low-Damage CBs with AFCs: a) Weak-axis aligned Asymmetric Friction Connection
(WAFC); b) Strong-axis aligned Asymmetric Friction Connection (SAFC) (Borzouie et al., [89]).

2.3 Self-Centring Systems
2.3.1 Generality

In the previous sections, it has been extensively shown that using FDs within both BCJs and CB
connections significantly improves the seismic performance of steel MRFs, thus representing a viable
and effective solution to protect the frame components from local damage. Nevertheless, it has been
demonstrated that global damage can still be observed in large residual drifts, jeopardizing both the
operativity and repairability of such structures. In this direction, new structural systems have been
conceived to fulfil the urgent need for structural systems to limit residual deformations while
minimizing repair costs and business downtime. McCormick et al., 2008 [90] suggested a threshold of
0.5% as a permissible residual drift to ensure the building’s repairability. Conversely, FEMA P58-1 [91]
recommends a limit value of 0.2% to ensure that no structural realignment is necessary.

Several research studies have discussed possible solutions to this issue, focusing on new seismic lateral
resisting systems able to return to the initial upright position after the seismic event [e.g., 92-112]. This
is generally provided by the introduction of elastic restoring forces provided by the inclusion of Post-
Tensioned (PT) bars or strands able to regulate the self-centring capability of the structures. Several
self-centring systems have been conceived, theoretically studied and experimentally tested to date,
demonstrating excellent post-earthquake repairability under moderate-to-strong earthquakes. In these
structural systems, the structural damage is reduced or prevented by softening the structural response
through elastic gap opening mechanisms at different locations (e.g., at the base, at the BCJ level or
between telescoping concentric tubes and anchorage plates) instead of yielding in primary structural
elements. Generally, the restoring force component allows the control of the gap-opening (i.e., rocking)
mechanism, and it is generally combined with energy-dissipating elements to produce flag-shaped
hysteretic behaviour. The shape of the hysteretic behaviour can be tuned by proportioning the restoring
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forces and the energy dissipation components. Self-centring systems are capable of fully self-centre
when the lateral forces are removed, thus eliminating residual drift. It has been demonstrated that full
self-centring behaviour is usually achieved using a nonlinear elastic restoring force, such as the bilinear
elastic restoring force shown in Figure 2.36 [96].

Lateral Linear Elastic i ;
a k b Nonlinear Elastic
) Force, F Restoring Force ) Fﬁfé‘alF Restoring Force
Near Zero -
_ Residual
Drift
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' \_ Drift, 6
Combined with Combined with Elastic
%ﬁnQ%IOf Elastic Perfectly — Perfectly Plastic Energy
ossible Plastic Energy Dissipation

Residual Drift

Dissipation

Figure 2.36. Nonlinear elastic restoring force to create full self-centring behaviour: a) Added restoring
force, but not full self-centring; (b) Full self-centring obtained by nonlinear elastic restoring force
(Chancellor et al., 2014 [96]).

The most common approach to creating a bilinear elastic restoring force requires gap-opening
mechanisms generally developed between two surfaces initially pre-compressed together. As shown in
Figure 2.37 (b) [96], the seismic lateral force resisting system behaves elastically at low levels of lateral
force. Successively, once the lateral force becomes large enough to overcome the precompression force
provided by the PT elements, the joint decompresses, and a gap opens. At the decompression level, the
lateral force-resisting system significantly reduces stiffness. This effect is desirable as it lengthens the
structure's period and helps limit the forces that can develop in the lateral force-resisting system (i.e.,
softening occurs without structural damage). When the lateral forces are removed, the PT bars pull the
structure back to a vertical condition, closing the gap. The system's stiffness after gap opening is
primarily controlled by axial stiffness and the location of the PT bars. If the PT bar is subjected to strains
greater than the elastic limit, yielding or fracture may occur.
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Figure 2.37. Methods for creating bilinear elastic restoring force using gap opening: a) Gap-opening
mechanisms; b) Restoring force associated with gap openings. (Chancellor et al., 2014 [96])
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The gap opening behaviour and the forces in the PT bars provide the bilinear elastic self-centring
behaviour shown in Figure 2.38 [92] but do not provide energy dissipation to the structure. Therefore,
specific dissipative elements are also introduced to produce sufficient energy dissipation capacity. The
dissipative and re-centring mechanism of hybrid systems is described by a peculiar ‘flag-shape’
hysteresis behaviour, whose properties and shape can be modified by the designer by varying the
moment contributions between the self-centring and the dissipation components. For example, a 50-50
flag shape (i.e., A=1) would generate maximum energy dissipation while maintaining fully self-centring
capability.

‘ Self-centering | | Energy dissipation | Hybrid system |

Unbonded Post-Tensioned Mild Steel or

(PT) tendons Energy Dissipation Devices 0/100

Figure 2.38. Flag-shape hysteresis loop for a hybrid system. Effects of varying the ratio between Self-
Centring vs dissipative contributions to the Flag-Shape Hysteresis loop (Pampanin et al., 2012 [92]).

The sum of the resistances characterizes the capacity of the self-centring seismic system to resist lateral
loads due to the restoring forces (i.e., PT force, gravity loads) and the force in the energy dissipation
elements [96]. The height of the hysteresis loop (as defined by B or BE in Figure 2.39 (a) [96]) for a self-
centring system is a function of the strength and location of the energy dissipation elements, assumed
with a static force capacity (e.g., FDs). The flag-shaped hysteresis demonstrates the self-centring ability
as the displacement returns to negligible values when removing lateral forces [96]. For the system to
fully self-center, f < 1.0.

Displacement Displacement

Force

(a) (b)

Figure 2.39. Self-centring criteria for SC systems: (a) < 1.0 (adapted from [92]. Copyright 2002 John
Wiley & Sons, Ltd.); (b) BE < 0.5 (adapted from [93]. Copyright 2005 ACI).
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Alternatively, another parameter that has been used to quantify self-centring capability in the literature
is defined based on the relative area contained (i.e., energy dissipated) in the self-centring hysteresis
loops with respect to the area of a comparable bilinear elastoplastic hysteresis loop. If the hysteretic
behaviour is assumed to be a perfect flag shape, the ratio of energies is equal to the ratio of heights, BE,
as shown in Figure 2.39 (b) [96]. For the system to fully self-center, BE < 0.5. Therefore, the self-
centring capacity is adjusted by tuning the relative magnitudes of the initial PT force (which sets the
capacity at decompression when elastic behaviour softens due to gap opening) and the capacity of the
energy dissipation elements (which controls the height of the hysteresis loop). A typical ‘hybrid’ system
is illustrated in Figure 2.40 [94], which combines unbonded PT bars or tendons and non-prestressed
mild steel. However, similarly, additional external dissipation devices could be adopted to allow
replacement after severe earthquakes. Several energy-dissipating elements exist, and they can be divided
into the following categories: /) hysteretic damping elements; 2) viscous damping elements; 3) frictional
damping elements or other advanced materials (e.g., Shape Memory Alloys (SMA), visco-elastic
systems). The mechanism acts as a fuse or ‘internal isolation system’ with negligible or no damage in
the primary structural elements, which remain in the elastic range without needing repairing
intervention.

Seismic action Seismic action

<>

Cantilever Wall

wall
Partially unbended
tendons

Plastic hinge Energy dissipator
region

Foundation

Figure 2.40. Comparative response of a traditional monolithic system (damage in the plastic hinge and
residual deformations) and a jointed precast (“hybrid’) solution (rocking mechanism with negligible
damage and negligible residual deformations (from Pampanin et al., 2012 [94]).

This strategy represents a clear example of the use of modern technology based on our ancient heritage.
In fact, it is possible to recognise the lessons and inspiration from the long-lasting earthquake-resisting
solutions used since the ancient Greek and Roman temples, consisting of segmental construction with
marble blocks ‘rocking’ on each other under the lateral sway. The weight of the blocks themselves and
the heavy roof beams provided the required “clamping” and self-centring vertical force (Figure 2.41)

[94].

One of the earliest self-centring systems was introduced in the late 1990s as the main outcome of the
U.S. PRESSS (i.e., PREcast Structural Seismic System) program [99-101] coordinated by the
University of California, San Diego on the seismic design and performance of precast concrete structural
systems. This project culminated with the pseudo-dynamic test of a large-scale Five Storey Test
Building [101], shown in Figure 2.42. The new construction system, based on dry jointed ductile
connections, was conceived and developed for precast concrete buildings (i.e., frames and walls) in
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seismic regions to create an alternative approach to the traditional connections characterised by the cast-
in-place approach.

Precast elements are joined in the PRESSS frame or wall systems through unbonded PT tendons/strands
or bars, creating moment-resisting connections (Figure 2.43). Within the PRESSS program framework,
several seismic tests of precast external and internal BCJ sub-assemblages with unbonded tendons have
been tested under cyclic loads (Figure 2.44). Satisfactory seismic performances were observed, with
significant energy absorption of the hysteretic response and negligible residual displacements. Results
of the PRESS program demonstrated the viability of precast concrete design for high-seismicity regions,
emphasized the advantages of using such systems, developed design guidelines in zones of high and
moderate seismicity for incorporation into building codes and promoted many successive studies in this
direction.

g (1 &L 1 vn
Figure 2.41. Examples of earlier implementation of rocking systems, self-centring and limited damage
response under earthquake loading: a) Dionysus temple in Athens, ancient agora; b) Rocking segments of
marble columns (Acropolis, Athens). (from Pampanin ef al., 2012 [94]).
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Figure 2.42. Five-Storey PRESSS Building tested at the University of California, San Diego (Priestley et
al., 1999 [101])
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Figure 2.43. PREES project, basic concept (Priestley et al., 1999 [99-101])
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Figure 2.44. Interior precast BCJ with unbonded tendons: a) General view; b) Force-displacement
response. (Priestley et al., 1999 [100])

According to Chancellor et al, 2014 [96], three categories of restoring force mechanisms can be
individuated. The first category uses a gap at the foundation when subjected to a prescribed overturning
moment and includes rocking precast concrete walls (e.g., [102-103]), precast concrete columns (e.g.,
[104]) and steel Self-Centring CBFs (SC-CBFs) (e.g., [106-107]). The second restoring force
mechanism category includes precast coupled concrete shear walls (e.g., [113]), concrete Self-Centering
MRFs (i.e., SC-MRFs) (e.g., [114]) or steel SC-MRFs (e.g., [115-129]), which allow gap opening
between beam and column (or wall) joints when subjected to a prescribed moment. The third restoring
force mechanism category includes self-centring bracing systems, in which a gap forms between
telescoping concentric tubes and anchorage plates when subjected to a prescribed axial force (e.g., [130-
133]).

Self-Centring CBFs (SC-CBFs)

In the first category, Roke et al., 2010 [106] (Figure 2.45) proposed and investigated a type of steel SC-
CBFs. At high levels of lateral load, the fundamental lateral load behaviour of the SC-CBF system is
represented by rocking at the base of the compression column, which occurs when the column under
tension from the overturning moment decompresses and uplifts at the foundation. To control the uplift,
high-strength PT bars, oriented vertically over the SC-CBF's height, were used for prestressing the frame
to the foundation.
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Figure 2.45. SC-CBFs System: (a) schematic of members and lateral forces; (b) elastic response before
column uplift; (c¢) rigid-body rotation after column uplift (Roke et al., 2010 [106]).

Similarly, Eatherton et al., 2010 [107] (Figure 2.46) investigated a controlled rocking braced-frame
system for steel-framed buildings consisting of three main components: /) Steel frames that remain
essentially elastic and are allowed to rock at the CBs; 2) Vertical PT tendons providing active self-
centring forces; 3) Replaceable energy-dissipating elements act as structural fuses that yield, limiting
the forces imposed on the rest of the structure. Results from large-scale static experimental tests
provided the efficiency of these systems in concentrating the structural damage in the replaceable energy
dissipation fuses and promoting a uniform distribution of the height-wise inter-storey drift, thus

preventing soft-storey that may occur in a traditional seismic force-resisting system.
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Figure 2.46. Controlled rocking system (Eatherton et al., 2010 [107], adapted by Fang et al., 2022 [98]).

However, some new issues arise with the introduction of the rocking mechanism. Firstly, the local
members at the base of the rocking frame could yield or be damaged as the CBs are expected to
experience large concentrated vertical force caused by pounding. In addition, rocking systems could
have non-constant CORs during earthquake events, and consequently, additional axial tensile force
demands may be generated in the columns. Therefore, from a practical application point of view,
implementing the PT technology at some construction sites may be challenging. To address these issues,
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Hu et al., 2020 [108] and 2021 [109] recently proposed three novel self-centring energy-absorbing
rocking core (SERC) systems, shown in Figure 2.47. Compared to many of the existing rocking
technologies/systems, the new SERC systems provided friction spring dampers, which did not introduce
extra demands on frame members, and undesirable column uplifting did not occur.
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Figure 2.47. SERC systems with friction spring devices (Hu et al., [108-109]).

Self-Centring MRFs (SC-MRFy)

According to Chancellor et al., 2014 [96], the second category includes steel SC-MRFs, in which beams
are PT to the columns by high-strength PT strands parallel to the beams and anchored outside the
connection so that a gap can open at the beam-column interface. Energy dissipation devices (e.g.,
yielding seat angles [115], short axial yielding devices similar in behaviour to buckling restrained braces
(BRBs) [116], FDs [118-121, 111-129] or yielding web hourglass pins (WHPs) [123]) are included in
the SC-MRFs to dissipate the seismic input energy. Additional information will be given in detail
regarding steel SC-MRFs in Section 2.3.2 of this thesis.

Self-Centring Bracing Systems

The third restoring force mechanism category includes self-centring bracing systems, in which a gap
opening is generated between telescoping concentric tubes and anchorage plates when subjected to a
prescribed axial force (e.g., [130-133]). In this case, self-centring braces return to their original length
after undergoing significant axial elongation or shortening. Although these systems allow gap opening
at different locations, the restoring force mechanisms function identically. For example, Christopoulos
et al., 2008 [130] proposed and experimentally tested a new self-centring energy dissipative (SCED)
bracing system that uses a restoring force mechanism consisting of two concentric tubes pre-compressed
by aramid fibre PT strands and an energy dissipation mechanism using friction pads (Figure 2.48).
Results demonstrated that the proposed SCED represented a viable alternative to current braced frame
systems because of its attractive self-centring property and simplicity, allowing it to be scaled to any
desired strength level. Eatherton ef al., 2014 [133] developed and experimentally validated a self-
centring buckling-restrained brace (SC-BRB) that employs a restoring mechanism created using
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concentric tubes held flush with PT SMA rods in conjunction with a BRB that dissipates seismic energy.
Figure 2.49 schematically shows the configuration of telescoping concentric tubes and PT elements for
the restoring force mechanism. The SC-BRB dissipated sufficient energy even with large self-centring
ratios because the SMA can also dissipate significant seismic energy.
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Figure 2.48. SCED system (Christopoulos et al., 2008 [130]).

Gap Opening BRB Core Gap Opening
at Middle Tube Shortens at Outer Tube
————
o 0 — — o o
. -
* << .
o o — o ©

SMA Rods Act to Close
the Gaps and Bring
Tubes into Alignment

Gap Opening
at Outer Tube

(a) Brace Subjected to Shortening

BRB Core
Elongates

Gap Opening
at Middle Tube_*’|

—

e

(b) Brace Subjected to Elongation

Figure 2.49. Self-centring BRB behaviour subjected to shortening and elongation. (Eatherton et al., 2014
[133], [106]): a) Brace subjected to shortening; b) Brace subjected to elongation.

Besides the concentric self-centring braces, self-centring EBFs have also been proposed [134-137]. For
example, Tong et al,, 2019 [134] employed a PT-based strategy similar to that of MRFs with PT
connections, as shown in Figure 2.50 (a). This type of EBF still suffered from the detrimental frame
expansion effect and local slab damage. A modified self-centring EBF, namely, Y-type EBF [135], was
proposed to address the problem, as shown in Figure 2.50 (b). Another strategy to eliminate frame
expansion is prefabricated self-centring modular panels [136].
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Figure 2.50. Alternative PT-based self-centring frames: a) EBF with a horizontal link, b) EBF with a
vertical link [134-135] (adapted from Fang et al., 2022 [98])

2.3.2 Self-Centring Beam-to-column Connections

For steel MRFs, this technology is based on including self-centring and damage-free devices at the BCJ
level. Figure 2.51 (a) shows the concept of the PT BCJ technology, which consists of prestressing/post-
tensioning prefabricated beams to the column interface. During large lateral deformations, expected
from severe seismic events, a gap opens between the end of the beam and the column face, as illustrated
in Figure 2.51 (b). As the gap opens, the PT tendon extends, providing additional force to close the gap.
Additionally, specific energy dissipative elements may be placed over the gap to dissipate the seismic
input energy, whose strength should be small enough to let the tendons pull the structure towards its
initial position. This is demonstrated by the displacement at zero force, which is nearly zero, as shown
in the hysteresis loop of Figure 2.51 (c). Even though the self-centring devices proposed by different
researchers are mainly equipped with hysteretic or friction dampers, the dissipative elements can
generally be represented by any typology of passive seismic dampers. Tests of beam/column
subassemblies with one column and without slabs have shown excellent behaviour with no permanent
displacements or significant damage after the earthquake. However, additional effects may result in
damage when the beam supports a slab and/or is part of a frame with more than one column.

a) b)

S e ||

Figure 2.51. Concept of PT BClJs: a) Joint; b) Deformed shape; c) Hysteretic Behaviour (MacRae and
Clifton 2013).

PT BClJs were one of the earliest attempts to achieve self-centring capability for steel frames [115-129].
Ricles et al. 2001 [115] pioneered the first innovative lateral resisting system (Figure 2.52-Figure 2.53),
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where beams were post-tensioned to the columns by high-strength PT strands parallel to the beams and
anchored outside the connection, reinforced by steel angles. Results from numerical simulations
highlighted the huge advantages of this connection typology. The beams and columns remained
essentially elastic, while inelastic deformation (and damage) was confined to the angles of the
connection. Additionally, results demonstrated the feasibility of the connection from the practical point
of view, as field welding was not required, and the connection was made with conventional materials.
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Figure 2.52. Concept of the first-generation PT-based self-centring steel BCJs (after Fang et al., 2022
[98)).
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Figure 2.53. Ricles et al., 2001 [115] a) Concept of PT connections; b) Theoretical Moment-Rotation
Behaviour, c) Force-Displacement Behaviour.

Also, experimental investigations were carried out to study the experimental response of these
connections. One of the earliest examples is provided by Garlock et al., 2005 [117] (Figure 2.54), who
experimentally tested six full-scale interior connection subassemblies of PT wide flange BCls,
originally proposed in Ricles et al., 2001 [115]. The connections have been subjected to inelastic cyclic
loading up to 4% storey drift. The experimental results demonstrated that the PT connection has good
energy dissipation and ductility. Under drift levels of 4%, the beams and columns remained elastic,
while only the top and seat angles were damaged and dissipated energy. Predictive equations were
presented to estimate the decompression moment, maximum connection moment, and maximum strand

force. The equations were found to produce results that were in good agreement with the experimental
results.
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Figure 2.54. Garlock et al. [117] PT connections: a) Experimental test setup; b) specimen at 4% rotation
and at the end of the test.

Apart from using seat angles as energy-dissipating devices, FDs were also used within self-centring
BClJs. Rojas et al., 2005 [118] investigated the seismic performance of a PT friction-damped connection
(PFDC), including FDs, as depicted in Figure 2.55. The beam flanges were compressed against the
column flanges because of the initial PT force applied to the strands. To prevent premature yielding or
buckling of the beam flanges due to excessive compression under the combined action of axial force
due to post-tensioning and bending, reinforcing plates were welded on the outside faces of the beam
flanges. Shim plates were placed between the column flange and the beam flanges so that only the beam
flanges and reinforcing plates were in contact with the column. This enabled good contact between the
beam flanges and column face while protecting the beam web from yielding under bearing. Results
demonstrated that the connection minimized inelastic deformation to the components of the connection
as well as the beams and columns and required no field welding. Nevertheless, yielding developed at
the first-storey columns.
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Figure 2.55. Rojas et al., [118] PFCD: a) Components; b) cyclic response

Kim and Christopoulos, 2008 [120-121] (Figure 2.56) proposed and numerically tested a step-by-step
seismic design procedure for PT self-centring friction-damped (SCFR) connections, demonstrating their
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superior seismic performance. Time-history analyses showed that the maximum interstorey drifts and
maximum floor accelerations of the SCFR frame were similar to those of the special steel welded MRFs
but with almost zero residual drifts. In addition, the proposed seismic design procedure resulted in
structures that achieved the desired performance levels under different seismic loading. However, the
SCFR frame almost eliminated residual deformations except for the first-storey columns. Hence,
additional studies were required to solve these issues. In this direction, the proposed CB proposed in
this thesis represents an efficient solution to mitigate this effect.
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Figure 2.56. Kim and Christopoulos, 2008 [120-121] SCFR: a) Test Set-up; b) Load-drift relationship

However, the appeal of such PT connections gradually faded away as people realized that gap opening
causes undesirable frame expansion (also known as beam growth), leading to deformation
incompatibility between the gravity frames and the lateral force-resisting frame, which can cause
extensive floor damage. Therefore, further studies were required to define and validate the restraining
effects of the frame expansion and concrete slabs under simulated strong ground motion. Some new
flooring systems, e.g., sliding slabs with discontinuous metal decks, have been proposed to mitigate the
frame expansion effect, as discussed in Chou et al, 2011 [122]. A promising strategy is to shift the
rotation centre to the top flange of the beam.

Vasdravellis et al, 2012 [123] proposed and experimentally validated a new self-centring BCJ
consisting of PT high-strength steel bars and carefully designed energy-dissipation (ED) elements that
consist of steel cylindrical hourglass shape pins (WHPs) (Figure 2.57). In addition, repeated tests on a
connection specimen and replacing damaged ED elements were conducted. These tests showed that the
proposed ED elements could be easily replaced without welding or bolting. Hence, after a significant
earthquake, the proposed connection can be repaired with minimal disturbance to building use or
occupation. Nonlinear FE models were constructed in ABAQUS [124] (Figure 2.58) to trace the
inelastic behaviour of the connection up the ultimate local failure modes both of the individual WHPs
and the connection when subjected to either monotonic or cyclic loading. In addition, local web buckling
at the connection region after the beam flange reinforcing plates was avoided by using web stiffeners.
However, this detailing resulted in excessive local yielding at the beam-column interface due to high
bearing forces.
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Figure 2.57. Vasdravellis et al., 2012 [123] self-centring BCJ with WHPs: a) Overview of the specimen
SC-WHP1; b) Detail of the WHP; ¢) Gap opening at 6% drift of specimen SC-WHP1
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Figure 2.58. Vasdravellis et al., 2012 [123] FE modelling of the connections

Furthermore, other studies investigated the collapse behaviour of such systems. For example, Ahmadi
et al., 2018 [125] (Figure 2.59) investigated the collapse resistance of self-centring MRFs to determine
the collapse margin ratio of a prototype low-rise steel building with perimeter SC-MRFs. The structural
model for the SC-MRF included finite shell elements to enable important limit states, including local
buckling in the beams, to be included in the analyses. Results showed that the seismic collapse of an
SC-MRF under extreme ground motions is mainly governed by the development of inelastic local
buckling and significant axial shortening in the beams that lead to a decrease in PT strand force, with
subsequent loss of stiffness and strength of the self-centring BCJs and reduction in the SC-MRFs lateral
resistance.
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Figure 2.59. Ahmadi et al., 2018 [125] Self-centring-connection: a) conceptual moment-relative rotation
behaviour; and b) illustration of BCJ rotation.
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Also, recent studies focused on the progressive collapse resistance of steel self-centring MRFs.
Dimopoulos et al., 2020 [126] (Figure 2.60) assessed the robustness of a seismic-resistant building using
SC-MRFs under a sudden column loss scenario. A FE model was built in ABAQUS [124] and validated
against experimental results. Results allowed for identifying all possible failure modes and quantifying
the composite floor's contribution to the frame's robustness. Based on the outcomes of this research, it
can be expected that steel buildings with PT connections designed to accommodate seismic events with
PGA larger than 0.35 g and typical Type B soil conditions according to Eurocode 8 will be robust
enough to survive in the case of an internal column removal of the SC-MREF.

Connectors

Figure 2.60. Dimopoulos et al., 2020 [126] Self-centring BCJs: Finite Element model with (a) and without
connectors (b)

More recently, Huang et al., 2022 [127] (Figure 2.61) proposed the concept of resilient friction beams
(RFBs) and investigated how RFBs can be economically implemented in steel MRFs to improve seismic
performance. The RFBs mainly consist of two T-shaped beams and four cap plates, resulting in a cost-
effective configuration that employs less steel than previous self-centring beam designs. A set of steel-
framed buildings with different heights was designed and computationally subjected to two seismic
levels of ground motions. The results suggest that residual interstorey drift, peak base shears and peak
absolute accelerations can be effectively limited by providing RFBs at the lower storeys.
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Figure 2.61. Huang et al., 2022 [127] RFBs: a) Configuration of a prototype frame; b) Structural details
Most past studies on this topic [e.g., 115-123, 125] demonstrated the beneficial effects gained in damage

and residual drift reduction by including self-centring devices at all BCJs. However, this solution may
represent a limit to the practical application due to increased structural complexity. To address this issue,
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Pieroni et al., 2022 [128-129] numerically investigated the influence of Self-Centring BCJs (SC-BCls)
placement within an 8-storey case-study steel MRF. Several configurations with different locations of
SCDF joints were analysed and compared. Results demonstrated that significant advantages could be
obtained by considering the effective placement of a limited number of SC-BCls, representing the
optimum compromise between structural complexity and seismic performance. Figure 2.62 (a) shows
some of the considered configurations, while Figure 2.62 (b) shows the regression curve for residual
drifts obtained from stripe analysis with 30 ground motions at the design intensity, considering an
increasing number of levels with SC-BClJs. The results show that including SC-BClJs only at 2 levels
leads to approximately 50% residual drifts.
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Figure 2.62. Pieroni et al., 2022 [128-129]. Effective placement of SC-BClJs: a) Some examples of
different placement of a limited number of SC-BCJs; b) Regressions for residual drift ratios

2.3.3 Self-Centring Column Base Connections

The first generation of PT and self-centring systems adopted for steel MRFs demonstrated excellent
seismic performance, with small residual deformations, through gap opening and closing responses at
the BCJ interfaces. However, although the experimental and analytical studies demonstrated the
superior seismic performance of the SC-MRFs compared to the conventional MRFs, the introduction of
self-centring devices eliminated residual deformations within steel MRFs, except for the first floor. In
addition, it has already been explained that conventional CB may suffer from residual rotations, large
plastic deformations [e.g., 62, 54], and axial shortening phenomena [e.g., 65-68], which impair the
structure returning to the initial condition after severe earthquakes. Therefore, CBs play a fundamental
role in the self-centring capacity of steel MRFs.

To overcome these downsides, several research efforts have proposed alternative solutions. In Section
2.2.3 of this thesis, some solutions based on dissipative partial-strength joints equipped with yielding or
FDs have already been presented. However, even though using FDs may be an efficient solution to
mitigate damage within CBs, additional studies have been developed on innovative self-centring CBs
capable of minimizing the structural residual drifts in the aftermath of strong seismic events. In this
direction, several research efforts have proposed alternative solutions by combining self-centring
systems and energy dissipation devices (e.g., yielding or FDs) designed for easy inspection and
replacement after strong seismic events [e.g., 138-156]. Some of these research works [e.g., 139-156]

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



80 Chapter 2 Literature Review

have focused on using rocking column bases where PT bars or rods, or yielding bolts, were used to
control rocking behaviour and provide the self-centring capability. Dedicated devices were used to
dissipate seismic energy (e.g., FDs [e.g., 144, 145] or metallic energy dissipating devices [e.g., 146,
147]). In addition, some studies also focused on achieving self-centring behaviour using advanced
materials (i.e., SMA) [e.g., 149-151]). Different configurations were investigated considering different
column sections, lengths, and positions of the PT bars. While in some cases, the results showed the
system's advantages in terms of improved self-centring behaviour of the CBs, several drawbacks were
also highlighted, including undesirable column axial shortening, loss of PT force and inelastic
deformations.

In this context, Mackinven ez al., 2007 [139] proposed a low-damage steel CB equipped with unbounded
steel rods specifically detailed with nuts above and below the end plate (Figure 2.63). The unbonded
length of the rods was specifically designed to allow elastic extension and to control the self-centring
behaviour during rocking. This CB was characterized by the absence of yielding in the column, resulting
in the elimination of inelastic axial shortening. However, some drawbacks were highlighted. In fact, the
CB lacked energy dissipation and experienced moderate pinching under large cyclic drifts and
significant stress concentration due to rocking.
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Figure 2.63. Machkiven ef al., 2007 [139] Base connection with anchor rods with sleeves and detail of the
CB with stools

Chou and Chen, 2011 [140] investigated the seismic response of a self-centring frame with PT CB
connections through shake table tests and cyclic tests (Figure 2.64). An analytical model based on the
rotational spring model approach for predicting the seismic performance of the frame subassembly was
proposed and analysed, and the results were compared with the experimental data. Results demonstrated
that the first-storey residual drift could be significantly minimized by using the PT CBs. However, the
maximum interstorey drift in the self-centring frame increased with the decreasing fixity at the CB
connection level.
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Figure 2.64. Chou and Chen [140] a) Tested prototype building; b) Detail of the PT CB connection.

Chi and Liu, 2012 [141] studied the cyclic response of a CB connection in which the column is
connected to the base plate by PT bars, anchored at the mid-storey height and at the bottom of a grade
steel beam using BRS plates as energy dissipation, while additional shear resistance is provided by
bolted keeper plates (Figure 2.65). A series of PT column base connection subassemblies were subjected
to axial load and cyclic lateral displacements. Test parameters included initial PT force, initial axial
force in column (constant or varying), column size and loading history. The test results demonstrated
that adequately designed CB connections could undergo lateral displacement up to 4% interstorey drift
while the columns and grade beams remained elastic. Also, the BRS plates showed good energy
dissipation capacity by yielding in tension and compression without fracture. Nevertheless, this CB
provided energy dissipation only in one loading direction, so further investigations were needed to
provide insights regarding its behaviour under biaxial loading.
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Figure 2.65. Chi and Liu, 2012 [141]: a) Configuration of PT CB connection; b) BRS and keeper plates; c)
Moment-rotation behaviour of the connections in two configurations

Yamanishi et al., 2012 [142] proposed an anchor-bolt-yield-type exposed CB with rotational rigidity
control function and repair performance (Figure 2.66). The CB was equipped with yield bolts anchored
on a strong plate welded on the column and connected to the anchor bolts through couplers. The yield
bolts were the only components that experienced damage and could be easily replaced. The proposed
CB was validated through experiments and detailed analyses using cyclically applied rotations.
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Theoretical equations to predict the elastic rotational stiffness were also proposed, and they appear to
correlate well with both experimental and analytical results. This CB showed a semi-rigid behaviour
caused by anchor-bolt elongation and base plate bending deformation out of plane. However, this

connection's main downside was the absence of self-centring capability and the pinching behaviour
during unloading.
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Figure 2.66. Yamanishi et al., 2012 [142] Anchor-bolt-yield-type exposed CB.

However, all the configurations investigated and described so far did not prevent high-stress
concentration and damage at the onset of rocking. In addition, they did not provide solutions to control
the response of the CB in different plan directions except the principal direction of the column cross-
section. Some other studies were developed to overcome these issues. Freddi et al., 2017 [144] presented
a rocking damage-free steel CB equipped with FDs and high-strength steel PT bars (Figure 2.67).
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Figure 2.67. Freddi et. al., 2017 [144] Rocking damage-free steel CB: a) 3D view; b) Lateral and sections
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Amongst others, the main advances, with respect to other studies, were related to using a circular steel
plate with rounded edges as a rocking base. The rounded edges prevented stress concentration and
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damage to the contact surfaces during the rocking, while the circular shape allowed rocking towards all
plane directions. Contrary to conventional steel CBs, the proposed solution exhibited monotonic and
cyclic moment—rotation behaviour that was easily described by analytical equations, allowing the
definition of a step-by-step design procedure, which ensured damage-free behaviour, self-centring
capability, and energy dissipation capacity for a target design base rotation. Non-linear dynamic
analyses showed the CB's potential to prevent the first-floor column yielding and eliminate the first-
storey residual drift without any peak interstorey drift in steel MRFs.

Successively, Freddi ez al., 2019 [145] experimentally investigated this connection with monotonic and
cyclic tests (Figure 2.68). The experimental tests were conducted on a 3/5 scaled specimen under
monotonic and cyclic quasi-static lateral loading protocols while simulating an about constant axial
force. The results agreed with the expected behaviour from analytical equations, which validated the
design procedure. Results demonstrated the damage-free behaviour up to the target design rotation and
the ability to limit the damage only to a few easily replaceable components under large rotations. This
demonstrated the high potential of the innovative rocking CB to be used in earthquake-resilient steel
structures. The experimental results were also used to calibrate refined 3D numerical models in
ABAQUS [124] that allowed further investigations.

.
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E

Figure 2.68. Freddi et al., 2019 [145] Rocking damage-free steel column base. a) Full-test setup; b)
Specimen; ¢) Rocking during the cyclic tests.

Similarly, Kamperidis et al., 2018 [146] proposed a partial strength low-damage self-centring steel CB
equipped with PT strands and WHPs to dissipate seismic energy (Figure 2.69). Unlike the other
solutions, the CB was composed of a concrete-filled square steel section and used external PT strands
to control the rocking behaviour. An analytical model that predicted the stiffness, strength, and
hysteretic behaviour of the CB was presented, and nonlinear dynamic analyses were carried out on a
prototype steel SC-MRF. Results showed the efficiency of the CBs in protecting the first-storey columns
from yielding and drastically reducing the first-storey residual drifts under the considered earthquake
intensities. Successively, Kamperidis et al,, 2020 [147] also performed a parametric by varying the
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initial, post-yield, and strength of the proposed self-centring CBs. Results revealed that these properties
are relevant in affecting the seismic response and the collapse capacity of steel SC-MRFs.
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Figure 2.69. Kamperidis et al., 2018 [146] Partial strength low-damage self-centring steel CB: a) 3D
representation of the CB; b) FE [124] model.

A similar approach was also followed by Wang et al., 2019 [148] while considering three different
Concrete-Filled Square steel Tubular (CFST) CB connections with PT strands and sandwiched energy
dissipaters in the two orthogonal directions (Figure 2.70). The analytical model was developed to predict
the moment-relative rotation relationship of the self-centring CFST CB connection, and a good
correlation with the experimental data was obtained. All of the connections demonstrated the typical
flag-shape self-centring behaviour, with stable energy dissipation, while the best-performing one
showed very low residual drifts (0.15%) even at significant drifts (4%).
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Figure 2.70. Wang et al., 2019 [148] Concrete-Filled Square steel Tubular (CFST) CB connections: a) 3D
view; b) Testing set-up.

In addition, some studies also focused on achieving self-centring behaviour using advanced materials.
For example, Wang et al., 2019 [149-150] investigated a novel type of steel column equipped with SMA
bolts to study its potential for achieving earthquake resilience (Figure 2.71). Structural details of the CB
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and mechanical properties of the SMA bolts were described, and an analytical model of the self-centring
column for different limit states and the corresponding design procedure was presented. The seismic
behaviours of two steel column specimens were experimentally tested to investigate the effects of the
initial pre-strain in the SMA bolts and the axial compressive force in the column under cyclic loading.
Results showed that the steel columns with SMA bolts exhibited satisfactory and stable flag-shaped
hysteresis loops with excellent self-centring but moderate energy dissipation capabilities.
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Figure 2.71. Wang et al., 2019 [149-150] Steel columns equipped with SMA bolts; a) 3D view and
sections; b) Testing set-up.

More recently, few research studies are currently focusing on simple repairing methodologies for the
structural performance recovery of buildings using innovative CB connections. For example, Zhang et
al., 2022 [152] recently investigated the low-damage performance of a novel steel rocking CB joint
equipped with an AFC (Figure 2.72). Cyclic tests with and without axial forces were carried out along
the strong axis of the column, including initial, aftershock and repair cases. In this study, the resilience
of the joint was also investigated by re-tightening the bolts of the FDs, and the results demonstrated that
the seismic performance of the joint was restored without loss of strength and stiffness.
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Figure 2.72. Zhang et al., 2022 [152] Schematic diagram of CB: a) Exploded view; b) Assembly view; ¢)
Cutaway view.
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In this direction, Sun ez al., 2022 [154] investigated an innovative performance-recoverable self-centring
CB with replaceable stiffener angle steels (Figure 2.73) to achieve the restoration of structural
functionality after severe earthquakes. In the experimental campaign, the ability to resist aftershocks,
the effects of replacing stiffener angle steels, and the re-tensioning PT strands after the earthquake on
the seismic performance recovery under different axial compression ratios for this CB were also
investigated. Results demonstrated that replacing stiffener angle steels could significantly recover the
seismic performance with a fast and low-cost post-earthquake repair methodology. Further
investigations about this topic are provided in Chapter 6 of this thesis.
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Figure 2.73. Sun et al., 2022 [154] Self-centring CB with replaceable stiffener angle: a) Location and
assembly; b) Front view of the tested specimen.

These studies demonstrated the effectiveness of the proposed connections in providing both self-
centring capabilities and damage-free behaviour. However, their complexity and the need for long PT
bars could lead to high costs, thus limiting the application to some special structures. In addition, it is
noteworthy that most past studies [e.g., 112-120, 122, 141] have focused on using self-centring devices
in all BCJs and CBs, demonstrating the advantages of self-centring capabilities and damage-free
behaviour. Nevertheless, a drawback of these solutions could be represented by the complexity of the
structural details. If, on the one hand, the use of self-centring devices in all the joints is expected to
produce a fully damage-free and self-centring response, on the other hand, it may represent a limit to
the practical application due to the increase of structural complexity. In this regard, two fundamental
aspects have been further investigated to promote the use in the practice of such systems: /) the
definition of self-centring connections that can be easily fabricated and installed; 2) a limited number
of self-centring connections within the structure.

Within this context, Latour ez al., 2019 [156] recently proposed and experimentally tested an innovative
damage-free Self-Centring Column Base (SC-CB) consisting of a rocking column splice joint where a
combination of FDs and PT bars with disk springs are respectively used to dissipate the seismic energy
and to promote the self-centring behaviour of the connection. Results from the experimental tests [156]
showed a satisfactory and stable flag-shaped hysteretic behaviour of the SC-CB, with negligible residual
deformations in the column. They also highlighted the influence of some design parameters over the
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joint response, such as the assumed design value of the axial load and the key role of the initial pre-load
of the PT bars on the self-centring response of the device. Considering this connection typology, it has
been recently investigated the effectiveness of these joints in terms of residual drift reduction within
steel MRFs [157-158]. This thesis will discuss these aspects in detail through numerical simulations,
FE analysis, parametric studies and experimental testing.

2.4 Numerical modelling for Moment Resisting Frames (MRFs)
2.4.1 Distributed plasticity vs. concentrated plasticity

In the traditional seismic design of structures, the plastic deformation capacity of the structural elements
is considered while using linear elastic models to perform the analyses. Although this approach may be
adequate for regular small and medium structures, it quickly becomes unfeasible for other structures as
its conservativism often results in over-expensive, hence inefficient structures. Although a detailed
nonlinear analysis would typically require higher computational and professional capabilities, the
cheapening of computational power has enabled even small engineering firms to use simple (or even
complex) nonlinear analysis methods for designing and assessing structures against seismic loads.
Therefore, with the advancements in software and hardware capabilities, the accessibility to highly
detailed FE modelling tools has increased. However, regardless of the feasibility, the computational
time spent on running a highly detailed analysis may not be necessarily justified by the accuracy gained,
as the use of significantly simpler models may be helpful to represent the structural elements to a
satisfactory level while reducing the analysis time and modelling complexity.

Different inelastic structural models can be differentiated by how plasticity is distributed through the
member cross sections and along its length. Figure 2.74 illustrates a comparison of five idealized model
types for nonlinear elements. The choice of the optimal model typically involves a balance between
reliability, practicality and computational efficiency, and it has to consider the structural system and
materials, the expected amount of non-linearity and the level of detail for the input and output data. The
main difference among the models relies on how plasticity is distributed along the length of the element
and through its cross sections. The first difference can be explained between concentrated and
distributed plasticity elements. The models for nonlinear analysis can range from the simplest models
with uniaxial spring or hinge models to fibre-type models to much more sophisticated models
characterized by detailed continuum finite element models. The type of analysis, the expected
behaviour, the assumptions, and the approximations inherent to the proposed model type influence the
choice. The NEHRP Seismic Design Technical Brief No. 4 [161] highlights this issue and classifies
unidimensional nonlinear elements into five categories depending on their plasticity distribution.

Figure 2.74 (a) illustrates the simplest model, in which the inelastic deformations are concentrated in a
rigid-plastic hinge at the ends of the element. This model has the advantage of being computationally
efficient, modelling non-linear effects in the localized regions of the structure. The non-linear behaviour
is governed by a simple moment-rotation relationship, leading to more efficiency in terms of
computational effort and formulation of the problem.
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Figure 2.74. Plasticity models of unidimensional nonlinear elements, as classified by Deierlein et al., 2010
[161]

Figure 2.74 (b) shows a similar model, although in this case, the hinges at the ends are represented by
nonlinear springs with hysteretic properties. The formulation is significantly condensed in both models
by concentrating the plasticity in simple end elements. However, although these modelling approaches
can reach appropriate accuracy levels, they cannot represent simultaneous load effects, such as the
interaction between bending and axial, which restricts their use in elements in which the interaction of
these simultaneous loads must be considered.

Figure 2.74 (c) shows a distributed plasticity model in which the plastic hinges are expected to develop
and are modelled as fibre-based. Cross sections in the inelastic hinge zones are described by non-linear
moment-curvature relationships or by explicit fibre-section integrations. This model is used because the
finite length hinge zone can better capture the effective spread of inelasticity within the member, thus
efficiently concentrating the inelastic demands in smaller detailed regions. In contrast, the finite length
of the zone leads to a less time-consuming analysis.

Figure 2.74 (d) shows a fibre model that distributes plasticity by numerical integrations through the
member length. The models do not report plastic hinge rotations but report strains in the steel cross-
section fibres. In particular, uniaxial material fibres, which can capture the non-linear hysteretic
behaviour, are numerically integrated over the cross-section to derive the corresponding stress-strain
characteristics. Then, the cross-section parameters are integrated at discrete sections along the member
length, alternatively using a displacement or force-based formulation. This model allows capturing the
interaction of axial and bending loads. On the other hand, this modelling approach fails to allow the
shear and torsion interaction with the fibres. It assumes that each integration layer (i.e., at each fibre
length) keeps its plane undeformed as if a very stiff plate were located at different heights of the element.

Figure 2.74 (e) shows the refined finite element approach representing the most complex. It is a
continuum model that discretizes the member along the member length and through the cross-section
into small microfinite elements with nonlinear hysteretic constitutive properties. It represents the
behaviour at the most fundamental level and is able to model three-dimensional behaviour, including
complex geometries and stress-strain states. Despite not having all the limitations mentioned in other
modelling approaches, its use is restricted due to its higher computational demands. This approach is
often used in small structures or sub-structures that require high fidelity or resolution. In addition, it
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should also be remarked that while more sophisticated models like distributed plasticity models may
capture more effectively the realistic behaviour of structures, concentrated plasticity models are
commonly used and generally preferred to distributed ones since they are more efficient and less time-
consuming.

2.4.2 Lignos and Krawinkler deterioration model

Lignos and Krawinkler, 2011 [162] proposed a beam’s plastic hinges deterioration model based on the
deterioration model referred to as Ibarra-Krawinkler (IK) model [163] with the modifications based on
regressions on an extensive database of experimental data obtained by several tests conducted beams
with and without RBS. The modified IK model is based on a monotonic backbone curve, as the IK
model, taking into account asymmetric component hysteretic behaviour with a new branch, which
allows the simulation of complete loss of strength incorporating an ultimate rotation 6,, at which the
strength of a component drops to zero (Figure 2.75 (a)). A set of rules define the characteristics of the
hysteretic behaviour, illustrated in Figure 2.75 (b). The modified IK model is implemented in
OPENSEES [164].
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Figure 2.75. Modified IK deterioration model: (a) monotonic curve; (b) basic modes of cyclic deterioration
and associated definitions (Lignos and Krawinkler, 2011) [162]

The model is defined in terms of moment-rotation behaviour (Figure 2.76) rather than force-deformation
(as in the original version) since the model is usually applied to concentrated flexural plastic hinges, as
in Section 4 of this thesis. Three strength parameters define the curve:

e M,: effective yield moment;
e M,: capping moment strength (or post-yield strength ratio M. /M,,);

e M, = k- M,: residual moment;
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and by four deformation parameters:

e ¥, yielding rotation;

e ¥, pre-capping plastic rotation for monotonic loading (i.e., the difference between yield
rotation and rotation at the maximum moment);

e ¥, ., post-capping plastic rotation (i.e., the difference between rotation at the maximum moment
and rotation at a complete loss of strength);

e U, ultimate rotation capacity.

M Post-Yielding
Basic Parameters Efﬂiﬁﬁmfﬁﬁﬂ@i
K, Initial Stiffness M,
M, Yield Moment Mg ~ Capping
y[ AR M, Point
M. i « —_—
—M‘ Capping mo’?:t?; Yielding M,
y Point
P’ Plastic Hinge
’ Rotation Capacity
K,
8,. Post-Capping Rotation ¢ 0 Ope
o, Capacity Ratio o, 4 6,
Derived Parameters
M, ' . M
0, =— Yield Rotation M, =—<M, Capping Moment
K, M,
0.=0+8, Capping Rotation | 6,= @+ 6,

Figure 2.76. Component backbone curve and parameters (Lignos and Krawinkler, 2011) [162]

Yielding Moment M.,

The modified IK deterioration model does not account for cyclic hardening, but the effect of isotropic
hardening is indirectly incorporated by increasing the yielding moment (computed as the yield strength
fy times the plastic modulus W) to an effective value M, that accounts for isotropic hardening on
average. The coefficient M. /M, is variable from 1.06 for beams with RBS to 1.17 for other sections,

while a coefficient equal to 1.1 can be used independently for all sections.

Yielding Rotation 9,

The yielding rotation is defined as the ratio between M,, and the initial stiffness K, does not coincide
with the elastic stiffness of the element since a concentrated plasticity model with Rayleigh damping is
used in the analysis, as indicated by Zareian and Medina [165]. In fact, concerning an element where
plasticity is fully concentrated in beam end springs and the central portion is kept elastically, the
rotational stiffness K of the end spring must be related to the rotational stiffness K,; of the ordinary

beam element through the coefficient n, as follows:
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In the absence of transverse load, it is also possible to assume that the point of contra flexure is located
at the mid-span of the element, hence:

Where E, [ and L represent the modulus of elasticity, the moment of inertia and the clear length (L —
d.) of the element respectively. As for the coefficient n, Zareian and Medina [165] proposed to assume
a value equal to 10 to avoid numerical instability problems.

Ordinary beam element
i j 2 5
—) 3 CH1 - 6

Modeling Degrees of freedom

- .

Equivalent elastic beam element with end springs

i i (e osc ;z1 45; :Pos

Modeling

Degrees of freedom

Figure 2.77. Beam element and equivalent model that consists of an elastic beam element with springs at
both ends (after Zareian and Medina, 2009 [165])

This assumption can be illustrated in the following figure, where it is possible to note the variation of
the two coefficients. S;; and S;; with the coefficient n. The two coefficients were originally proposed by
Zareian and Medina [165] to relate the stiffness matrix [K] of the element between the two nodes i and
J to its geometric and material properties. Figure shows that S;; and S;; asymptotically reach 4.0 and 2.0
for very large values n. However, the values corresponding to the recommended value of n =10 are very
close to the asymptotic ones, ensuring that the response of the equivalent beam with end springs is
identical to the elastic response of its equivalent prismatic beam.

Post yield Strength Ratio M./M,,

Medina and Krawinkler [166] reported the post-yield strength M./M,, and 9. /9, ratios as parameters
which define the strain-hardening stiffness of the backbone curve. This stiffness is important because it
plays a key role in the P-A stability of a structural system, and as a result of, this parameter should never
be neglected in steel structures. Lignos and Krawinkler [ 162] reported a mean value of the capping strength
to the effective yield strength M./M,, equal to 1.09 for beams with RBS to 1.11 beams with no-RBS

connections. However, a coefficient equal to 1.1 can be used independently for all types of sections.
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Stiffness coefficients for equivalent elastic beam
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Figure 2.78. Variation of stiffness coefficient S; and S;; with n for equivalent elastic beam element (after
Zareian and Medina, 2009 [165])

Residual Strength Ratio k

Steel elements, whose hysteretic behaviour deteriorates due to local instabilities, approach stabilization
of the hysteretic response at very large deformations. (Lignos and Krawinkler [162]). For this reason, the
rate of deterioration can be neglected and a constant residual moment M,. = kM,, can be assumed up to
J,. A value of k equal to 0.4 can be assumed, consistently with international guidelines for steel
modelling (PEER/ATC 72-1 Report).

Empirical relationships were obtained for modelling of pre-capping plastic rotation (6,), post-capping
plastic rotation (8,¢) and the cumulative plastic rotation A (i.e., cyclic deterioration parameter) for beams
with and without RBS. The regression parameters are shown in the following equations:

Pre-capping Plastic Rotation 9,

0.365 0.140 0.340 unlt 0.721 unltfy 0.230
6y = 0.0865(,)" G = (oo (S0 Snitly -

Post-capping Plastic Rotation 9,

L d /i
0. =563 -0.565 —0.8000.340 unlt -0.280 unlt Y\-0.430
e <) < )T ) )

Cumulative Plastic Rotation A

—-0.360
-1 —0.595 X 2
1.34 b L 0.340 Cunitfy

4=45G) G @

d 355

where h is the web depth, ¢,, is the thickness of the web, b is the flange width, ¢ is the flange thickness,
L is the length of the beam (equal to half of the length of the element), d depth of the steel section, f, is
the yield strength of the steel and c_,;;, cZ,;; are coefficients for unit conversion (i.e., equal to 1.0 if
millimetres and MPa are used).
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Ultimate Rotation Capacity 9,,

The modified IK deterioration model captures the effects of the failure mode due to very large inelastic
rotations through the parameter 9,,. Lignos and Krawinkler [162] recommended a value for 9,, equal to
0.06 rad for beams without RBS and 0.07 for beams with RBS. As a result, a more realistic value equal
to 0.4 rad is generally recommended (Eads, 2013 [167]), which also contributes to avoid numerical
convergence problems.

Rates of cyclic deterioration

The rates of cyclic deterioration are controlled by Rahnama [168], assuming that every component has a
reference hysteretic energy dissipation capacity E;, which is an inherent property of the components,
regardless of the loading history applied to the component. The reference hysteretic energy dissipation
capacity is expressed for steel structures as follows:

E,=1-9,-M,=A"M,

where A = A -9, is the reference cumulative rotation capacity. Other parameters must also be defined
to complete the characterization of the modified IK model implemented in OPENSEES [163] with a
bilinear hysteretic response. In particular, the coefficients c,, ¢, c, and c, associated with the rate of
strength, post-capping strength, accelerated reloading and unloading stiffness deterioration,
respectively, can be generally assumed to be equal to 1 (Eads, 2013 [167]). Finally, if a symmetric
hysteretic behaviour is considered between positive and negative loading directions, the coefficients D*
and D~ which define the rate of cyclic deterioration in the two directions can be set equal to 1. Lignos
and Krawinkler [162] also provided the necessary relationships that associate the parameters of the
deterioration models described so far with geometric and material properties and detailing criteria that
control deterioration in actual structural elements. The interested reader is referred to the original
literature (Lignos et al. 2011 [162]) for further information regarding the experimental campaign and
the statistical treatment of the results carried out by the authors.

2.4.3 Kinematics of the Panel zone

The behaviour of the Panel Zone (PZ) of MRFs has commonly represented the subject of both
experimental and analytical tests to understand the complex interaction between column and beam
components. The sources of deformation in the PZ can be divided into three different contributions (i.e.,
axial, flexural and shear. Although the first two are usually negligible, the shear deformation may be
significant and enable a node relative rotation mechanism (i.e., beams rotating with respect to columns).
Many numerical models have been proposed to represent the PZ mechanism, typically based on simple
mechanical analogies consisting of rigid links and rotational spring assemblages. Among the proposed
models, there is the ‘Krawinkler model’ initially proposed by Krawinkler et al, 1971 [169] and
Krawinkler et al., 1978 [170], refined in 1987 [171] and published in its final version by Gupta ef al. in
1999 [173]. This thesis focuses on the ‘Krawinkler’ model [169] and the ‘Scissor model’ [170]. It will
be shown that the ‘Scissors’ model, referred to as the simplest mechanical model, can provide results
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comparable to those obtained from the more complex mechanical models. In particular, results obtained
from the ‘Scissors’ and the ‘Krawinkler’ models are identical, even though the kinematics of the
Krawinkler model are significantly different. The following part will provide a complete description of
the two models.

2.4.4 The ‘Krawinkler’ model

The model, as illustrated in Figure 2.79, consists of a rectangular assembly of rigid pin-ended elastic
elements connected by rotational springs, modelled as zero-length rotational springs at the corners. The
rotational springs at the upper right and lower left corners have no stiffness. Hence, they act as real
hinges. The springs at the upper left and the lower right corner represent the PZ shear resistance and the
column flange bending resistance. The two flexural and shear resistances of the column flange and panel
are assumed to act in parallel.

Rotational Spring
for Panel Shear

Rigid Link
Real Rotational Spring
Hinge for Column Flange
Bending

Figure 2.79. Krawinkler model for PZs in MRFs (after Charney and Downs, 2004 [174])

According to Krawinkler, the total response of the beam-column joint is equal to the sum of the response
of the contribution of the panel and the column flange. The &, represents the shear strain corresponding
to the yielding of the PZ, while the flange contributes in remaining elastic up to an overall strain equal
to 46,,. The total trilinear relationship can be determined by adding the contribution of both components'
strain hardening. The assumed force-displacement behaviour of the beam-column joint is illustrated in
Figure 2.80. It is important to note that, to compute the properties of the equivalent zero-length springs,
the V- § relationships must be converted into the equivalent M- 6 relationships.

Shear, V'
Moment, M
A V”,
Total -+
— |
Vyp Panel Myp
Myp
Oy

Vg Flange pH

=
|:a ~

5)' 46}

Shear Displacement &
0, 40,

Spring Rotation 0

Figure 2.80. Force-displacement for beam-column joint (after Charney and Downs, 2004 [174])
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2.4.4.1 Derivation of the properties of the panel zone

Elastic stiffness properties of the panel zone

To calculate the shear force in the panel V},, the force transferred from the beam flanges Fr;4p 4,6 to the
PZ is preliminarily determined. A typical interior beam-column sub-assemblage of a MRF is shown in
Figure 2.81. The sub-assemblage is considered in equilibrium with the shear force V., if the moments
at the mid-span of the beams and mid-height of the column are equal to zero.

Ve
[ N é
VeH
|
Gk T
VH
Ve L
v @_}\'_
al
< L >

Figure 2.81. Cruciform subassembly in the PZ of MRFs (after Charney and Downs, 2004 [174])

L and H represent the length of the beam span and the column’s height, and a and £ account for the
effective depths of the column and beam, as follows:

dp — tp
H

where d., d}, are the column and the beam depth and t;, t;;, the thickness of the column and beam

flanges. The beams are welded to the column flanges and doubler plates may be used to reinforce the
PZ.

With simple static equilibrium, it is possible to calculate the moment at the midpoint of column flanges

and girder flanges:

VcH (L — aL VcH
Mgirdger = i ( 5 >= ; 1-a)

Subsequently, the equivalent force couple Fgigy e ¢ acting on the flange of the girder (considering the

adequate depth of the girder itself) is equal to:
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MG' d C
FFlange,G = T = ﬁ(l - a)

BH

Considering Figure 2.82, the shear force acting on the panel web (Vp,,,e;) 1s then calculated by summing

the forces:

Ve(l—a—p)
VPanel = VC - 2FFlange,G = _T

ng(

E i lange,G E
BH

o

— ="

1 tange,G .{ ‘lange,G

Vs ol 7
Figure 2.82. Krawinkler model PZ shear forces (after Charney and Downs, 2004 [174])

Subsequently, by applying the virtual work theorem, as shown in Figure 2.83, it is also possible to verify
that the displacement §gp ¢4, p induced by the shear force Vpqy,e is equal to:

5 _ VPanel.BH
Shear,p —
ear Gt,al

where G is the steel shear modulus and t, is the panel web's thickness, including any additional

reinforcing doubler plate.

75 7 ol 4 75~ ol 7
hl. ranel 4_1 ' Ponel
v . \ T - T
pH Jo-
Panel
N M 1
Actual - Model

Figure 2.83. Application of virtual work to the “Krawinkler” model PZ (after Charney and Downs, 2004
[174])

Considering that the model requires a M - 8 relationship, the moment in the model spring due to Vp;,e;

1S:
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MPanel = VPanelﬁH = KPanele

The rotation angle 8p,,.; can be approximated by using small displacement theory:

) _ SShear,P
Panel — ﬁH

Substituting and rewriting this equation in terms of stiffness and setting it equal to the stiffness
determined using the V — § relationship, the required stiffness Kp,,; Of the zero-length spring for the
PZ is based on the model M — @ relationship is equal to:

Mogner  VeanetB2H?  VeaneB2H?Gt,al
anel _ ane — ane 14 — thaLﬂH

K =
Panel 0 SShear,P VPanel,BH

Finally, the required stiffness Kpgpe; Of the zero-length spring for the PZ is:
KPanel = thaLﬁH

Inelastic strength properties of the panel zone
Assuming Von Mises’s yield criterium (i.e., f, /N3=06 fy), the maximum shear force (Vy pgne;) can

be obtained as follows:
Vy paner = 0,6f,,d.t, = 0,6f,alLt,

where f, is the yielding strength of the steel.

‘ V}Z!’mrei
AN \
pH A0
M Y, Panel
\ #

Figure 2.84. Krawinkler yield moment in the PZ (after Charney and Downs, 2004 [174])

The moment (Figure 2.84) is equal to:
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MY,Panel = VY,PanelﬁH = 0'6fyaLtpﬁH

Inelastic strength properties of the column flanges

The flexural resistance of the column flanges is based on Krawinkler's assumption that the column
flanges yield a deformation that is four times larger than the yield deformation (6,,) of the panel. At this
level of deformation, the flanges are assumed to develop plastic hinges and the plastic moment M,

developed at each plastic hinge is equal to:

M, =fW, = beytis
p_fy pl_fy 4

where b.¢ and tczf are the width and thickness of the column flange, respectively.
Considering Figure 2.85 and using the principle of virtual work:

VFlangegshear,P = 4Mp9
And substituting

6Shear,P = ﬂH@

bestls
VFlangesz ﬂHC 0

The yield moment of the flanges is equal to:

MY,Flange = 1-8VFlangeBH = 1'8focftc2f

where the coefficient 1.8 is a correcting factor introduced by Krawinkler 1978 [XX], to fit experimental
data.

73 s ol 7
‘ / .["lun_ec:
AN @ ] )
BH S0
Plastic Hinge

N . ®

Figure 2.85. Application of virtual work to the “Krawinkler” model column flanges (after Charney and
Downs, 2004 [174])
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Elastic stiffness properties of the column flanges
From the previous equations, it has been shown that the yield rotation of the spring representing the
panel component is:

MY,Panel 0'6fy
GY — —
KPanel G

According to the Krawinkler assumption 1971 [169]:

MY,Flange
KFlange = W = 0:75Gbcftc2f
Y,

2.4.5 The ‘Scissors’ model

The “Krawinkler” model represents one of the most accurate approaches for modelling the PZs of MRFs
joints, even though it is characterized by computational complexity. Therefore, the “Scissors” model
(Krawinkler ef al. 1987 [171] Kim ef al. 1995 [172]) can be conveniently adopted. The scissors model
requires two nodes if rigid end zones are used for the column and beam regions inside the PZ, for 4
degrees of freedom, with a single hinge in the centre. As for the ‘Krawinkler model’, two rotational
springs represent the shear and flange bending components. The properties of these springs keep the
same formulation of the ‘Krawinkler model’, scaled by a factor equal to (1 —a — )% and (1 — a — )
as shown by the following relationships:

K _ Kgrawinkier
Scissors — (1 —a— B)Z

M _ MY,Krawinkler
Y.Scissors — m

Rotational Spring

For Panel Shear \
Real /

Hinge

Boundary of /

Panel Zone

Rotational Spring
i~ For Column Flange
Bending

Figure 2.86. The “Scissor model” (after Charney and Downs, 2004 [174])

For the sake of brevity, the calculations for the “Scissors” model are omitted since they follow a
consistent procedure with the one of the ‘Krawinkler model’, discussed before. Hereinafter, the main
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formulations for the definition of the parameters belonging to the rotational springs for the panel shear
and the column flange bending are reported:

Gt,aBHL
Kpaner = d-a-p)2

0,6f aLt,BH
My paner = A-a-p)

0,75 G bs -t
Kriange = 1-a-p)?

o 1,8 fyb.s - ti;
Y,Flange = A-a-p)

It is worth highlighting that, as noted by Charney and Downs, 2004 [174], adopting the Scissors should
be limited only to frames with equal bay widths and storey heights. In these cases, the “Scissors” model
proved to be generally as effective as the “Krawinkler” one. Conversely, in the presence of irregular
structures, the more refined “Krawinkler” approach should be preferred (Castro et al, 2008 [175]).
When the ‘Krawinkler model’ progresses through its motion, its configuration is able to maintain the
PZ boundaries, causing an offset to develop between the column and the girder centerlines. Conversely,
in the “Scissors” model, the right angles between the PZ boundaries and the adjacent beams and columns
cannot be maintained, resulting in approximated deflections (Gupta et al, 1999 [173]). As shown in
Figure 2.87, the “Scissors” model (on the right) cannot capture, in the deformed shape, the offset of the
centerlines of the columns and girders, as done by the “Krawinkler” model (on the left).

Panel
Spring__ .
Flange Spring and

a) —H, b) Panel Spring__
a ,_i(l”‘et_ “
T ‘

f
Flange
Spring

Figure 2.87. Kinematics of ‘Krawinkler model’ a) and ‘Scissors’ model b) (after Charney and Downs,
2004 [174])

2.5 Personal contribution

Chapter 2 covers the Literature Review in the fields of interest, comprising bibliographic studies to
frame the present work in a more general research field. The section introduces innovative structural
solutions for steel MRFs, focusing on friction connections and self-centring systems. The attention is
paid to the innovative configurations of column bases proposed within the current literature, equipped
with damage-free and self-centring systems. Consequently, no author contribution is provided.
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3.1 Concept

The Damage-Free Self-Centring (SC-CB) connection is shown in Figure 3.1. It consists of a column
composed of two parts connected by a combination of FDs, which dissipate the seismic input energy
through the alternate slippage of the surfaces in contact, and a self-centring system which, together with
the gap opening mechanism, controls the self-centring behaviour of the connection. The FDs consist of
properly coated steel friction shims and steel cover plates clamped with pre-loadable bolts. The FDs are
characterised by a rigid-plastic hysteretic model, which depends on the clamping force and the friction
coefficient u of the contact interfaces. It is worth highlighting that the FD typology used within this
connection has been extensively investigated by previous experimental works, which have addressed
significant aspects, such as the response of the FDs under cyclic loading histories [2-6], the behaviour
of the pre-loadable bolts at installation and over their service-life [7] and under different loading rates
[8]. The self-centring system is composed of PT bars symmetrically placed with respect to the column’s
depth and arranged in series with a system of disk springs. The disk springs are arranged in series and
parallel, acting as a macro-spring system, ensuring an adaptable stiffness-resistance combination to the
self-centring system. It is worth mentioning that the overall dimension of the connection is similar to
the size of a traditional column splice, and it is characterised by the absence of interaction with the
concrete foundation. The self-centring system is connected to anchorage plates welded to the column to
increase the axial force and to control the SC-CB rocking behaviour by providing restoring forces in the
joint, returning towards the initial straight position at the end of the seismic event. An exploded 3D view
of the SC-CB connections is illustrated in Figure 3.2. In addition, oversized web holes and flange slots
are designed on the column’s web and flanges to accommodate the design rotation (6,) during the gap
opening phase, as illustrated in Figure 3.3.

Disk Spring system

Column's Profile
High-Strength

Post-Tensioned (PT)
Bars

Flange Friction
Device (FD)
Web

Friction Device (FD)

Figure 3.1: 3D view of the Damage-Free Self-Centring Column Base (SC-CB) [1]
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Anchorage plate
for the PT bars

High-strength
pre-loadable
HV 10.9 bolt

Web steel
cover plates

High-strength
pre-loadable
HV 10.9bolt

Flange
Friction Pad

Flange steel
cover plates

Figure 3.2: 3D exploded view of the Damage-Free Self-Centring Column Base (SC-CB) [1]

Web Oversized Holes

Flange slots

Steel Base
Plate

Figure 3.3: 3D exploded view of the column [1]
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3.2 Main features and advantages

Concerning the configurations previously described, this connection is characterised by several
advantages, which can be summarised as follows:

i) the self-centring capability is obtained with elements (i.e., PT bars and disk springs) that
have a size comparable to the overall size of the column (e.g., long PT bars can be avoided);

ii) the moment-rotation hysteretic behaviour of the components can be easily calibrated;

iii) the overall dimension of the connection is similar to the size of a traditional column splice;

iv) the connection elements are moved far from the concrete foundation, avoiding interaction.

Consequently, the design of the joint is independent of that of the base plate connection;
therefore, all common configurations for CB connections (i.e., embedded, concrete encased
or shallowly embedded) could be adopted.

It is worth mentioning that the SC-CB connection was originally proposed and experimentally tested by
Latour et al., 2019 [1] on an isolated specimen. The review of the experimental campaign and the main
results are summarised in Section 3.7. Results from the experimental tests [1] showed a satisfactory and
stable flag-shaped hysteretic behaviour of the SC-CB, with negligible residual deformations in the
column. In this direction, it has been recently demonstrated through extensive numerical simulations
and parametric FE analysis [9-12] that the SC-CBs provide considerable benefits when introduced
within steel MRFs in terms of /) residual drift reduction and self-centring capability even under high
seismic intensities; 2) protection of the first storey column from yielding, 3) damage-free behaviour of
the structural components; 4) significant advantages in terms of repairability and hence resilience of the
structure. This thesis will discuss these aspects in detail through numerical simulations, FE analysis,
parametric studies and experimental testing.

3.3 Expected Forces

The main geometrical dimensions of the SC-CB joint are illustrated in Figure 3.4 (a). The design of the
SC-CB joint is based on the knowledge of the forces developed during the gap-opening phase, as
illustrated in Figure 3.4 (b). It is worth mentioning that some assumptions are required to define the
design formulations of the SC-CB joint. Some of these have been verified through experimental tests
[1], and others through simplified numerical models [9] or advanced FE models [12]. The analytical
formulations for the behaviour of the FDs are based on the following simplifying assumptions:

i) stable friction coefficient [1-3];

ii) constant clamping force of the bolts;

iii) negligible bending stiffness of the flanges’ plates of the FDs. Based on these assumptions,
the FDs exhibit a rigid-plastic behaviour that depends on the clamping force and the friction
coefficient of the interfaces in contact.

The forces in the FDs of the web (K, ) and flanges (Fy) are defined as follows:
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Fw = Fslip,w =urng: nb,w ’ Fp,w (31)
Fr = Fqipg =4 ng npp-Fyp (3.2)

where u is the design value of the friction coefficient; n is the number of friction interfaces (i.e., equal
to 2 in the considered Configuration); n,,, and n,, ; are the numbers of bolts, respectively in the web
and the flanges; F, ,, and F,, s are the pre-loading forces of each web and flange bolt, respectively. In
addition, F, is the compression force at the Centre of Rotation (COR).
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Figure 3.4: SC-CB (a) Geometrical dimensions; (b) Schematic representation during the gap-opening.

One or more PT bars with disk springs are symmetrically placed to control the self-centring behaviour
of the joint. The force acting in the self-centring system (Fpr) (i.e., PT bars and disk springs) is defined

as follows:
Fpr = Fpr + AFpyp (3.3)
Fpro = Npr - Fppr (3.4)
AFpr = Keq * Algyg pr (3.5)

where Fpr q is the initial bars pre-load; AFpy is the extra force occurring in the system during the gap-
opening phase; npr is the total number of PT bars employed in the connection; F, pr is the initial pre-
load force on each PT bar; K., is the stiffness of the self-centring system. The average elongation of the

PT bars corresponding to the target rotation (8,) of the joint and considering that the PT bars are
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symmetrically placed with respect to the centre of the section, is Aly,g pr, evaluated considering 6,

equal to 40 mrad, which is the benchmark rotation established by AISC 341-16 [13] for Special MRFs.
It can be calculated as follows:

Alavg,PT = 0, - (z/2) (3.6)

where z is the internal lever arm of the connection, corresponding to z = h, — ¢z, with h; and t¢. being
respectively the height and the flange’s thickness of the column’s cross-section.

3.4 Stiffness of the Self-Centring system

The equivalent stiffness of the self-centring system (K,,) is a function of the stiffness of the single

components (i.e., PT bars and disk springs) (see Figure 3.5 (a)) and is defined as follows:

Kpr1Kps
K, = _— 3.7
“ T Koy + Kps &7
ErrA
Kpry = PT ls,res,PT (3.8)
PT
n
Kps = Mde,l (3.9)
ds,ser

where Kpr 4 is the stiffness of a single PT bar; K is the stiffness of a set of disk springs arranged both
in series and in parallel; Epy is the elastic modulus of the PT bars; A; ;5 pr 1s the resistance area of one
PT bar; lpy is the length of the PT bar, including the length of the disk springs; K ; is the stiffness of
one disk spring. The number of disk springs arranged in parallel and in series are indicated with 74 4

and ng; ¢, respectively, and a possible arrangement is illustrated in Figure 3.5 (b).
a) b) j—

N =0 '
! Experimental Disk Spri DS in parallel
P system . .
Hooke =4 DS in series

ii‘,PI" —————————————————————— :
l5..:_ i : Disk Spring
3 |
! PT b '
ol : ar
i
I
I

PT0

Figure 3.5: Self-centring system: (a) Stiffness of the self-centring components; (b) Details.
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3.5 Moment-Rotation Behaviour

The SC-CB is characterised by a flag-shape moment-rotation behaviour characterised by two phases, as
shown in Figure 3.6 (a). In the closed phase, the forces in the FDs are assumed to be completely
developed, and thus, their contributions are assumed to remain constant during the gap-opening phase.
In addition, the contribution of the initial pre-load force of the PT bars is assumed constant, while the
contribution due to the extra forces in the self-centring system occurring in the gap-opening phase is
assumed to be linearly proportional to the joint's rotation. The moments’ contributions are illustrated in
Figure 3.6 (b), and they are a function of the forces developed by each component during the gap-
opening phase and can be calculated, with respect to the COR, as follows:

Mp = My + Mpr (3.10)

My = Ngq - (z/2) (3.11)

Mpro = Fpry - (z/2) (3.12)

Mgpp = Mgpy + Mppp = K, - (2/2) + F; - z (3.13)
AMpy = A Fpr - (2/2) (3.14)

where M|, is the decompression moment; M is the moment contribution related to the axial load (i.e.,
Ng4) directly applied on the joint; Mpr o is the moment provided by the PT bars at zero rotation; Mg, is
the moment provided by the web and flanges FDs; AMp; is the moment developed by the additional
forces in the self-centring system, and z is the lever arm of the connection. It is worth highlighting that
N4 is assumed to remain in the original position of the column centre.

a) M4 y b) —— Flag shape behaviour
-2 [ ] Dissipated energy
M,
ﬁa § L] ampr [ Mpr,
K1 ~
My E WJ W Mo [y,
M3

Figure 3.6: Flag-shape hysteretic behaviour: (a) Fundamental moments; (b) Moment Contributions.

The four fundamental moments defining the entire cyclic moment-rotation behaviour (i.e., M; ,M,, M5
and M,) are reported in Figure 3.6, where M, is the moment at the onset of rocking, while M, is the
maximum moment achieved at the target rotation 6,. It is worth highlighting that from M, to M, there
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is a moment reduction equal to 2Mg;, for a constant rotation value because of the rigid behaviour of the
FDs and the change in the CB rotation direction.

M, = My + Mpro + Mg (3.15)
M, = M, + AM,; (3.16)
My = M, — 2Mg, (3.17)

M, = M, — 2Mzp (3.18)

The first branch (K;) of the moment-rotation curve is characterised by an infinite stiffness of the
connection and, therefore, the stiffness of the whole system is equal to the flexural stiffness of the
cantilever column, calculated as follows:

E,l,,
K1: l: s°co
co hg

(3.19)

where E; is the steel modulus of elasticity, h, is the length of the column above the splice section and
I.,; 1s the column’s moment of Inertia. The second branch (K,) is controlled by the equivalent stiffness
of the self-centring system (K,,) and it is defined as follows:

1
K, = (3.20)

1 1
* Keq ' (2/2)2)

(Kcol

It is worth reminding that the flexural resistance of the flanges’ cover plates and friction shims is
assumed to be negligible; thus, their bending contribution to the moment-rotation behaviour is
neglected.

3.6 Design Procedure

The design of the SC-CB is based on a step-by-step procedure consisting of the definition of the design
input parameters (i.e., geometry and design forces in the column), the design of the components (i.e.,
FDs and Self-centring system) and the design of the structural details of the joint (i.e., plates of the FDs,
holes and slots). The design methodology is affected by the assumptions previously discussed.
Additionally, some design choices are required, such as:

i) the design axial force is assumed to be constant considering two limit conditions;
ii) the design shear force is assumed to be assigned to the web FDs;
iii) no yielding of the joint components.

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



120 Chapter 3 Damage-Free Self-Centring Column Base

In addition, further recommendations that allow for identifying the optimal design condition in terms of
self-centring behaviour and minimal yielding of the components are provided in this thesis. Further
considerations on the design assumptions and limitations are reported in the subsequent sections.

3.6.1 Step 1: Design input parameters

The design procedure of the SC-CB requires as input parameters:

i) the geometrical properties of the column (i.e., cross-section properties and the splice
position above the foundation ([))) (see Figure 3.4 (a));

ii) the design forces in the column (i.e., the maximum/minimum expected axial forces
(Ngamax »Nga,min) and the design bending moment (Mg, )) derived through the procedure
suggested by Eurocode 8 [14], namely considering a proper overstrength of the dissipative
zones.

The design shear force in the CB joint is estimated as follows:
Vea = Mga/lo (3.21)

where [, = [ — [, where [ and [;, are respectively defined as the column shear length and the distance
between the splice and the base. Once the input parameters are selected, the SC-CB connection design
can be addressed by first designing the bolts of the web FD and, consequently, designing the PT bars
and the bolts of the flange FDs. The objective of the design procedure is to satisfy at the same time three
main conditions:

i) no yielding of the column;
ii) self-centring behaviour;
iii) bending moment corresponding to the gap opening higher than the one defined by Eurocode

8 [14] for the seismic design combination according to the ULS (i.e., Ultimate Limit State).
These conditions are summarised in the following system of inequalities:

M, < M,
Mp = Mgp (3.22)
M, > My,

where M,, . is the column’s yielding bending moment.

3.6.2 Step 2: Design of the components

Web Friction Device (Web FD)
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The required pre-load force for each web bolt (F, ,,) is easily determined by imposing that the slippage

force of the web FD (E,) (see Eq. (3.1) must be larger or equal to the required value of the design shear
force (Vgq) (see Eq. (3.21)), as follows:

Fy= i ng Nyy By 2Veg = Fppy2———— (3.23)

PT Bars

The post-tensioning force of the PT bars (Fpr ) is defined by imposing the system of equations for the
self-centring condition of Eq. (3.22) and the equilibrium between the internal and external bending
moment in the SC-CB, as follows:

; - F, >— — N 3.24
{Fpr,o - (2/2) + F; (2) = Mgq — (F,, + Npg)(2/2) Pro =, B (3.24)

where Fpr  is the minimum PT force to be applied to the PT bars. It can be increased to satisfy the other

design conditions.

Flange Friction Device (Flange FD)

In addition, the minimum pre-load force for each flange bolt (F, ) is provided by addressing the
contribution of the PT bars' force and the web FD's force. The slippage force of the flange FDs (F) (see
Eq. (3.1)) can be obtained by Eq. (3.24) as indicated by the following expressions:

Fr = % _%(Fw +Npa + Fpro) = Fpp = R nff Ty s (3:25)
Disk Spring system
The disk springs, also called “Belleville Washers”, are arranged in series and in parallel, as shown in
Figure 3.7.
h
—» [ —

Parallel stacking

"’\ B \"4 Series stacking

Figure 3.7. Disk springs in series and in parallel.

The disk springs system is designed to be over-strength with respect to the PT bars by calculating the
number of disk springs in parallel (n4s,4,) as follows:
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As res,PT f

— ;TES, Yy

Fy,DS = Fy,PT - nds,par - F. (326)
y,DS,1

where Ag .. pr and f, are the net area and the yield stress of the PT bar, respectively, and F,, pg, is the

yield strength of the single disk spring.

The number of disk springs in series (145 s¢r) controls the stiffness of the self-centring system (i.e., K.q )

by providing sufficient deformability to the system, and it is calculated assuming that:

(fy ' As,res,PT - Fp,PT) .

> KPT - Keq,l
eq,1 = Keq - nds,ser = nds,parde,l K K (3-27)
eq18PT

6PT
where 6pr = 0, - dpr is the maximum elongation of the farther bar from the COR and dp; is the
distance of the PT bar with respect to the COR. It is worth noting that Eq. (3.21) provides the minimum
number of disk springs in series (Mg er) and it can be increased to reduce K., (see Eqn.s (3.6, 3.7,
3.8)). Additionally, a tensile resistance check of the PT bars is carried out, considering their individual
elongation. This check ensures that both the PT bars and the disk springs remain elastic.

3.6.3 Step 3: Design of the structural details

Anchorage plates for the PT bars are placed symmetrically along with the column’s depth and welded
to the column, as shown in Figure 3.8 (a). The dimensions of the plates are known (i.e., b, and 1),
except for the thickness (t,), which is designed and checked to resist the total force of the PT bars
(Fpr). To design the right thickness of the anchorage plates, the Grashof method is used by imposing
the congruence of the deflections of two limit schemes, together with the congruence of the concentrated
forces (i.e., the total force of the PT bar).

{Fl + F, = Fpro + AFpr (3.28)

6,= 6,

where F; and F, are the concentrated load respectively acting on the cantilever and the bi-fixed-end
schemes, and §; and §, are the two deflections. Considering that the bending moments of the two
schemes are equal to:

Fi/2)-1 F,/2)-1
- B2 - L2 529
Moy = Weipfya 2 max(M,, M) (3.30)

where Wy, ,, is the elastic modulus of the rectangular section and f,,4 is the yielding strength of the
adopted steel. From the Eqn.s. (3.29-3.30), it is possible to design the minimum thickness of the plate.
The fillet weld for the anchorage plates is determined using both the simplified and directional methods
following the Eurocode 3 part 1-8 [15]. According to the simplified method, the design resistance of a
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fillet weld may be assumed to be adequate if, at every point along its length, the resultant of all the
forces per unit transmitted by the weld satisfies the following criterion:

Fweld < Fw,Rd (3.31)

where F,;4 1s the design value of the weld force per unit length and F,, p, is the design resistance per
unit length, calculated as follows:

Ju

3
Fw,Rd = fvw,da = \/_ a (3.32)
Bw " Ym2

where f,,, 4 is the design shear strength of the weld, p,, is a correlation factor for angle welding and f,
is defined as the ultimate tension resistance of the weakest linked material. The [, factor is the
correlation factor for angle welds indicated in the Eurocode 3 part 1-8 [15], £, is the ultimate strength,
as indicated in the Eurocode 3 part 1-1 [16] and y,,, is the partial safety factor equal to 1.25. Considering
the scheme in Figure 3.8 (b):

Myerq = (Fpro + AFpr)l; /8
Therefore, it is possible to design the minimum thickness considering the following relationship:

¢ > Mweld

pmin =
F weld

According to the Directional method, the design resistance of the fillet weld will be sufficient if the
following are both satisfied:

0.9
oo, 09

\/ (Operp? + 3(Tgerp + Thar)) < (3.33)

BowYm2 Ym2

where ;¢ s the normal stress perpendicular to the throat, 7, is the is the shear stress (in the plane
of the throat) perpendicular to the axis of the weld, T, 1s the is the shear stress (in the plane of the

throat) parallel to the axis of the weld and f,, , 5, and y,,, have already been defined.

Web oversized holes (d},) and flange slots (lg;,;) are designed to accommodate the design rotation (6,)
during the gap-opening phase, as illustrated in Figure 3.9. The adopted design criteria are assumed as

5= |82+ 62 (3.34)
h

follows:
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(1344
1

where 8, = 0,x; and §,, = 6,y; are the displacements in the x- and y- direction of the hole “i”, with x;

and y; represent the distances in the x and y direction of the centroid of the hole “i”” with respect to the

COR position. The diameter of the oversized hole is assumed to be equal to
dp = dpoye + 26 (3.35)

The same procedure has been used for each row. For the sake of simplicity, the dimension of the web
oversized holes has been fixed equal among all the holes (equal to the distance of the farther web bolt).
Regarding the flange slots, the bolt is assumed to translate a distance equal to half a diameter in the

vertical position.

-
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Figure 3.8. Design of the anchorage plates of the PT bars.
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Figure 3.9: Design of the oversized web holes and flange slots.
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The cover plates of the flange FDs are designed and verified to resist the tensile force provided by the
design actions (i.e., the contribution of Mg,, N4, F,, and Fpy). In addition, the flanges’ plate thickness
is checked to avoid local buckling. The holes’ positions are designed to comply with the edge distances
and spacing of bolts suggested by Eurocode 3 Part 1-8 [15] (Figure 3.10). Finally, the design resistance
of the lower part of the connection is calculated and checked, considering the failure modes (i.e., shear
resistance, bearing resistance, punching shear resistance, combined shear and tension) as indicated in
the Eurocode 3 Part 1-8 [15]. The design method aims at avoiding the possible failure modes up to the
target rotation. After that, possible failure modes could be represented by the yielding of the PT bars or
the bolts reaching the end of their travel paths.
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Figure 3.10: Design of the cover plates.

3.6.4 Assumption and Limitations of the design procedure

The design procedure is based on some design assumptions, as already pointed out. These assumptions
can be summarized as follows and will be discussed in detail in Chapter 4:

i) The contribution in bending of the flanges’ plates is negligible;

ii) The design shear force (Vi) is assigned to the web FD;

iii) The design axial force is considered within a range between the maximum compressive
(Ngg.max) and the minimum compressive (or maximum tensile) (Ngq i) axial forces;

Firstly, the contribution in bending of the flange plates: the contribution of the friction pads to the tensile
resistance of the FDs is neglected, as well as the flexural resistance of the flange cover plates and friction
pads. However, in the parametric analysis in Chapter 4, this is studied by varying the thickness of the
flanges’ plates, considering several configurations with different thicknesses of the flanges’ plates for
each SC-CB.

The web FDs are assumed to carry alone the design shear load, as proposed by the original design
procedure proposed by Latour et al., 2019 [1]. This assumption is used to validate the FE model against
the experimental results in Section 3.8. However, in the parametric analysis in Chapter 4, several
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distributions of the design shear load are considered. Therefore, the web FD is designed to carry a
percentage (i.e., 100%, 75%, 50%, 0%) of the design shear force (V) to provide information on how
this design choice affects both the global and local behaviour of the SC-CB connection, as well as on
the shear redistribution among the components. Additional information and details regarding this design
assumption are further investigated in Chapter 4 of this thesis.

Regarding the design axial force (Ngg4), it is worth highlighting that the use of a constant axial force
does not represent the real load condition of all columns of a MRF due to large axial force fluctuations
that happen during the earthquake. Generally, the axial force in the columns of a MRF varies according
to i) the distribution of the gravity loads and ii) the force fluctuations during the earthquake loading. In
fact, especially the external columns usually experience significant transient axial load demands due to
the dynamic overturning effects of the earthquake. Conversely, the internal columns typically undergo
lower axial load fluctuations during the seismic event. Therefore, in order to properly account for the
variability of the axial force within the design procedure, the maximum compressive (Ngg max) and the
minimum compressive (or maximum tensile) (Ngg4 1in ) axial forces are considered. Therefore, the initial
sizing of the SC-CB is performed considering the maximum axial force, which represents the worst
condition for the no-yielding requirement (i.e., first check condition of Eq. (3.22)), and the design is
successively verified considering the minimum axial force, which is the worst condition for the self-
centring requirement (i.e., second check condition of Eq. (3.22)). Nevertheless, designing with the min
compressive axial force may represent an over-conservative design assumption, which may lead to an
overestimation/oversizing of the necessary components of the self-centring system. Further
explanations and considerations on the validity of these assumptions are reported in Chapter 4 of this
thesis.

3.7 Experimental campaign

The experimental campaign was performed on an isolated full-scale column with the SC-CB connection
and consisted of several quasi-static cyclic tests [1]. The key characteristics of the test and the main
results are briefly summarised herein to investigate the validation process. Figure 3.11 shows the
specimen considered within the experimental campaign. The specimen consists of a HE 240B column
of S275 steel class, where the FDs were made of 8 mm coated friction shims and cover plates of 5 mm
and 8 mm for the web and the flanges, respectively. All the plates were S275 steel class, and the bolts
were high-strength pre-loadable HV 10.9 class. According to previous experimental studies, the friction
interface was characterised by a friction coefficient (1) equal to 0.53 [3]. Besides, the self-centring
system was composed of two threaded high-strength M20 PT bars of 10.9 class, and the disk springs
system consisted of Belleville Disk Springs DIN 6796 arranged with three parallel disks and seven series
disks. The anchorage plates were made of 40 mm S275 steel plates welded to the inner parts of the
column. An overview of the tested specimen, containing the dimensions of the spare components, is
illustrated in Figure 3.12.
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Figure 3.11: Experimental test of the SC-CB: a) Specimen; b) Testing Set-up; ¢) Details [1].
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Figure 3.12: Geometry of the tested specimen SC-CB (dimensions in mm) [1].

The main material properties of the joint components are summarised in Table 4, where E, fy and fu are
the Young’s modulus, the yield strength and the ultimate tensile strength of the materials, respectively.
The other proprieties of the adopted structural steel (i.e., the shear modulus, the Poisson’s ratio and the
coefficient of linear thermal expansion) are based on Eurocode 3 Part 1-1 [16]. The interested reader
can find additional information in Latour et al., 2019 [1].
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Table 4. Material properties of the tested SC-CB [1].

Elements Class E fy fu Number Diameter
[-] [ GPa | [ MPa ] [ MPa ] [-] [-]
Column and plates S275 210 275 430 - -
Web Bolts HV 10.9 210 900 1000 4 M14
Flange Bolts HV 10.9 210 900 1000 4 M20
PT bars 10.9 205 900 1000 2 M20

The testing equipment is shown in Figure 3.13. The loads in the quasi-static tests have been applied
through two hydraulic actuators. The vertical actuator is used to apply the axial force, which is kept
constant during the test, while the horizontal actuator is used to impose the horizontal cyclic
displacement history. It is important to underline that although adopting a constant axial force is not
fully representative of a real situation in a steel MRF, this assumption allowed an easier interpretation
of the experimental results.

E
i 1
\ L Axial
; e i Vedtical .. /load actuator
= o 2l
= Shear load actuator ——HEB240
Zi i i - Horizontal
LT Controlled contrast frame
- flange bolts
o {West) e
= I R
- Steel base I i’} :
b T T ITAT T T I LT T TT]
: ] T : I I £l Tt

iguré 313

:‘Expe"rir.n'eh:te‘ll ﬁéyout of the SC-CB: T

A . = |
Figure 3.14: Instrumentations and measurement devices: a) Displacement transducers; b) Load cells for the
PT bars; ¢) Load cells for the bolts of the flange FDs [1].

est Set-Up [1].
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The pre-loading forces of the bolts and the bars were applied with a calibrated torque wrench, while
four FUTEK load cells were installed in the connection to monitor the tensile forces of the PT bars and
in two bolts of the flange FDs, as shown in Figure 3.14. In addition, LVDT displacement transducers
have been adopted to measure the vertical displacements in both column sides. Regarding the bolt
tightening procedure, it is worth mentioning that the initial pre-load of the bolts, according to EN 1090-
2 [17] specifications, was increased by 10% to account for random variability of the bolt tightening and
initial installation loss. Several full-scale cyclic tests on the proposed SC-CB were performed at the
STRENGTH Laboratory of the University of Salerno. The loading protocol is shown in Figure 3.15,
characterized by an increasing amplitude at each step, consistent with the loading protocol suggested by
AISC 360-10 [18]. The tests have been performed varying some design parameters (i.e., the axial load
in the column, the pre-loading force in the bolts of the FDs, and the pre-loading force in the PT bars) to
evaluate their influence on the overall experimental response of the joint. The tests have also been
performed, including or not including the contribution of the PT bars. It is noteworthy that axial load
ratios equal to 25% (i.e., 728 kN) and 12.5% (i.e., 350 kN) have been selected in a reasonable range of
variation, considering the typical size of MRFs designed according to Eurocode 8 [14]. The test matrix
is shown in Table 5, and the behaviour of the SC-CB during one of the tests is illustrated in Figure 3.16.
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Figure 3.15: Experimental cyclic displacement loading history [1].

Figure 3.16: Experimental test: (a) Before testing; (b) During testing [1].
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Table 5. Test matrix of the experimental campaign [1].

Test Typology Column axial load Pre-loadin Ratio between the applied  Pre-load  Pre-load  Residual

[kN] the PT bars load in the PT bars and the ~ of each ofeach  rotation at
[kN] minimum of Eq. (24) web bolt flange the end of
[kN] bolt the test
[kN] [mrad]
1 | Cyclic 728 (25% N,) 200 2.03 32 62 2.1
2 | Cyclic 728 (25% N,) - - 32 100 4.1
3 | Cyclic 365 (12.5% N,) - - 32 100 49.7
4 | Cyclic 365 (12.5% N,) 280 0.48 35 65 31.0

It is worth mentioning that the experimental campaign included several quasi-static cyclic and pseudo-
dynamic tests. However, this work has not considered the pseudo-dynamic tests to validate the
modelling strategies. In this work, four cyclic tests are selected and used to validate both the simplified
and the advanced FE models, as explained in the following section. The main results of this experimental
campaign are summarized hereinafter.

3.8 Finite Element Modelling (FEM) and Validation

Two modelling strategies are proposed and validated against the experimental results of Latour et al.
(2019) [1]. The simplified modelling strategy is developed in OPENSEES [19], and it is preliminarily
used to investigate the main parameters affecting the moment-rotation hysteretic behaviour of the SC-
CB connection. Conversely, the advanced modelling approach is developed in the ABAQUS [20] to
better investigate the influence of some design parameters. The results are compared and used to assess
the effectiveness of the analytical equations and the design procedure presented in Section 3.6.

3.8.1 Simplified FEM (OPENSEES)

3.8.1.1 Modelling strategy

The OPENSEES model of the SC-CB connection is shown in Figure 3.17. It consists of a 2D non-linear
advanced FE model where the column is modelled with ‘nonlinear beam-column elements’ fibre
elements associated with the ‘Steel(]’ material [19] for 275 MPa yield strength and 0.02 post-yield
stiffness ratio. The rocking interface is modelled with 8 rigid ‘elastic beam-column elements’ [19] with
very high flexural stiffness. These elements are used to connect the lower and the upper part of the
column through non-linear springs.

Modelling of the web and flanges FDs

The FDs are modelled with 4 translational springs represented by four ‘zero-length elements’ [19]. They
are defined by the bilinear elasto-plastic ‘Stee/01’ material [19] considering a rigid initial behaviour and
a very low strain-hardening ratio to simulate the rigid plastic behaviour and a yield strength equal to the
slippage forces in web and flanges FDs obtained from the design procedure. They are symmetrically
placed with respect to the column’s depth to account for their proper location with respect to the COR.
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Figure 3.17: 2D OPENSEES [19] FE model for the SC-CB.

Modelling of the contacts

The contact behaviour is modelled with 4 translational springs (‘element zeroLength’ [19]) defined by
the ‘Compression-no-tension (ENT)’ material [19] which exhibits an elastic compression-no tension
force-displacement behaviour. The compression stiffness of the contact spring is assumed as a very high
value in order to model the contact behaviour.

Modelling of the Self-centring system

The self-centring system is modelled with a single translational spring represented by a central single
‘zero-length element’ [19] with bilinear elastic-plastic behaviour having the characteristics of the whole
system and placed in the center of the joint to simulate the system in a simplified way. It is defined by
the ‘Steel()]1’ material [19], with an elastic stiffness equal to the equivalent stiffness of the self-centring
system and a yield strength equal to the yield strength of the PT bars obtained from the design procedure.
The initial PT force is modelled by imposing an initial strain using the ‘Initial strain material’ [19]. The
‘equalDOFX’ option is used. Furthermore, it is worth mentioning that the P-delta effects are not included
in the simulations of these tests to capture the distribution of the forces according to the test setup.

Properties of the springs

The Force-displacement relationships and the properties of the springs used to model all the components
are illustrated in Figure 3.18 and defined in Table 6. The yielding force of the springs modelling the
FDs is determined though the analytical equations, while the initial stiffness and the slope of the
hardening branch have been calibrated on the experimental data, finding the optimized values reported
in Table 6. Conversely, the stiffness of the self-centring system has been calculated as previously
reported in the analytical equations (i.e., K.;). The post-elastic stiffness of the self-centring system has
been calibrated starting from the experimental data.
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Figure 3.18: F-d relationships for the springs used for the OPENSEES [19] model: (a) Contact; (b) FDs.

Table 6. Properties of the springs used for the OPENSEES [19] model.

PT Bars and DS

Test Number Properties Web FD Flange FD
1 Ky [kN/m] 450000 450000 45150
F, [kN] 64 248 490
b [-] 0.0001 0.01
Initial strain - 0.00354
2 Ky [kN/m] 450000 450000 45150
F, [kN] 64 400 490
b [-] 0.0001 0.01
Initial strain - -
3 Ko [kN/m] 450000 450000 45150
F, [kN] 64 400 490
b [-] 0.0001 0.01
Initial strain - -
4 Ko [kN/m] 450000 450000 45150
F, [kN] 70 260 490
b [-] 0.0001 0.01
Initial strain - 0.00620

Figure 3.19 shows the Force- displacement behaviour of the springs of the SC-CB components (i.e.,
contact elements, FDs, self-centring system). As it can be seen from the results, the contact elements
show an elastic compression F- 6 behaviour, while the FDs' behaviour is bilinear with a very low post-

elastic stiffness. All PT bars are modelled to remain in the elastic range.
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Figure 3.19: OPENSEES [19] Model. Force-displacement behaviour of the springs.

3.8.1.2 Validation

The modelling strategy has been validated by comparing the numerical FE models in OPENSEES [19]
against the experimental results [1]. The validation process allowed the investigation of the main
parameters affecting the moment-rotation hysteretic behaviour of the SC-CB and, consequently, on each
element of the connection. The validation has been performed with four cyclic tests with different design
parameters (i.e., the axial load in the column, the pre-loading force in the bolts of the FDs, and the pre-
loading force in the PT bars), as reported in Table 7.

Table 7. Experimental input data [1] for the validation.

Test Axial load Pre-load of each Pre-load of each Contribution of Pre-load in each
Number [kN] web bolt flange bolt the PT bars PT bar
[kN] [kN] [ kN ]
1| 728 32 62 with 100
2 728 32 100 without -
3| 350 32 100 without -
4 | 350 35 65 with 140

Hence, 4 FE models have been built in OPENSEES [19] according to the modelling strategy previously
described. Static cyclic analyses have been performed by applying the loading protocol shown in Figure
3.15. To account for the bolts’ pre-loading loss during the experimental test [ 1] the web and flange bolts’
pre-loading forces are reduced by 20% with respect to the experimental values. The results in terms of
moment-rotation hysteretic curves are reported in Figure 3.20. The OPENSEES [19] numerical results
are shown by red lines, while the experimental data are reported by blue lines. Also, the analytical
moment-rotation relationships are reported with dotted black lines. The comparison shows a good
agreement, demonstrating the effectiveness of the OPENSEES [19] model and of the analytical
formulation in predicting the experimental response with high accuracy.
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Figure 3.20: Comparison between OPENSEES [19] and experimental data [1]. Moment-Rotation hysteretic
behaviour for the: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4.

Figure 3.20 (a) (i.e., Test 1 - high axial force and PT bars) shows a full self-centring behaviour with a
very low residual rotation (i.e., 2.1 mrad), Figure 3.20 (b) (i.e., Test 2 - high axial force and no PT bars)
shows a reduced self-centring capacity with a low residual rotation (i.e., 4.1 mrad), while Figure 3.20
(c) (i.e., Test 3 - low axial force and no PT bars) shows a significant residual rotation (i.e., 49 mrad).
Figure 3.20 (d) (i.e., Test 4- low axial force and with PT bars) shows a reduced self-centring capacity
since the initial tension in the bars was not enough to achieve the self-centring condition. The test 3 and
4 were carried out mainly to highlight the role of the PT bars, even though in these cases, to obtain a
full self-centring, as already evidenced, higher capacity self-centring systems should have been
employed. These results highlight the influence of the axial force and the key role of the pre-load of the
PT bars in controlling the moment-rotation behaviour of the SC-CB and demonstrate the ability of the
numerical and analytical models to capture these effects. However, some limitations of the numerical
and analytical models can be observed. Among others, the numerical model neglects the flange plates’
bending contribution and the fluctuation of the bolts” forces, as well as the PT bars’ force loss, leading
to some differences between the numerical and the experimental results. However, these effects will be
explained in detail in the subsequent section.
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3.8.2 Advanced FEM (ABAQUY)

3.8.2.1 Modelling strategy

Boundary Conditions

The model is a detailed 3D non-linear FE model where the bottom surface of the base is fully fixed
using boundary conditions type ‘encastre’ [20], while the lateral load of the horizontal actuator is
simulated by a controlled horizontal displacement using boundary conditions type ‘displacement’ (i.e.,
U1=0, U2=1, UR3=0, corresponding to x, y and z axes). Additionally, the axial force is simulated by a
uniform pressure applied at the upper surface of the column’s cross-section. Figure 3.21 (a) shows the
boundary conditions of the model.

Geometry and meshing

The geometry has been defined by extruding the cross-section along the longitudinal direction, while
the ‘cut-extrusion’ command has been used to generate the holes for all the components. The bolts and
the PT bars have been generated through a 360° revolution of their half section. All the elements have
been adequately partitioned to ensure the correct contact between all the members. All the components
are modelled using the eight-node linear brick element (i.e., C3D8R) available in the ABAQUS library
[20]. Elements C3D8R rely on ‘reduced integration’ [20] and ‘hourglass control’ [20]. Meshing is
carried out by selecting local seeds with a mesh size of 8 mm in the areas with contact interaction to
monitor the complex stress distributions during the cyclic loading. Conversely, a mesh size of 20 mm
is used in the areas where the expected stresses are relatively insignificant (i.e., the base and the upper
part of the column). The ‘curvature control’ is chosen with a maximum deviation factor of 0.1, while
the minimum size control is specified as equal to 0.1. This option is used to avoid the problem of
inadequate seeding around small-curved features [20]. Both geometrical and mechanical nonlinearities
are considered. An overview of the mesh details is illustrated in Figure 3.21 (b), while the material
properties adopted for the FE model are reported in Table 8.

Material properties

The material true stress-strain law of the steel S355 adopted for the FE model is consistent with the
multilinear law with the multilinear curve proposed by Faella et al. 2000 [21], shown in Figure 3.22.
The strain corresponding to the beginning of the hardening (&) is assumed equal to 1.5%. Conversely,
the ultimate strain (g,,) is assumed equal to 76%, and it can be evaluated by means of the following
relationship:

4,

» (3.36)

& =1In

where A, is the original cross-sectional area of the test specimen and Ay is the minimum cross-sectional
area after fracture. Instead, a trilinear model has been applied to the bolts. To simplify the modelling
strategy, the FE model does not include a detailed model of the disk springs. Conversely, the properties
of the PT bars (i.e., stiffness and strength) are adjusted to represent the mechanical properties of the
whole self-centring system composed of PT bars and disk springs.
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Figure 3.22: Materials constitutive laws: (a) SC-CB components; b) bolts/PT bars.

Applied loads

The option ‘bolt load’ [20] is used to model the initial pre-load force in the web and flange bolts and
the initial PT force in the PT bars. The ‘apply force’ option [20] is used for bolts to keep the force
constant throughout the analysis. Conversely, the ‘adjust length’ option [20] is used to allow correctly
capturing the force variation of the PT bars (i.e., elongation or shortening during the rocking behaviour).
It 1s important to highlight that the self-centring system is modelled by including the PT bars with
mechanical properties modified to also account for the deformability of the disk springs. The ‘von Mises
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yield criterion’ coupled with ‘isotropic hardening’ [20] is used to model plasticity. Figure 3.23 (a)

illustrates the applied loads on the bolts and PT bars.

Table 8. Material properties for the ABAQUS [20] model.

Steel S275
Elastic Young’s Modulus Poisson’s Ratio
210000 0.3
Plastic Yield Stress Plastic Strain
306.57 0
306.57 0.0146
341.76 0.0218
593.6 0.5585
Bolts
Elastic Young’s Modulus Poisson’s Ratio
210000 0.3
Plastic Yield Stress Plastic Strain
900 0
900 0.09
1000 0.654
PT bar
Elastic Young’s Modulus Poisson’s Ratio
22575 0.3
Plastic Yield Stress Plastic Strain
900 0
900 0.09
1000 0.654

Interactions properties

The interaction properties among the parts are modelled with the ‘surface-to-surface’ contact interaction

[20]. This is implemented using the ‘hard’ contact property to describe the behaviour in the normal

direction. In contrast, the ‘penalty’ option is used for the tangential response with friction coefficient

values equal to 0.30 for interfaces among steel parts (i.e., plates, bolts, PT bars, and the column). This

value is assumed to model the friction coefficient for all the interfaces of the steel components,
consistently with EN 1090-2 [17]. Conversely, the friction coefficient 0.53 is used for the shims-steel
interfaces of the FDs (i.e., equivalent to the 5% dynamic percentile of the friction coefficient [5]). The

‘TIE’ constraint [20] is used to simulate full penetration welds (i.e., monolithic connection) between the

PT bars' anchorage plates and the column's internal part. Figure 3.23(b) illustrates a detail of the contact

interactions of the connection.

Analyses
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The analyses (Figure 3.24) are performed considering three loading steps with the following sequence:

i) axial load (i.e., the axial load is applied as a uniform pressure on the column’s top section);

ii) pre-loading of the bolts and the PT bars (i.e., the pre-loading forces are applied with the
‘apply force’ and ‘adjust length’ options for bolts and PT bars respectively;

iii) displacement history (i.e., the displacement history is applied to the column’s top section).

The displacement-controlled protocol is consistent with the test procedure [1] for displacements up to
93 mm (i.e., joint rotation of 0.06 rad). The non-linear equilibrium equations are solved using the ‘static
general’ analysis procedure. The standard ‘full Newton’ solution technique is adopted with an automatic
incrementation scheme to apply the load. The initial increment size is 0.001 mm, with minimum and
maximum values equal to 10> mm and 1 mm, respectively. The ‘automatic stabilization’ (i.e., viscous
damping is applied between contact pairs [20]) with ‘specify dissipated energy fraction’ (i.e., calculates
the damping factor from a specific value of dissipated energy fraction [20]) and with ‘specify damping
factor’ (i.e., assigns the damping factor [20]) are adopted to overcome convergence problems during
the analysis. Geometrical imperfections are not considered in the model.

‘TIE®
a) b) interaction
‘Surface-to-surface’
contact interactions

‘Bolt load’ with ‘Bolt load’ with
‘apply force’ ‘adjust length’

Surface-to-surface’
contact interactions
(Rocking interface)

b)

Figure 3.24: SC-CB: a) Experimental Tests; b) Validation of the FE model in ABAQUS [20]
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3.8.2.2 Validation

As for the numerical model developed in the previous section, the FE modelling strategy in ABAQUS
[20] is validated against the experimental results [1] for three cyclic tests whose main design parameters
are reported in Table 7. Tests 1 and 2 are characterised by the higher value of the axial load (i.e., 728
kN) and are performed respectively with and without PT bars. Test 3 is carried out considering the lower
value of the axial load ratio (i.e., 350 kN), and it is characterised by the absence of the PT bars. Figure
3.25 shows the comparison between the FE model and the experimental results in terms of moment-
rotation (Moment- 0) behaviour of the joints for rotation up to 0.06rads.

o
N2

o
~

With PT Bars Without PT Bars

< Axial Load = 728 kN
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S
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Figure 3.25: Comparison between ABAQUS [20] model and experimental data [1]. Moment-Rotation
hysteretic behaviour for the: (a) Test 1; (b) Test 2; (c) Test 3; (d) Test 4.

The ABAQUS results are shown in red lines, while the experimental data are reported in blue lines.
Also, the analytical moment-rotation relationships are reported with dotted black lines. The comparison
shows a good agreement, demonstrating the effectiveness of the FE model and of the analytical
formulation in predicting the experimental response. Figure 3.25 (a) (i.e., Test 1 - high axial force and
PT bars) shows a full self-centring behaviour with a very low residual rotation (i.e., 2.1 mrad), Figure
3.25 (b) (i.e., Test 2 - high axial force and no PT bars) shows a reduced self-centring capacity, while
Figure 3.25 (¢) (i.e., Test 3 - low axial force and no PT bars) shows a significant residual rotation. Figure
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3.25(d) (i.e., Test 4- low axial force and with PT bars) shows a reduced self-centring capacity since the
initial tension in the bars was not enough to achieve the self-centring condition. These results highlight
the influence of the axial force (Ng;) and of the pre-load of the PT bars in controlling the moment-
rotation behaviour of the SC-CB and demonstrate the ability of the numerical and analytical models to
capture these effects.

However, some limitations of the FE and analytical models can be observed. Among others, as
previously discussed, the analytical model neglects the flange plates’ bending contribution, and the
effect of this assumption is reflected in the analytical model's slightly lower strain hardening behaviour
with respect to both experimental results. In addition, with respect to the OPENSEES [19] simplified
model, smoother curves are obtained from ABAQUS [20] due to the modelling of the flexibility of all
the SC-CB components. In addition, the contribution of the flange plates’ in bending is considered in
ABAQUS [20]. Moreover, the experimental results showed a loss of the pre-loading force in the bolts
of the FDs during the cyclic loading history. Figure 3.26 (a) and (b) show, respectively, the forces of
two flange bolts and of the two PT bars along with Test 1.

a) 80 ' ‘ ‘ ‘ b) 200
70 +
150
~ 9 - (i
e e it
[a— — I
=50 =100 l |
2 2 L
o o
= 40 =
Flange Upper Bolt S0f Lf |
30— -Flange Lower Bolt
—— ABAQUS
20 : : : : 0 : : : :
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time [ sec ] Time [ sec ]

Figure 3.26: Comparison between ABAQUS [20] model and experimental data [1] for Test 1: a) Force
fluctuation of the bolts of the flange FDs; b) Force fluctuation of the PT bars

In particular, as it is possible to observe in Figure 3.26 (a), it has been noted that the flange bolts, which
were initially tightened to reach the proof load, were characterised by a loss of 7-10% of the initial pre-
load after the first cycle of the loading history. Afterwards, they uniformly reached a total loss of about
20%. Also, the deterioration of the coating may represent a possible explanation for this loss. For these
reasons, the web and flange bolts’ pre-loading forces in the ABAQUS [20] model were reduced by 20%
with respect to the pre-loading experimental values. However, the time history of the bolts’ force loss

is not simulated in the FE model, leading to some small differences between numerical and experimental
results.

Figure 3.27 shows the Von Mises stress distributions obtained from the ABAQUS results, corresponding
to a lateral displacement of 93 mm (i.e., SC-CB rotation of 0.06 rad). It can be observed that, as expected,
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all regions of the SC-CB connection are characterised by stresses lower than yielding, with only some
stress concentrations nearby the spliced section and in the PT bars during their elongation.

S, Mises

(Avg: 75%)
+6.115e+02
+4.100e+02
+3.758e+02
+3.417e+02
+3.075e+02
+2.733e+02
+2.392e+02
+2.050e+02
+1.708e+02
+1.367e+02
+1.025e+02
+6.833e+01
+3.417e+01
+9.015e-30

Figure 3.27: ABAQUS [20] results: Von Mises stresses corresponding to a lateral displacement of 62 mm
(i.e., SC-CB rotation of 0.06 rad)

In addition, it has already been pointed out that no evident damage was observed in the steel elements
during the experimental campaign. However, the numerical analyses show some concentrations of slight
plastic deformations, depicted in Figure 3.28 in terms of equivalent plastic strain (PEEQ) evaluated at
0.06rads (i.e., the maximum rotation reached during the experimental tests). In the legend, the PEEQ
limit has been assumed to be equal to 0.0146, which is the plastic strain of the material (highlighted in
red), while the PEEQ\., is highlighted in blue. It is observed that the plastic damage on the column is
concentrated near the spliced section (i.e., where the COR is located), close to the oversized web holes
and the flanges’ slots. Conversely, no relevant plastic damage is observed in the cover plates, the friction
shims of the web FD, and the web bolts. Furthermore, slight plastic deformations can be observed in the
cover plates and friction shims of the flange FDs and in the bolts’ shanks of the flange FDs, not shown
due to space constraints. In addition, the PT bars do not exhibit plastic strain, as they remain in the
elastic range, as expected. Additional considerations and investigations about the distribution of the
plastic strains on the column are provided in Chapter 4.

3.9 Personal contribution

Chapter 3 focuses on the Damage-Free Self-Centring (SC-CB) connection. For this typology, theoretical
formulation, experimental, and numerical activities have been presented and discussed. However, the
original design procedure and the experimental investigations related to an isolated SC-CB are part of
previous studies carried out at the University of Salerno; instead, the two FE modelling strategies (i.e.,
simplified and advanced) and the validation against the experimental results represent the novelty of the
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work and the main author’s contribution. Consequently, the results from the validation process provide
a more comprehensive view into the assumptions and limitations of the design methodology.

a) PEEQ
(Avg: 75%)
+9.008¢-02
+1.460e-02
+1.338¢.02
+1217.02
+1.0956.02
+0.733¢.03
+8.517e-03
+73006-03
+6.083€-03
+4.867e-03
+3.630¢-03
+2/433¢-03
+12176.03
+0,000e+00

Figure 3.28: ABAQUS [20] results: equivalent plastic damage (PEEQ) at 0.06rads for the Cyclic Test 1: a)
Assembly; b) Web and Flanges of the column’s profile
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4.1 Introduction

In the previous Chapter, the design methodology for the SC-CB has been proposed, and two FE
modelling strategies (i.e., simplified and advanced) have been developed and validated against
experimental results. The results of the FE validation showed that both models correctly predicted the
global response observed during the experimental tests, also providing useful insights into the
characterisation of both the global and local behaviour of the SC-CB connection. However, the
parameters investigated in the experimental campaign were limited, and further research and additional
information are still required for the definition of a more detailed view into the influence of the relevant
design parameters affecting the local behaviour of the connection toward the following objectives:

i) to investigate the scale effect on different geometrical configurations;

ii) to provide insights into the local behaviour of SC-CBs under cyclic loading;

iii) to identify the parameters that mainly affect the local behaviour of SC-CBs given specific
performance objectives (i.e., minimal yielding of the joint components and self-centring
capacity);

iv) to provide insights about the adopted design procedure for the development of design
guidelines and design recommendations for this joint typology.

A parametric FE analysis was conducted in ABAQUS [1] to fulfil these objectives. Three case-study
perimeter steel MRFs are selected, equipped with the SC-CBs, extracted from reference prototype
buildings. The design for the case-study MRFs follows the Eurocode 8 provisions [2], while the design
for the SC-CBs follows the design procedure proposed in Chapter 3. Then, three SC-CBs are selected,
and a matrix of sixteen different Configurations is considered for each SC-CB, obtained by varying
three design properties of the joints. The parametric FE analysis focuses on three crucial aspects deriving
from the design assumptions, which can be summarised as follows:

i) the bending contribution of the flanges’ plates of the FDs over the global and local behaviour
of the SC-CB;
ii) the distribution of the shear forces among the joint components (i.e., the web FDs, the flange

FDs, the PT bars and the sliding mechanisms of the friction at the rocking interface;

iii) the effect of the variability of the axial force over the self-centring capacity of the SC-CB.
The SC-CBs are modelled in ABAQUS [1] by following the validated modelling strategy
presented in Chapter 3.

Global and local parameters are monitored and critically compared for each SC-CB, considering all the
Configurations, to identify the best design solution for improved self-centring capacity of the joint and
minimal yielding of the components. The global response of the joints is evaluated in terms of hysteretic
moment-rotation behaviour. Conversely, the local responses are evaluated by monitoring the equivalent
plastic strain distributions and the column's plastic dissipated energy and components. The results from
the FE parametric analysis provide a more comprehensive view of the design methodology's
assumptions and limitations, suggesting additional recommendations to improve the design
requirements.
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4.2 Design of the case-study MRFs

The selected case-study MRFs are extracted from three prototype structures whose plan and elevation
views are shown in Figure 4.1. Seismic-resistant perimeter MRFs are located in the x- and y- directions,
while the interior part comprises gravity frames (i.e., with pinned BCJs and pinned CBs). The first
prototype structure (i.e., MRF1) is characterised by four MRFs in each direction. Conversely, the second
and the third prototype structures (i.e., MRF2 and MRF3) are equipped with two perimeter MRFs in
each direction. It is worth highlighting that the MRF1 is the large-scale representation of the reference
building, and additional details are provided in Chapter 6. Concerning the MRF2 and the MRF3, the
layout has interstorey heights of 3.20 m except for the first level, whose height is equal to 3.50 m, while
all the bays have spans of 6 m. The present study focuses on the MRFs located in the x-direction, and
the design is performed following the Eurocode 8 provisions [2].

The steel-concrete composite floor system comprises steel beams and HI BOND AS55/P600 type
composite floor connected through shear connectors to a concrete slab. The slab is supposed to be
disconnected from the BCJs by adopting crushable material. The gravity and the live loads are assumed
to be uniformly distributed, and the masses have been assessed considering the tributary areas and
evaluated based on the seismic combination of Eurocode 8 [2]. The gravity and live loads are assumed
to be uniformly distributed with values listed in Table 9. A uniform load for cladding of 2.0 kN/m is
considered only for the external beams at the intermediate storeys. The total mass of the building is
equal to 38 and 28.4 tons for the intermediate storey and the roof, respectively, for the MRF1. The total
mass of the building is equal to 156.1 and 154.4 tons for the intermediate storey and the roof,
respectively, for the MRF2 and MRF3. The indications of the masses are listed in Table 9 for all the
case-study MRFs.
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Figure 4.1: Case-study buildings: (a) Plan views; (b) Elevation views.
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Table 9. Loads and masses of the case-study MRFs.

MRF1 MRF2 MRF3
Loads and masses i-level roof i-level roof* i-level roof*
Gk [kN/m?] 3.90 3.60 4.50 4.50 4.50 4.50
gk [kKN/m?] 3.00 0.50 2.00 0.50 2.00 0.50
Mass [tons] 38 28.4 156.1 154.4 156.1 154.4

*Note: roof no claddings

The ULS (i.e.,, Ultimate Limit State, probability of exceedance of 10% in 50 years) is defined
considering the Type 1 elastic response spectrum with a 2% damping factor ¢, a Peak Ground

Acceleration (PGA) equal to 0.35g and soil type C. The CLS (i.e., Collapse Limit State, probability of
exceedance of 5% in 50 years) is assumed to have an intensity equal to 150% of the ULS. The behaviour
factor is evaluated according to the requirements of Eurocode 8 [2] for MRFs in Ductility Class High
(DCH) and hence assumed as g = 6.5. The design and elastic spectra are illustrated in Figure 4.2. It is
important to mention that other methodologies for a more consistent selection of ¢ in DCH exist (i.e.,
the Improved Force-Based Design (IFBD) methodology by Macedo et al., [3-4]) and aim at exhibiting
a more uniform inelastic demand over the building height, compatible with the design assumptions.
These studies evaluated the expected direct economic seismic losses in steel MRFs designed in DCH.
However, these methodologies are not considered in the present thesis, as the objective is to assess the
influence of the proposed SC-CB on the seismic response of steel MRFs.

—— ECS8 Elastic Spectrum
— — —Design Spectrum

S_(T,.9) [g]

Figure 4.2: Eurocode 8 [2] Elastic and Design Spectra for the case-study MRF2 and MRF3.

The structures have non-structural elements fixed so as not to interfere with structural deformations.
Therefore, the interstorey drift limit for DLS (i.e., Damage Limit State, probability of exceedance of
10% in 10 years) is assumed as 1%, accordingly to Eurocode 8 [2] recommendations. The indications
of the beams’ and columns’ cross sections are reported in Table 10 for each of the designed case-study
frames. Two steel grades are used for the beams and the columns: the steel yield strength is equal to 355
MPa for columns and 275 MPa for beams. The frames are optimally designed to distribute a uniform
ductility demand for all the storeys. In all cases, the BCJs are conventional full-strength welded joints.
The PZs are stiffened with doubler plates with a thickness equal to one of the column’s web. This is
essential to ensure adequate stiffness to the joints and promote the plastic engagement of the beams.
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The fundamental periods of vibration are respectively equal to T; = 0.42, 0.56 and 0.74 sec for the
MRF1, MRF2 and MRF3.

Table 10. Profiles’ cross-sections.

MRF1 MREF2 MRF3
Floor ‘ Beams Columns Floor Beams Columns Floor Beams Columns
\ 1 IPE 550 HE 600B
1 ‘ IPE 270 HE 220B 1 IPE 450 HE 400B 2 IPE 550 HE 600B
2 ‘ IPE 270 HE 220B 2 IPE 450 HE 400B 3 IPE 500 HE 500B
‘ 4 IPE 500 HE 500B

Table 11 reports the fundamental periods of vibrations and the spectral accelerations corresponding to
the DBE (S,, pge) and MCE (S, mce). It is underlined that DBE (i.e., Design Based Earthquake), MCE
(i.e., Maximum Credible Earthquake) and FOE (i.e., Frequently Occurred Earthquake) correspond to
the ULS, CLS and DLS, respectively, according to the USA definition [5] and will be used in this work
to identify the selected seismic intensities of interest. It is essential to highlight that the stiffness
requirement related to the DSL is the one that controls the sizing of beams and columns and that the
design of the frames has been performed by considering code prescriptions and technological
requirements consistently such that it allows assessing the influence of the design strategy on the seismic
response of the different case studies The P-delta effects are not considered since the interstorey drift
sensitivity coefficient 0 is less than 0.1, at all the storeys of all the case-study frames, where 0 is
calculated following Eurocode 8 requirements [2].

Table 11. Fundamental Period (T)) and spectral acceleration (Sa(T1,§)) for DBE and MCE.

MRF1 MRF2 MRF3
T Sa.pBE [g]  Sa mcE [g] T Sa.pBE [g]  Sa mcE [g] T Sa,pBE [g]  Sa, mcE [g]
[sec] [sec] [sec]
0.42 ‘ 1.05 1.58 0.74 1.00 1.50 1.27 0.57 0.85

4.3 Design of the SC-CB

Once the frame design is finalised with rigid full-strength CBs, the damage-free SC-CB connections are
designed according to the procedure presented in Chapter 3. The cross-section profiles of the first storey
external columns are HE 200B, HE 400B, and HE 600B of S355 steel class. The columns are designed
by following Eurocode 3 [6] and Eurocode 8 [2] requirements (e.g., resistance and buckling checks).

The geometrical configurations of the SC-CBs are indicated in Table 12, including the position of the
splice and the internal lever arm for each connection, corresponding to z = h. — t. with h. and ¢,
being respectively the height and the flange’s thickness of the cross-section of the column. The three
considered SC-CBs are hereinafter referred to as SC-CB1, SC-CB2 and SC-CB3. The design input

[T

actions are reported in Table 13, where stands for tension and “+” for compression. It is worth
mentioning that these columns’ actions are defined by considering the proper location of the splices.
With the design actions, FDs, PT bars and the disk spring system are designed accordingly. The material

properties are summarised in Table 14, where E, f, and f,, are the nominal values of the Young’s
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modulus, the yield strength and the ultimate tensile strength of the materials, respectively. The other
proprieties of the adopted structural steel (i.e., the shear modulus, the Poisson’s ratio) are based on the
Eurocode 3. The FDs comprise 8 mm coated friction pads of S355 steel class, clamped with HV 10.9
class bolts and S355 steel cover plates for both web and flanges. The friction coefficient (u) is assumed
to be equal to 0.53, consistent with previous studies on friction interfaces [7]. The geometry and the
structural details of the web and flanges FDs are reported in Table 15 and Table 16, respectively.

Table 12. SC-CBs geometrical configurations.

. Column Splice () Internal lever arm (z)
Specimen
[-] [mm] [mm]
SC-CB1 \ HE 200B 500 185
SC-CB2 \ HE 400B 700 376
SC-CB3 \ HE 600B 850 570

Table 13. SC-CBs Design input actions.

Specimen Nea M Vea

[kN] [kNm] [kN]
SC-CB1 \ +138, -127 127 115
SC-CB2 +372, -183 683 427
SC-CB3 \ +1248, -848 1430 765

Note: negative values are for tension; positive values are for compression.

Table 14. SC-CBs Material properties.

Elements Class E 1 fu
[-] [ GPa ] [ MPa ] [ MPa ]
Column and plates ‘ S275 210 355 510
Web Bolts ‘ HV 10.9 210 900 1000
Flange Bolts ‘ HV 10.9 210 900 1000
PT bars | 10.9 205 900 1000

Table 15. Web FDs geometry and structural properties
bup Pop twp el pl e2 p2 dy z/2  Bolts  npw Fow

SPeIMON o] [mm] fmm] [mm] [mm] [mm] fmw] [mm] fmm] [ [ [N
SC-CB1 ‘ 130 300 8 30 70 30 70 30 93 M14 4 28
SC-CB2 ‘ 290 600 12 80 140 75 140 60 187 M27 4 100
SC-CB3 ‘ 390 800 15 120 180 90 200 75 258 M30 4 181
Table 16. Flange FDs geometry and structural properties
Specimen bﬁ, /’lﬁ, tp el pl e2 p2 Lo z Bolts Npf pr
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [-] [-] [kN]
SC-CB1 ‘ 200 300 8 50 50 39 122 30 185 M14 4 34
SC-CB2 ‘ 400 600 12 80 70 60 184 60 374 M27 6 44
SC-CB3 ‘ 600 800 15 100 100 65 170 75 570 M27 6 68

The self-centring system includes high-strength PT bars 10.9 class and disk springs special washers DIN
6796 where each disk spring's resistance and stiffness (K ;) are 200 kN and 100 kN/mm, respectively.
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The properties of the PT bars and the disk spring system are indicated in Table 17. Figure 4.3 illustrates
the plan and the elevation view of the SC-CBs.

Table 17. Self-centring system geometry and structural properties

Specimen tp Bars nper Fp,PT Npar Nser Kpr Kps Keq Alavg,PT
[mm] [-] [-] [KN] [-] [-] [kKN/mm] [kN/mm] [kN/mm] [mm]
SC-CB1 ‘ 40 M30 2 366 3 7 162 39 63 4
SC-CB2 | 85 M36 4 514 4 18 112 21 69 13
SC-CB3 | 100 M36 6 514 4 26 84 14 72 18
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Figure 4.3: Plan and elevation view of the case-study SC-CBs.

4.4 Investigated structural properties

A parametric FE analysis is carried out on three SC-CBs belonging to three different MRFs. The SC-
CBs are designed following the design procedure proposed in Chapter 2 and successively developed in
ABAQUS [1] following the modelling strategy discussed in Chapter 3. The objectives of the FE
parametric analysis are i) to investigate the scale effect on different geometrical Configurations of the
SC-CB joint and ii) to focus the attention on three crucial aspects deriving from the design assumptions
in view of obtaining specific performance objectives (i.e., minimal yielding of the joint components and
self-centring capacity). The parametric FE analysis focuses on three crucial aspects deriving from the
design assumptions, which can be summarised as follows:
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Influence of the thickness of the flanges’ plates
The bending contribution of the flanges’ plates of the FDs (Section 4.6): this is studied by varying the

thickness of the flanges’ plates, considering two limit Configurations for each SC-CB. The first
corresponds to the design thickness (i.e., obtained as the lower limit with respect to the axial force
transmitted by the flange plates), while the second one refers to a value two times larger;

Influence of the design shear load

The distribution of the shear forces among the components (Section 4.7): this design aspect is analysed
by considering the percentage of the design shear force assigned to the web FDs in the design phase.
This value is assumed to be varied in a range of cases (i.e., 100%, 75%, 50%, 0% of the design shear
force (Vz4) to provide information on how this design choice affects both the global and local behaviour
of the SC-CB while evaluating the corresponding mechanism of the shear redistribution among the joint
components (i.e., the web FDs, the flange FDs, the PT bars and the sliding mechanisms of the friction
at the rocking interface). These configurations are hereinafter referred to as 100%, 75%, 50% and
0%WFD, where 50%WFD indicates that 50% of the design shear force is assigned to the web FDs;

Influence of the design axial load

The effect of the variability of the axial force over the self-centring capacity of the SC-CB (Section 4.8):
each Configuration is analysed under the maximum and minimum axial load conditions to evaluate the
influence of the axial load over the global and local response of the joint. In addition, to verify the
validity of the design assumptions concerning the axial design load described in Chapter 2, an additional
Configuration of the SC-CB is designed and analysed, obtained by assuming the axial gravity load for
the joint design. The self-centring requirements are checked for this additional axial load condition;

A matrix of sixteen design Configurations is considered for each SC-CB, obtained by varying the design
parameters as indicated in Table 18.

Table 18. Matrix parameters for each SC-CB.

M Flanges’ Plates Shear Load % Web FDs Axial Load
odel .
Thickness

Configuration 1 to 100 Max (+) - Min (-)
Configuration 2 2t 100 Max (+) - Min (-)
Configuration 3 to 75 Max (+) - Min (-)
Configuration 4 th 50 Max (+) - Min (-)
Configuration 5 to 0 Max (+) - Min (-)
Configuration 6 2t 75 Max (+) - Min (-)
Configuration 7 2 tg 50 Max (+) - Min (-)
Configuration 8 2ty 0 Max (+) - Min (-)

4.5 Methodology of the Parametric FE Analysis

The three SC-CBs FE models are developed in ABAQUS [1] by following the validated methodology
defined in Chapter 2. An overview of the three FE models is shown in Figure 4.4. It is worth underlining
that the length of the upper part of the columns above the splice differs for each case (i.e., 1100 mm,
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1500 mm and 1875 mm for the SC-CB1, SC-CB2 and the SC-CB3, respectively). Therefore,
considering a target rotation (6;) equal to 0.04 rads, the target displacements are equal to 44 mm, 64
mm and 75 mm for the SC-CB1, SC-CB2 and SC-CB3, respectively. It is worth mentioning that the
present work only considers the quasi-static cyclic response of the SC-CB. Additional studies are
required to evaluate the seismic performance by explicitly considering the dynamic effects.
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Figure 4.4: FE models developed in ABAQUS [1]: (a) SC-CB1; (b) SC-CB2; (c) SC-CB3.

Global and local responses are monitored to assess how the selected parameters affect the behaviour of
each SC-CB. The responses for each SC-CB are compared to identify the best design solution in terms
of improved self-centring capacity and minimal damage (i.e., minimal yielding of the components). The
global response of the joints is evaluated in terms of hysteretic moment-rotation behaviour. Conversely,
the local responses are evaluated by monitoring the equivalent plastic strain distributions and the
column's plastic dissipated energy and components.

The equivalent plastic strain is defined in ABAQUS [1] as PEEQ, which is a scalar variable representing
the material’s inelastic deformation, providing a yes/no flag telling if the material is currently yielding
or not. The PEEQ is defined as follows:

t
§Pl|0+j erldt (4.1)
0

where £P!|, is the initial equivalent plastic strain and £P'depends on the material model [1]. Conversely,
the plastic dissipated energy is defined in ABAQUS [1] as ALLPD, representing the amount of the
plastic energy dissipated by the whole connection during the analysis. Additionally, the distributions of
the shear forces are illustrated to provide insights into the magnitude of the shear transferred by each
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component of the SC-CB. For the sake of brevity, only the global and local responses of SC-CB1 and
SC-CB2 are illustrated, considering the maximum (N,,,) and minimum compressive axial loads
(Nyin)- Results are not shown for SC-CB3. However, they exhibit a consistent trend with the results
shown herein, and the following considerations can be extended to all cases.

4.6 Influence of the thickness of the flanges’ plates
4.6.1 Global behaviour

Figure 4.5 and Figure 4.6 show the moment-rotation hysteretic curves for SC-CB1 and the SC-CB2 for
the Configuration with Ny, and N,;. For all the SC-CBs, the figures compare the results of
Configurations 1 and 2 (i.e., tg - continuous blue lines; 2ts, - dotted red lines), considering the maximum
and minimum compressive axial load condition (i.e., Nyyy and N;,). These two Configurations are
equipped with flange plates having a thickness of 8 - 16 mm for the SC-CB1, 12 - 24 mm for the SC-
CB2 and 15 — 30 mm for the SC-CB3. In addition, the analytical models are also shown with continuous
black lines. The results show that the global response of the connections is not significantly affected by
the thickness of the flanges’ plates, as expected. A quite similar hysteretic behaviour is observed
between the two Configurations for all the SC-CBs. Nevertheless, it is noteworthy that the hysteretic
curves of the Configurations equipped with the thicker plates show a slightly increased hardening,
confirming the larger bending contribution with respect to the Configurations equipped with the thinner
plates. However, these results suggest that neglecting the bending contribution of the flanges’ plates in
the design phase is possible. Consistent results are observed by considering the other axial load
condition (Ny;p,).
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Figure 4.5: Influence of flanges’ plate thickness. Moment-rotation behaviour of the SC-CB1 for the
Configurations with: (a) Nyux and (b) Nusin

It is also worth highlighting that intermediate dimensions of the thickness of the flanges’ plates have
been investigated; however, for the sake of brevity, they have not been included, as they show a
consistent trend with the results reported hereinafter. For example, results are shown for one case-study
(i.e., SC-CB1) in Figure 4.7. In this specific case, the thickness of the flanges plates has been varied
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among 8 mm (i.e., the lower limit value), 16 mm (i.e., the two-times larger value) and 12 mm (i.e., the
intermediate case), considering the max axial load condition. Both the global and local responses have

been analysed and compared; however, the intermediate case shows a consistent trend in agreement

with the results already reported in this work. Therefore, it has been possible to derive a general tendency

by comparing the results corresponding to the most significant cases, i.e., the lower and the upper limits.
Regarding the moment-rotation behaviour, negligible differences have been observed in the global
responses of the three cases.
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Figure 4.6: Influence of flanges’ plate thickness. Moment-rotation behaviour of the SC-CB2 for the
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Figure 4.7: Influence of flanges’ plate thickness, intermediate dimensions. Moment-rotation behaviour of

the SC-CB1 for Ny

4.6.2 Local behaviour

Figure 4.8 and Figure 4.9 show the local results in terms of PEEQ (i.e., equivalent plastic strain)
distributions for the SC-CB1 and the SC-CB2 in Configuration 1 and 2, respectively (i.e., t equal to 8
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mm and 16 mm and tg, equal to 12 mm and 24 mm). The results show the front and side views (i.e., web
and flanges) of the column at the end of the cyclic analysis, considering the maximum compressive axial
load (Npqy)- It is worth highlighting that the limit in the PEEQ legend is assumed equal to the strain
corresponding to the beginning of the hardening (¢, ) of the material. Besides, the values exceeding the
limit in the PEEQ legend (i.e., PEEQ,..x) are depicted in blue within the legend, and their values are
indicated by the arrows. Consistent results have been observed for the other configurations, which are
not shown here for the sake of brevity. Some general considerations can be made regarding the location
of the plastic strains for both Configurations. Some concentrations of slight plastic deformations are
located nearby the splice, close to the oversized web holes and flanges’ slots. In addition, slight plastic
deformations can be observed in the cover plates and friction shims and in the bolts’ shanks of the flange
FDs, not shown herein due to space constraints. Conversely, as expected, the PT bars do not exhibit any
plastic strain. These results are consistent with what is enforced by the design methodology described
in Chapter 2. Additionally, comparing the PEEQ distribution between the two limit Configurations
shows that the use of thicker flanges’ plates leads to an increment of the strains’ concentrations on the
column’s web and flanges. This effect is mainly due to their more significant stiffness.
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Figure 4.8: Influence of flanges’ plate thickness. PEEQ Distribution at the end of the cyclic analysis for the
SC-CBI1: (a) tp, = 8 mm; (b) tp, = 16 mm

It is also worth highlighting that in addition to the previous considerations, the comparison of the PEEQ
distributions of the front view of the column at the end of the cyclic analysis demonstrates that the use
of 12 mm plates (i.e., the intermediate case) leads to an increment of the strain concentrations on the
column with respect to the 8 mm plates (i.e., the lower limit case), as shown in Figure 4.10. Consistent
results have been obtained for the other case study SC-CBs. This trend is also confirmed by observing
the comparison of the ALLPD (i.e., Dissipated Plastic Energy) shown in Figure 4.11 (a). The ALLPD
informs on the amount and evolution of damage along with the time of the FE simulation. It is important
to stress that although a larger energy dissipation is generally beneficial, this parameter corresponds to
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the energy dissipated by components expected to remain elastic. Thus, a smaller plastic energy
dissipation represents an advantage for the SC-CB connection.
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Figure 4.9: Influence of flanges’ plate thickness. PEEQ Distribution at the end of the cyclic analysis for the
SC-CB2: (a) tp, = 12 mm; (b) tg =24 mm
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Figure 4.10: Influence of flanges’ plate thickness, intermediate dimensions. PEEQ Distribution at the end
of the cyclic analysis for the SC-CBI1: (a) ts, = 8 mm; (b) t;, = 12 mm ; (¢) t, = 16 mm
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Results are shown for the SC-CB1 in Configurations 1 and 2 under the maximum (Ny,,, ) and minimum
(Nyin) design axial load. Figure 4.11 (a) shows that thinner flange plates allow a reduction of the
dissipated plastic energy. Figure 4.11 (b) shows the PEEQ,,,» normalised with respect to the ultimate
strain of the material (&,) for the SC-CBI1. The results shows that a larger flanges’ plate thickness
produces an increase of the PEEQ,,.. and, consequently, an increment of damage on the column. This
trend is consistent under both axial load conditions. Similarly, Figure 4.12 shows the same results for
the SC-CB2, confirming what was previously observed. In addition, the ALLPD of the intermediate
values of the flanges’ plate thickness is analysed and compared in Figure 4.13 for the SC-CB1, with the
results corresponding to the upper (i.e., t;) and lower limits (i.e., 2tg). Results demonstrate that the use
of 12 mm plates (i.e., the intermediate case) leads to an increment of the strain concentrations on the
column with respect to the 8 mm plates (i.e., the lower limit case). These results agree with the results
previously shown in the PEEQ distributions.
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Figure 4.11: Influence of flanges’ plate thickness. (a) Plastic Dissipated Energy (ALLPD); (b) Maximum
local strains.

D tfp =12mm NMax |:] tfp =24mm NMax

[ty 12mm Ny, [ty =20mm N, |

20

ALLPD [kJ ]
o

—
o
T

0 10 20 30 40 50 0 . o

Elapsed Time [ sec ] fp fp
Figure 4.12: Influence of flanges’ plate thickness. (a) Plastic Dissipated Energy (ALLPD); (b) Maximum
local strains.
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Figure 4.13: Influence of flanges’ plate thickness, intermediate dimensions. ALLPD for the SC-CB1

Further considerations can be made to provide information about the transfer mechanism of the shear
force among the components, which cannot be predicted in the design procedure. Figure 4.14 shows the
distributions of the shear forces among the components for the SC-CBI1 in the three analysed
configurations. The shear force has been evaluated at the sections represented with the dash-dotted lines.
The shear force has been calculated using the ‘View cut’ option of ABAQUS [1], creating a cut along
the z-axis and choosing the ‘Free body plot’ option of ABAQUS [1]. The comparison of the shear
distributions among the three cases highlights that the ticker flanges plates transfer larger shear forces
due to the larger stiffness of the plates. In fact, there are stress peaks as the thickness of the flanges’
plates increases. Therefore, by comparing the distributions, it is evidenced that the use of thinner
flanges’ plates represents a benefit in terms of shear distribution, confirming the previous observations.
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Figure 4.14: Distribution of shear of the SC-CB1 at 0.04 rad rotation:
a) tp, = 8 mm; b) ty, = 12 mm ; ¢) tp = 16 mm

4.7 Influence of the design shear load
4.7.1 Global behaviour

Figure 4.15 and Figure 4.16 show the moment-rotation hysteretic curves for SC-CB1 and SC-CB2,
respectively, for both axial load conditions (i.e., maximum and minimum compressive). For both SC-
CBs, the figures compare the results of Configurations 1, 3,4 and 5 (i.e., 100%, 75%, 50% and 0% of
Vep assigned to the web FDs, respectively). In addition, the analytical model is also shown with
continuous black lines. The results show that similar hysteretic responses are observed for all considered
Configurations for both SC-CB1 and SC-CB2. These considerations demonstrate that, similarly to what
was previously observed, this parameter does not alter the global hysteretic behaviour of the SC-CBs.
Consistent results have been observed by considering the SC-CB3, not shown here for brevity.
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Figure 4.15: Influence of the design shear load. Moment-rotation behaviour for the SC-CB1 (a) Nyy;
(b) NMin
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Figure 4.16: Influence of the design shear load. Moment-rotation behaviour for the SC-CB2 (a) Nyyy;
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4.7.2 Local behaviour

The local results corresponding to Figure 4.15 (a) and Figure 4.16 (a) are illustrated in Figure 4.17 and
Figure 4.18 in terms of PEEQ distribution on the column’s web. Results are evaluated at the end of the
FE analysis (i.e., zero rotation). The PEEQ,,,, are depicted in blue within the legend, and the arrows
indicate their values. By comparing the PEEQ distributions, it is observed an evident influence of the
considered design parameter over the strain distributions. The damage extension is higher in
Configuration 1 (i.e., 100% WFD) and proportionally reduces with the other Configurations (i.e., 75%,
50% and 0% WFDs).
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Figure 4.17: Influence of the design shear load. PEEQ Distribution at the end of the cyclic analysis for the
SC-CBI
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Figure 4.18: Influence of the design shear load. PEEQ Distribution at the end of the cyclic analysis for
the SC-CB2

This trend is also confirmed by observing the comparison of the ALLPD shown in Figure 4.19 (a).
Results highlight that assigning to the web FDs a percentage of the design shear load allows a reduction
of the amount of the dissipated plastic energy. Similarly, Figure 4.19 (b) shows the PEEQ,,,, normalised
with respect to the ultimate strain of the material (&,). It is observed that the maximum local strain
assumes the lowest value in Configuration 4 (i.e., 50% WEFD). Conversely, the highest value of the
maximum local strain occurs in Configuration 5 (i.e., 0% WFD). This trend is consistent for both the
design axial load conditions. Consequently, these results suggest that the design choice of assigning
50% of the design shear load to the web FDs represents the optimal design Configuration in terms of
local damage reduction on the column.
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Figure 4.19: Influence of the design shear load (SC-CB1). (a) Plastic Dissipated Energy (ALLPD); (b)
Maximum local strains.
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Figure 4.20: Influence of the design shear load (SC-CB2). (a) Plastic Dissipated Energy (ALLPD); (b)
Maximum local strains.

Further considerations are made to provide information about the transfer mechanism of the shear force
among the joint components while offering insights into the magnitude of the shear transferred by each
component, which cannot be predicted in the design procedure. Figure 4.21 (a) and (b) show the
distributions of the shear forces among the components for the SC-CB1 in Configuration 1 (i.e., 100%
WFD) and in Configuration 4 (i.e., 50% WEFD), respectively. The SC-CB1 in Configuration 1 is
characterised by levels of maximum shear forces transferred by the web FDs of about 50% of the total
shear, while the flange FDs reach values close to 80% of the total shear. This result highlights a
significant contribution of the flange FDs, mainly due to the larger stiffness provided by the flanges’
plates, which transfer larger shear forces than those transferred by the web plates. Conversely, the
distribution of the shear forces of the SC-CB1 in Configuration 4 exhibits different behaviour. In
particular, the web FDs carry less than 50% of the design shear force. At the same time, there is a higher
shear contribution of the flange FDs with respect to Configuration 1 and consequently, a smoother
transfer of the shear forces on the column is observed. By comparing the two distributions, it is
evidenced that designing the web FD to carry 50% of the design shear load represents a benefit in terms
of shear redistribution among the components, confirming the previous observations.
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Figure 4.21: Distribution of shear of the SC-CB1 at 0.04 rad rotation: (a) 100%WFD; (b) 50%WFD.

Finally, Figure 4.22 shows a summary of the results in terms of the PEEQ,,,, normalised with respect
to the ultimate strain of the material (&) in all the analysed Configurations (i.e., sixteen Configurations
for each case-study) for all the SC-CBs. Results demonstrate that, as already stated, the use of thinner
flange plates represents a benefit in terms of reduction of the local plastic damage on the column;
therefore, the Configurations with tg = 8mm, 12mm and 16mm are preferred for the SC-CB1, SC-CB2
and SC-CB3 respectively. In addition, assigning 50% of the design shear load to the web FD represents
the most efficient design solution for local plastic damage reduction on the column while also allowing
a benefit in terms of shear redistribution among the components. These considerations are consistent
with the maximum and the minimum axial load conditions.

4.8 Influence of the design axial load

The design procedure is based on axial forces of the SC-CB assumed to be constant, considering two
limit conditions (i.e., Ngg mar and Ngg, ain). However, it has been highlighted how the moment-rotation
behaviour of the SC-CB is strongly affected by the axial force. Therefore, two main issues have been
discussed and analysed in Chapter 2. Firstly, the assumption of the adoption of a constant axial force is
clearly not reproducing the real load situation of all columns of a MRF due to large axial force
fluctuations during the seismic event. Therefore, to properly account for the variability of the axial force
within the design procedure, the maximum compressive and the minimum compressive (i.e., maximum
tensile) axial forces are considered. Consequently, the initial sizing of the SC-CB is performed
considering the maximum axial force, which represents the worst condition for the no-yielding
requirement and the design is successively verified considering the minimum axial force, which is the
worst condition for the self-centring requirement.

Successively, it has been evidenced that this assumption (i.e., the adoption of the min compressive axial
force (i.e., Ngaumin) as the design axial load for the SC-CB) may represent an over-conservative design
approach for the self-centring requirement, which may lead to an overestimation/oversizing of the
necessary components of the self-centring system. Hence, this part aims to provide some indications to
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clarify this design aspect by considering the axial load due to the gravity loads as the axial design load
and to evaluate the self-centring capacity when the SC-CB is subjected to a variable axial load input.
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Figure 4.22: Summary of the 16 analysed configurations in terms of PEEQ 4,/ &, for the: a) SC-CB1 with
tfp; b) SC-CB1 with 2tfp; ¢) SC-CB2 with tfp; d) SC-CB2 with 2tfp; e) SC-CB3 with tfp; f) SC-CB3 with

2tfp
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Therefore, an additional design Configuration of the SC-CB is analysed, obtained by assuming the axial
gravity load for the design (Chapter 2) to verify the self-centring requirement when the SC-CB is
subjected to a variable axial load input. Considering the MRFs designed in Section 4.2, Table 19
indicates the maximum (i.e., Ngguax), the minimum (i.e., Ngguin) and the axial gravity forces for the
external (i.e., Ng.v) and the internal (i.e., Ng;;) columns of each case-study MRF. In addition, the axial
loads' ratios referred to each external column (i.e., Ny .. /Np;) are also reported, where Np; is the column’s
plastic axial load.

Table 19: Axial loads

Specimen NEgaMax NEain Ngext Ngint Ngext/Npi
[kN] [kN] [kN] [kN] [-]
SC-CBI \ +138 -127 +15 +15 0.0054
SC-CB2 | +372 -183 +95 +198 0.0135
SC-CB3 \ +1248 -848 +201 +405 0.0209

Note: negative values are for tension; positive values are for compression.

A numerical FE model of the MRF1 equipped with the SC-CB1 connections designed in Section 4.2 is
implemented in OPENSEES [8], adopting a modelling strategy illustrated in Chapter 2. Non-Linear
Time History Analyses (NLTHAs) are successively performed by considering two ground motion
records. Successively, the response of one column extracted from the MRF1 is assumed as an input
parameter for an additional FE analysis. Consequently, a static analysis is performed in ABAQUS [1],
applying simultaneously the selected column's axial load time history and the selected column's
displacement history evaluated at the splice. For a single ground motion record, the results of the
NLTHA performed in OPENSEES [8] are shown in Figure 4.23 (a) in terms of axial load time history
of the first storey column of the MRF1. The values corresponding to the axial gravity force (i.e., Ny) as
well as the maximum (i.e., Nyyy) and minimum (i.e., N,z,) axial force are highlighted. It is worth
reminding that the other results obtained by the NLTHAs are not shown for brevity. The axial load time
history (N History) represents the input of the static analysis performed in ABAQUS. Figure 4.23 (b)
shows the ABAQUS [1] hysteretic curve of the SC-CB1 (i.e., continuous red line) designed with the
axial gravity load (i.e., Ny .xr) and subjected to the variable axial load history (i.e., Ny,,) of Figure 4.23
(a). In addition, the backbone curves of the moment-rotation behaviour of the SC-CB1 obtained
considering the maximum (i.e., Ngg uax), the minimum (i.e., Ngg 1) compressive and the axial gravity
force (i.e., Ny ox) are depicted in black, grey and blue dotted lines, respectively. Similarly, Figure 4.24
(a) and (b) show the same results for another ground motion record.

Results show that the moment-rotation behaviour of the SC-CB1 designed with the axial gravity load
and subjected to a variable axial load history shows a self-centring behaviour with a very low residual
rotation, included within the backbone curves corresponding to the gravity and the minimum axial
forces. Therefore, for the examined case, the self-centring requirement is satisfied. Consistent results
have been obtained for another ground motion record, whose results are shown in Figure 4.24. These
results suggest that it may be possible to consider the gravity axial force as the design axial load for the
SC-CB. Therefore, the design methodology could be improved. Nevertheless, the validity of this
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assumption should be verified by considering additional case-study structures to provide general
recommendations on this design aspect.
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Figure 4.23: Influence of the axial load variability, ground motion #1: a) Axial load history (input); b)
Moment-rotation behaviour
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rotation behaviour

4.9 Conclusive remarks

The present chapter investigates the SC-CB through a parametric FE analysis to provide insight into the
global and local behaviour under cyclic loading while proposing improvements to the existing design
procedure. Three SC-CBs belonging to different case-study MRFs are selected and modelled in
ABAQUS by following the modelling strategy proposed and validated in Chapter 2. A matrix of sixteen
different configurations is considered for each SC-CB, obtained by varying three design properties of
the joints (i.e., the thickness of the flanges’ plates, the design shear load, and the axial design load). For
each configuration, global and local parameters are monitored to investigate the influence of these
parameters on the global and local behaviour of the SC-CB connections. The results are compared for
all the configurations to identify the best design solution in terms of improved self-centring capacity of
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the joint and minimal yielding of the components. Results from the FE parametric analysis provide a
more comprehensive view of the assumptions and limitations of the design methodology, highlighting
the crucial aspects of the design procedure and suggesting additional recommendations to improve the
design requirements.

Based on the obtained outcomes, the following remarks can be drawn: i) the moment-rotation behaviour
of the connection is not affected by the considered design parameters, while the local behaviour is
significantly influenced; ii) the use of thinner flange plates represents a benefit in terms of reduction of
the local plastic damage on the column while also allowing a reduction of the amount of the dissipated
plastic energy; iii) assigning to the web FD the 50% of the design shear load represents an efficient
design solution in reducing both local plastic damage on the column while also allowing a benefit in
terms of shear redistribution among the components; iv) the optimal design Configuration in terms of
damage reduction is represented by the connection equipped with the thinner flanges’ plates and
assigning to the web FDs the 50% percentage of the design shear load; v) the moment-rotation behaviour
of the SC-CB is strongly affected by the axial load. The self-centring requirement is satisfied for the
examined SC-CB subjected to the variable axial load history. This result suggests that it may be possible
to consider the gravity axial force as the design axial load for the SC-CB. Nevertheless, additional
research is required to provide more general recommendations on this design aspect.

4.10 Personal contribution

Chapter 4 represents one of the novelties of the present work and performs a parametric FE analysis on
several case-study SC-CBs with the objectives of providing insight into the global and local behaviour
of the SC-CBs under cyclic loading while proposing additional recommendations to the existing design
procedure described in Chapter 2.
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5.1 Introduction

The present chapter evaluates the benefits related to the introduction of innovative SC-CB joints within
steel MRFs in terms of residual drift reduction, self-centring capabilities and damage-free behaviour.
To fulfil this objective, the seismic performance of several case-study perimeter steel MRFs equipped
with innovative SC-CB connections and the equivalent conventional steel MRFs with full-strength CB
connections are numerically investigated and compared. The design of the case-study MRFs follows
Eurocode 8 [1] provisions, while the design of the SC-CBs follows the methodology shown in Chapter
4. In both cases, the BCJs are conventional full-strength welded joints.

Successively, a parametric numerical analysis is performed to investigate two critical aspects of the
design of the MRFs equipped with the SC-CBs and their influence on the self-centring behaviour:

i) the frame layout (i.e., storeys and bays number);
ii) the seismic mass.

The first parameter is investigated through nine case-studies MRFs with a different number of storeys
(i.e., 4, 6 and 8) and bays (i.e., 3, 5 and 8) designed according to the Eurocode 8 [1]. Moreover, an
additional parameter is investigated (i.e., the combination of the seismic mass and acceleration) with
three additional 5-bay steel MRFs with 4, 6 and 8 storeys considered as case-study structures, and two
different values of the seismic masses (i.e., M1 and M2). The seismic responses of the case-study MRFs
with SC-CBs are compared with the equivalent conventional MRF in each configuration.

Numerical models are developed in OPENSEES [4] for the frames with and without the investigated
SC-CB connections, and Incremental Dynamic Analyses (IDA) [5] are carried out on a set of 30 ground
motion records for each case-study MRF to account for the influence of the uncertainty related to the
earthquake input (i.e., the record-to-record variability). The effects of model parameter uncertainty and
epistemic uncertainty are less notable than the effects of record-to-record variability [7], and hence, they
are not considered in this study. The spectral acceleration corresponding to the fundamental period of
vibration is used as Intensity Measure (IM), and global Engineering Demand Parameters (EDPs) are
monitored.

Fragility curves [8] are successively derived based on IDA results, providing the probability of
exceeding a specified performance level, corresponding to the value of residual interstorey drift limit of
0.5%, which, for building frames, is conventionally associated with building reparability [9].
Additionally, several performance levels are considered by monitoring both global and local EDPs and
hence deriving both system and components-level fragility curves [8]. It is worth highlighting that in
this Chapter, the results are presented and discussed in detail for a single case-study MRF (i.e., the 3-
bay 4-storey frame in both configurations), while for the other case-study MRFs, the maximum
quantities of the selected global EDPs monitored by the IDAs are illustrated.
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5.2 Case-study MRFs

Figure 5.1 shows the plan and elevation views of the case-study steel MRFs extracted from prototype
buildings with different storeys (i.e., 4, 6 and 8). The nine case-study buildings have 5, 7 and 10 bays
in the x-direction and 3 bays in the y-direction. Seismic-resistant perimeter MRFs are located in the -x-
direction and the y-direction, while the interior part comprises gravity frames (i.e., with ‘pinned’ BClJs
and ‘pinned’ CBs). The study focuses on the seismic assessment of the MRFs in the x-direction having
3,5 and 8 bays, respectively and 4,6 and 8 storeys. Two configurations are analysed and compared for
each case-study MRF: the first is a MRF with full strength BCJs and conventional CBs (MRF); the
second is an equivalent seismic resilient frame equipped with the innovative CB connections (MRF-
CB) designed according to the procedure presented in Chapter 3. In both cases, the BCJs are
conventional full-strength welded joints.
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Figure 5.1. Case-study buildings: (a) Plan views; (b) Elevation views.

The design is performed by following Eurocode 8 [1] provisions adopting the procedure suggested in
Chapter 4. The main features of the case-study MRFs are summarised for the sake of brevity in this
section. For further information regarding the geometrical characteristics, the loads and masses, the
adopted floor system and the design methodology, see Chapter 4. The elastic and design response
spectra are illustrated in Figure 5.2, with the indications of the periods of the frame, while Table 20
reports the profiles’ cross-section for each of the designed case-study MRFs. Table 21 lists the
fundamental periods (T,) and the spectral acceleration (S,(T,.§)) for the DBE (S, pse) and MCE (S,
mce), which represent the two seismic intensities of interest for the study. Table 22 reports the
distribution of the interstorey drifts evaluated at the DSL and the minimum overstrength factors (Qumin),
defined according to Eurocode 8 [1] provisions.
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Figure 5.2. EC 8 Elastic and Design Spectra with indications of the periods of the frames.
Table 20. Profiles’ cross-sections.
MRF 3-4 MRF 3-6 MRF 3-8
Floor Beams Columns Floor Beams Columns Floor Beams Columns
1 IPE 600 HE 650M
1 IPE 600 HE 600M 2 IPE 600 HE 650M
1 IPE 550 HE 550M 2 IPE 600 HE 600M 3 IPE 600 HE 600M
2 IPE 550 HE 550M 3 IPE 600 HE 500M 4 IPE 600 HE 600M
3 IPE 550 HE 450M 4 IPE 600 HE 500M 5 IPE 550 HE 600M
4 IPE 550 HE 450M 5 IPE 550 HE 400M 6 IPE 550 HE 500M
6 IPE 550 HE 400M 7 IPE 500 HE 500M
8 IPE 500 HE 500M
MREF 5-4 MRF 5-6 MREF 5-8
Floor Beams Columns Floor Beams Columns Floor Beams Columns
1 IPE 600 HE 650M
1 IPE 600 HE 500M 2 IPE 600 HE 650M
1 IPE 550 HE 450M 2 IPE 600 HE 500M 3 IPE 600 HE 600M
2 IPE 550 HE 450M 3 IPE 600 HE 400M 4 IPE 600 HE 600M
3 IPE 550 HE 360M 4 IPE 600 HE 400M 5 IPE 550 HE 600M
4 IPE 550 HE 360M 5 IPE 550 HE 340M 6 IPE 550 HE 500M
6 IPE 550 HE 340M 7 IPE 500 HE 500M
8 IPE 500 HE 500M
MRF 8-4 MRF 8-6 MREF 8-8
Floor Beams Columns Floor Beams Columns Floor Beams Columns
1 IPE 600 HE 600M
1 IPE 600 HE 450M 2 IPE 600 HE 600M
1 IPE 550 HE 450M 2 IPE 600 HE 450M 3 IPE 600 HE 550M
2 IPE 550 HE 450M 3 IPE 600 HE 360M 4 IPE 600 HE 550M
3 IPE 550 HE 360M 4 IPE 600 HE 360M 5 IPE 550 HE 550M
4 IPE 550 HE 360M 5 IPE 550 HE 320M 6 IPE 550 HE 500M
6 IPE 550 HE 320M 7 IPE 500 HE 500M
8 IPE 500 HE 500M
Table 21. Fundamental Period (T1) and spectral acceleration (Sa(T1.§)) for DBE and MCE.
MRF 3-4 MREF 3-6 MREF 3-8
Ti[sec] | SapBe[g] Samcelg] | Ti[sec] Sapeelg] Samce[g] | Ti[sec] Sapse[g]  Sawmce[g]
0.70 1.02 1.54 0.96 0.75 1.12 1.27 0.57 0.85
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MREF 5-4 MRF 5-6 MRF 5-8
Ti[sec] | SapBelg] Samcelg] | Ti[sec] Sapeelg] Samce[g] | Ti[sec] Sapeel[g]  Samce[g]
0.72 1.00 1.50 0.97 0.74 1.12 1.17 0.61 0.92
MRF 8-4 MRF 8-6 MREF 8-8
Ti[sec] | SapBel[g] Samcelg] | Ti[sec]  Sapee[g] Samcelg] | Ti[sec]  Sapeel[g]  Samce [g]
0.69 1.05 1.57 0.96 0.75 1.13 1.15 0.63 0.94
Table 22. Damage State Limitation (DSL) check and QOmin.
MREF 3-4 MREF 3-6 MREF 3-8
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5.2.1 SC-CBs

The SC-CB connections are designed according to the procedure presented in Chapter 4, considering
the design recommendations provided by the parametric analysis (i.e., minimum thickness of the
flanges’ plates). Concerning the design shear load, the web Friction Device (FD) is assumed to carry
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alone the design shear load, as proposed by the original design procedure proposed by Latour ef al.,
2019 [2] as this assumption is used to validate the numerical model against the experimental results in
Section 3.8. In addition, to properly account for the variability of the axial force within the design
procedure, as discussed in Chapter 4, the maximum compressive and the minimum compressive (i.e.,
maximum tensile) axial forces are considered. The design actions are derived based on the seismic
analysis of the equivalent frame with rigid full-strength CBs and are defined considering the proper
location of the column splices. The values of the design axial forces for the inner and outer columns are
reported in Table 23. Successively, the FDs, the PT bars and the disk spring system are designed. The
properties of the components (i.e., number and pre-load forces of the web and flanges FDs and number
and pre-load of the PT bars) are summarized in Table 24.

Table 23. SC-CBs design axial forces.

MREF 3-4 MREF 3-6 MREF 3-8
Nea [KN] Nea [KN] Nea [KN]

Outer column Inner column Outer column Inner column Outer column Inner column
+719 -451 +1318 -667 +1721 -812
MRF 5-4 MREF 5-6 MREF 5-8
Nea [KN] Nea [KN] Nea [KN]

Outer column Inner column Outer column Inner column Outer column Inner column
+623 -550 +1133 -815 +1434 -933
MREF 8-4 MREF 8-6 MREF 8-8
Nga [KN] Nga [KN] Nea [KN]

Outer column Inner column Outer column Inner column Outer column Inner column
+707 -574 +1023 -805 +1397 -952

Note: negative values are for compression; positive values are for tension.

Table 24. SC-CBs Properties of the components.

MREF 3-4 MREF 3-6 MRF 3-8
Outer column Inner column Outer column Inner column Outer column Inner column
PT bars N[-] 8 6 8 6 8 4
Web bolts N[-] 4 4 4 4 4 4
Pre-load [kN] 135 155 140 175 140 170
Flange bolts Number [-] 8 8 8 8 8 8
Pre-load [kN] 110 130 135 105 75 100
MREF 5-4 MREF 5-6 MREF 5-8
Outer column Inner column Outer column Inner column Outer column Inner column
PT bars N [-] 8 6 8 6 8 6
Web bolts N [-] 4 4 4 4 4 4
Pre-load [kN] 120 125 130 165 135 170
Flange bolts N [-] 8 8 8 8 8 8
Pre-load [kN] 105 120 120 100 135 80
MRF 8-4 MREF 8-6 MREF 8-8
Outer column Inner column Outer column Inner column Outer column Inner column
PT bars N [-] 8 6 8 6 8 6
Web bolts N [-] 4 4 4 4 4 4
Pre-load [kN] 135 165 130 160 140 170
Flange bolts N [-] 8 8 8 8 8 8
Pre-load [kN] 150 155 120 100 140 130
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The material properties of the CB connections obtained by the design for the inner and outer columns
are summarised in Table 25, where E, f, and f,, are the nominal values of Young’s modulus, the yield
strength and the ultimate tensile strength of the materials, respectively. The other proprieties of the
adopted structural steel (i.e., the shear modulus, the Poisson’s ratio and the coefficient of linear thermal
expansion) are based on the Eurocode 3 [3]. The main moment contributions of the moment-rotation
behaviour are listed in Table 26.

Table 25. SC-CBs Material properties of the column base connections.

Elements Class [-] E [GPa] f, [MPa] f, [MPa]
Column and plates S355 210 355 510
PT bars 10.9 205 900 1000
Web Bolts 10.9 210 900 1000
Flange Bolts 10.9 210 900 1000

Table 26. Parameters of the moment-rotation behaviour.

MREF 3-4 MREF 3-6 MREF 3-8
Outer column Inner column Outer column Inner column Outer column Inner column
My [kNm] (-)206 129 (-)409 207 (-)575 271
Mp [KNm] 1101 1109 1007 1269 951 1034
M, [kNm] 1779 1895 1883 2020 1557 1811
M> [kNm] 2120 2150 2104 2320 1852 2043
MRF 5-4 MREF 5-6 MREF 5-8
Outer column Inner column Outer column Inner column Outer column Inner column
My [kNm] (-)149 131 (-)409 207 (-)479 311
Mp [KNm] 943 950 1007 1269 1047 1456
M, [kNm] 1472 1536 1883 2020 1980 2123
M> [kNm] 1650 1714 2104 2320 2275 2471
MREF 8-4 MREF 8-6 MREF 8-8
Outer column Inner column Outer column Inner column Outer column Inner column
My [kNm] (-)169 137 (-)297 213 (-)433 295
Mp [KNm] 923 956 900 1111 983 1357
M, [kNm] 1642 1716 1557 1711 1879 2229
M> [kNm] 1859 1894 1771 1872 2133 2454

Note: the moments are calculated with the values of the axial design forces reported in Table 4. Consequently, for the columns in
tensions, Mn is opposite with respect to Mpr.

5.3 Selected case-study (i.e., MRF3)

In the following part of the thesis, a case study MRF is selected, modelled, and numerically investigated
to evaluate the proposed SC-CB's influence on the structure's seismic response. Results are discussed in
detail for the selected case-study MRF, and successively, a parametric numerical analysis is performed
by considering several case-study MRFs. Figure 5.3 shows the plan and the elevation view of the
selected case-study structure, which is the MRF3 of Figure 4.1.

Table 27 lists the profiles’ cross-sections of the selected MRF.

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs 179

r MRF3(MRF or MRF-CB) /— MRF3(MRF or MRF-CB)
[ f 1 .
r 7 . T 13,10m
= %/ & 1 “Gravity COILLE]/IJIS | 9,90 m “L‘\ i
\.o\ ® <8
c WL | [ . 6,70m S B
g 3,50 m o @
o o <
@ ,, 0,00 m 2
“T; L/ =] o (=] T
! L3 spans @ 6 m

z

y% L5 spans @ 6 m—

Tributary area for gravity loads
O Tributary area for seismic mass

Figure 5.3: Case study building (i.e., MRF3 of Figure 4.1): (a) Plan view; (b) Elevation view.

Table 27. Profiles’ cross-sections (i.e., MRF3 of Figure 4.1).

Storey Columns Beams
1 \ HE 600B IPE 550
2 \ HE 600B IPE 550
3 \ HE 500B IPE 500
4 \ HE 500B IPE 500

5.3.1 SC-CB (i.e., HE 600B)

The design actions are derived based on the seismic analysis of the equivalent frame with rigid full-
strength CBs and are defined considering the proper location of the column splices. The maximum axial
compressive force for the inner columns is equal to 460 kN, and its variation due to the seismic action
is limited. The axial tensile and compressive forces in the outer columns equal 807 kN and 1240 kN,
respectively. In this case, the tensile axial force is used for the design, while the CB is successively
verified also with the max compressive force. The values of the design actions for the inner and outer

columns are reported in Table 28.

Table 28. Design input for the SC-CB (HE600B)

Design Actions Inner columns Outer columns

Axial Load Ngg [ kN ] ‘ -460 +807 and -1240
Bending Moment Mz, [ kNm ] \ 1985 1633
Shear Load Vgg [ kN ] | 894 605

*Note: negative values are for compression; positive values are for tension.

Consequently, the FDs, the PT bars and the disk spring system are designed according to the procedure
presented in Chapter 4. The friction pads comprise 8 mm of thermally sprayed friction metal steel shims.
The flange cover plates are designed considering the minimum design thickness, equal to 15 mm. The
friction coefficient is assumed to equal y = 0.53, consistent with the results of previous tests on the same
friction material [17]. Considering four HV M30 10.9 class bolts for the web FD, the necessary pre-load
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for each bolt is 210 kN and 140 kN for the inner and outer columns, respectively. Six M36 PT bars,
having a maximum capacity of pre-loading of 570 kN each, are introduced to control the self-centring
behaviour. Considering eight HV M30 10.9 class bolts for the flange FD, the necessary pre-load for
each bolt is 110 kN and 60 kN, respectively for the inner and outer columns. The resistance of each disk
spring is 200 kN, while the stiffness (K 51) is of 100 kN/mm. The overstrength of the disk spring with
respect to the PT bars is satisfied by using a system of 3 disks in parallel. The maximum displacement
of the farther PT bar with respect to the COR is equal to 17.4 mm (0.04 % 435 mm), where 0.04 rad is
assumed as the target rotation. Hence, a system of 18 disks in series is required to obtain the optimal
stiffness of the equivalent system (K,,). The properties of the CB connections obtained by the design
for the inner and outer columns are summarised in Table 29. Figure 5.4 shows a 3D and exploded views
of the proposed SC-CB.

Table 29. Material properties for the SC-CB (HE 600B)

Material properties Outer column Inner column
Elements Class E i fu Number Pre-load Number  Pre-load
[-] [GPa] [MPa]  [MPa] [-] [kN] [-] [kN]
Column and plates S355 210 355 510 - - - -
PT bars 10.9 205 900 1000 8 570 6 570
Web Bolts 10.9 210 900 1000 4 140 4 210
Flange Bolts 10.9 210 900 1000 8 60 8 110

Profile HE 600B
Steel S355

~
~.

Disk spring

system ‘ Web oversized holes

‘ Web friction pad 8 mm_

High-Strength Flange friction
g L Cover plate for the web pad 8 mm
class 10.9 ED
Cover plate
for the flange FDs
WERED Web bolts HV type
M30 class 10.9
Anchorage plates
for the PT bars \ Flange bolts

HV type M30
class 10.9

‘ Foundation Element ‘

Figure 5.4: SC-CB connection for the MRF3: (a) 3D view; (b) Exploded 3D view
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5.4 Numerical Modelling

Two-dimensional FE models of the frames with and without the SC-CB connections are developed in
OPENSEES [4]. The structural models are able to describe the non-linear response of the system by
detailed modelling of the components.

Beams

Beams are modelled by a lumped plasticity approach where the internal part of the beams is modelled
with ‘elastic BeamColumn elements’ in OPENSEES [4], while the plastic hinges are modelled by non-
linear rotational springs at beams’ ends represented by ‘zero-length elements’ in OPENSEES [4] (Figure
5.6). The rotational behaviour of these non-linear springs follows the hysteretic behaviour based on the
modified Ibarra-Krawinkler deterioration rule implemented by Lignos and Krawinkler (2011) [10],
already discussed in Chapter 2.

Table 30 shows the parameters used to model the plastic hinges according to Lignos and Krawinkler
model [10] (Figure 5.5). For the sake of simplicity, assuming a symmetric behaviour, the Lignos
parameters (i.e., the same terminology adopted in the literature review in Chapter 2) are shown for the
positive direction of loading only. It is important to stress that the coefficient n = 10 is relatively modest
on the initial elastic stiffness, while strength properties are extremely dependent on the size of the beam.
The average pre-capping rotation is consistent with the value 0.035 rad, recommended by Eurocode 8

[1].
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Figure 5.5: Lignos and Krawinkler deterioration model [10]: a) monotonic curve and associated
definitions; and b) basic modes of cyclic deterioration and associated definitions

Table 30. Plastic hinges parameters according to Lignos and Krawinkler model [10]

Storey K M./M, My A c 9% e k % D
[-] [kNm] [-] [kNm] [-] [-] [rad] [rad] [-] [rad]  [-]
1 1722747 1.1 843 123 1 0.031 0.177 04 04 1
2 1722747 1.1 843 123 1 0.031 0.177 04 04 1
3 1214640 1.1 664 123 1 0034 0179 04 04 1
4 1214640 1.1 664 123 1 0034 0179 04 04 1
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Columns

Since lumped plasticity cannot explicitly capture axial force-bending moment interaction, a different
strategy has been adopted for column modelling. Columns are modelled by a distributed plasticity
approach (see Figure 5.6) using ‘nonlinear BeamColumn elements’ in OPENSEES [4] with four
integration points, and each section is discretised into eight fibres along with the depth and four along
each flange. To properly account for the shear stiffness of the column, the plastic shear capacity of the
section (Vg = A, f,, where A, stands for the shear area of the section, computed according to EC 3 [3])

is included in the properties of the section by using the section ‘aggregator’ function in OPENSEES
[4].

Panel zone

Considering the symmetry and regularity of the structure (i.e., constant span length and inter-storey
height), PZs are modelled using the “Scissors” model [12-12], where two rotational springs represent
the shear behaviour of the PZ and bending behaviour of the column flange, respectively (see Figure
5.6). PZs are represented by two orthogonal rigid elements, defined as ‘elastic BeamColumn elements’
in OPENSEES [4], combined with two ‘zero-length’ [4] rotational springs, modelling the panel and
flange contributions. Doubler plates stiffen the PZ with a thickness equal to the one of the column’s web
(i.e., =2t,) to ensure adequate stiffness to the joints and promote only the plastic engagement of the
beams. The parameters are reported in Table 31.

Table 31. Parameters for the “Scissor” [12] springs for the PZ

Storey Mriange KFriange Mpanei Kpanel
[-] [kKNm] [kN/m] [kNm] [KN/m]
1 229,193077 28863,134 2663,895855 1341897,110000
2 233,622207 29989,466 2715,375339 139426,226100
3 195,164333 24025,246 1832,429342 902307,601000
4 195,164333 24025,246 1832,429342 902307,601000

Columns Panel zone
y
Rotational Spring _; -
@ b — For Panel Shear \/kf‘-ng;a
|
L, 2
R'-‘a‘/./ i Rotational Spri
== Hinge - For Catumn Fange
j Bending
===k Boundary of /
- Panel Zone
Fiber —

Section

Figure 5.6: Modelling strategy adopted in OPENSEES [4].
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Leaning column

To consider the P-delta effects related to the displacements and the axial forces in the gravity columns,
an additional leaning column [13-15] is included in the numerical model (see Figure 5.7). The leaning
column, comprised of ‘elastic beam-column elements’ [4] with second-order effects, must represent all
the gravity columns belonging to the tributary area of the structure. This column is pinned at the base
and continuous along the height of the building, and it is connected to the MRF using rigid ‘fruss
elements’ of OPENSEES [4]. The flexural and axial stiffness of the leaning column is equal to the sum
of the flexural and axial stiffness of the gravity columns it represents.

—f—DN rGra\my load
S8 SN_NS NN

s

Lumped
mass (typ.)

Rigid link Lean-on column
(typ.)

South-bay North-bay

e whm

Figure 5.7: Leaning column (from Ahmadi ef al. 2018 [15]).

Floor, Materials, Damping

The rigid-floor diaphragm is modelled by assigning a high value to the axial stiffness of the beams.
Gravity loads are applied on the beams by considering the seismic combination of the Eurocode 8 [1],
while the masses are concentrated at the BCJs. The ‘Steel0]’ material of OPENSEES [4] for 355 MPa
yield strength and 275 MPa yield strength and 0.2% post-yield stiffness ratio is employed for columns
and beams, respectively. Geometric non-linearities are considered in the elements of the MRF. Damping
sources other than the hysteretic energy dissipation are modelled through the Rayleigh damping matrix,
where the values of the mass-related and stiffness-related damping coefficients are considered for a
damping factor of 2% for the first two vibration modes.

5.5 Non-linear static analysis

Non-linear static analyses with a distribution of lateral forces defined according to the first mode are
performed on the MRF with conventional CBs and the same MRF, including the proposed SC-CBs. The
results of these analyses are shown in Figure 5.8 (a) and (b), which illustrate the storey shear vs the
interstorey drift for each storey of the two structures. It is worth stressing that, thanks to the design
procedure, the structures are characterised by a homogeneous inelastic demand at all storeys. However,
pushover results show that the first-storey columns of the MRF with conventional CBs experience
damage and plastic deformations, while all the columns are fully protected from yielding in the MRF
with the innovative SC-CBs. It is also observed that beams develop a similar level of damage in the two
structures.
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Based on the results of the pushover analyses, structure-specific damage state thresholds, defined in
terms of maximum interstorey drift, are mapped against local EDPs, as reported in Table 32. The use of
global EDPs has several advantages, and, amongst others, it synthetically describes the structural
response containing the computational effort involved in the analysis of complex models. In this paper,
the maximum interstorey drift (Os.max) 1s defined to describe the damage conditions at the local level
considering specific member-level performances for both the structures (i.e., linear elastic limits of the
components, yielding of the components, several inelastic deformation levels and ultimate chord
rotation of the beams) and also including the behaviour of the CBs components (i.e., the sliding force
of the FDs, ultimate chord rotation of the CB connections, yielding of the PT bars).
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Figure 5.8: Storey shear vs interstorey drift for: a) the MRF; b) the MRF-CB.
Table 32. Maximum interstorey drifts thresholds mapping.

EDPs Performance levels MRF MRF-CB
Meip Limit of elastic behaviour in one beam 4.6 %o 4.6 %o
M Plastic moment in one beam 5.3 %o 5.3 %o
FDs Sliding force of the friction devices - 6.8 %o
Ml Limit of elastic behaviour of one column 7.0 %o -
20y Beams performance levels 1.3% 1.3%
40,5 measured as a multiplier of the chord rotation at yielding 2.7% 2.7%

Oup Ultimate chord rotation in one beam 32% 32%
Ml Plastic moment in one column 4.2 % -
0y, cB Ultimate chord rotation 6,, cg of the CB - 4.7 %

PT bars Yielding of the PT bar - 6.1 %
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For the beams, the inelastic deformation levels are expressed in terms of the plastic rotation as a multiple
of the chord rotation at yielding (0y,). It is worth mentioning that these plastic rotation levels are
considered only to compare the results of the two frames and do not correlate with conventional
standardised damage levels. For the sake of brevity, the interstorey drift limits corresponding to the
member-level criteria are reported only for the first storey. However, the same performance level for
local EDPs is reached for very similar values of interstorey drifts at the other storeys, as expected from
the design. Figure 5.8 (a) and (b) show the pushover analyses' results regarding storey shear vs.
interstorey drifts for the two structures, including the specific damage state thresholds.

5.6 Incremental Dynamic Analysis

The Incremental Dynamic Analyses (IDA) [5] approach is a comprehensive method for evaluating the
conditional distribution of the structural response [6]. IDA is a parametric analysis method utilised to
estimate structural systems' seismic performance. This is done by subjecting a structural model to non-
linear time history analysis under a suite of ground motion accelerograms scaled to increasing levels of
the Intensity Measure (IM), covering the whole range from elastic to non-linear seismic response of the
frame up to collapse [6]. The IDA curve relates a selected IM of the selected ground motion set with
Engineering Demand Parameters (EDPs) of the structural system (e.g., peak interstorey drifts or peak
floor accelerations, storey drift ratio or absolute acceleration), given the IM for any number of IM levels,
from elasticity to global collapse. In an IDA, the intensity of the ground motion is incremented and
applied to the structural model and the structural response is recorded at each step. In this way, the IDA
approach is able to provide insights about the structural response even under rare, high-intensity ground
shakings, for which only a few or no recordings are available [6]. There are various ways to scale a
ground motion. A ‘traditional’ IM that may be used is the spectral acceleration at the fundamental period
of the building S,(T;). The output of IDA is a set of discrete points (i.e., obtained by scaling each of the
selected ground motions) of the IM vs. the demand parameter of interest, for instance, the first mode
spectral acceleration, S,(T;) and the maximum interstorey drift (see Figure 5.9).
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Figure 5.9: Steps of IDA [5] using ground motion scaling (from D’Ayala ef al. 2015 [6])

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



186 Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs

In this thesis, IDAs [5] are performed to investigate how the proposed SC-CB's introduction influences
the MRFs' seismic response while also considering the influence of record-to-record variability. Non-
linear time history analyses for the MRF and MRF-CB are performed by considering a suite of ground
motion records scaled to increasing levels of the IM. The spectral acceleration corresponding to the first
vibration mode (S.(T))) is used as IM. Residual interstorey drifts 6s..s and peak interstorey drifts O max
are selected as global EDPs, allowing the comparison of the seismic performance of the two systems.
Figure 5.10 illustrates an overview of the IDA [5] methodology adopted in this work.
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Figure 5.10: IDA [5] Methodology

5.6.1 Ground motion records selection

A set of 30 natural ground motion records is selected from the SIMBAD Database [16] with the
following parameters: moment magnitude (M, ) ranging from 6 to 7, epicentral distance R < 30 km and
spectrum-compatibility in the range of periods between 0.2T; and 2T;. The mean elastic spectrum of
the records set is kept between 75% and 130% of the corresponding Eurocode-based elastic response
spectrum [ 1] expected at the site, as indicated in Figure 5.11.

Combination no. 1, see [Output > Info records plot] for details

]

Target spectrum
----- Lower Tolerance
- Upper Tolerance
e Average spectrum
= === Range of periods

Sa(T} [dl

Figure 5.11: Selected ground motion records from the SIMBAD Database [16].

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs 187
Table 33. Selected ground motion records from the SIMBAD Database [16].
Earthquake Date Fault \Y Station PGA [g]
Name Mechanism Country

Imperial Valley 1979 October 15 strike-slip 6.5 California, USA 0.49
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.59
Olfus 2008 May 29 strike-slip 6.3 Iceland 0.54
Erzincan 1992 March 13 strike-slip 6.6 Turkey 0.52
L'Aquila mainshock 2009 April 06 normal 6.3 Italy 0.66
Olfus 2008 May 29 strike-slip 6.3 Iceland 0.51
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.64
Imperial Valley 1979 October 15 strike-slip 6.5 California, USA 0.52
Imperial Valley 1979 October 15 strike-slip 6.5 California, USA 0.52
Imperial Valley 1979 October 15 strike-slip 6.5 California, USA 0.44
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.53
Noto Peninsula 2007 _March 25 reverse 6.7 Japan 0.79
Olfus 2008 May 29 strike-slip 6.3 Iceland 0.67
Niigata 2007 July 16 reverse 6.6 Japan 0.68
South Iceland 2000 June 17 strike-slip 6.5 Iceland 0.47
Dinar 1995 October 01 normal 6.4 Turkey 0.33
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.37
L'Aquila mainshock 2009_April 06 normal 6.3 Italy 0.49
South Iceland 2000 June 17 strike-slip 6.5 Iceland 0.35
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.51
Northridge 1994 January 17 reverse 6.7 California, USA 0.34
Loma Prieta 1989 October 18 oblique 6.9 California, USA 0.37
EMILIA_ Pianura_Padana 2012 May 29 reverse 6 Italy 0.29
Erzincan 1992 March 13 strike-slip 6.6 Turkey 0.52
Northridge 1994 January 17 reverse 6.7 California, USA 0.36
Imperial Valley 1979 October 15 strike-slip 6.5 California, USA 0.44
EMILIA_ Pianura_Padana 2012 May 20 reverse 6.1 Italy 0.26
L'Aquila mainshock 2009 _April 06 normal 6.3 Italy 0.49
Gazli 1976 _May 17 reverse 6.7 Uzbekistan 0.72
Friuli 1st shock 1976_May 06 reverse 6.4 Italy 0.35

It is noteworthy that a large number of zero acceleration points (i.e., 40 s) have been added at the end
of each record to allow the free vibrations to stop and correctly capture the residual deformations. The
selected ground motions are listed in Table 33 with the indications of the date, fault mechanism, My,
station and PGA. The fundamental period of vibration is T = 0.74 sec for both structures. The spectral
acceleration corresponding to the first vibration mode (S,(T,)) is equal to 0.98g and 1.46g, respectively,
for the DBE and MCE, representing the two seismic intensities of interest. The accelerograms have been
homogeneously scaled using a normalization based on the first period of vibration of the structure, as
illustrated in Figure 5.12. The spectra of the scaled ground motions are illustrated in Figure 5.13 (a) and
(b) for the DBE and MCE, respectively.

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



188 Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs

a) b) 7
6 6
5 5
o 4 o 4
i =
v 3 ] v 3t
T1—0.74 sec T1—0.74 sec
24 2 1
0 ‘ 0 : :
0 1 2 3 4 0 05 1 15 2 25 3 35 4
T [sec] T [sec]
Figure 5.12: Selected ground motion records from the SIMBAD Database [16]: a) Spectra; b)
Normalization
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Figure 5.13: Spectra of the scaled ground motions: a) DBE and b) MCE.
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5.6.2 Global EDPs

Figure 5.14 (a) (b), (c) and (d) show the samples of the demand for the peak interstorey drifts (smax)
vs. the IM for the first, the second, the third and the fourth storeys, respectively. It is noteworthy to
observe that the introduction of the proposed SC-CBs does not affect the maximum response parameters
of the structure. In fact, the two structures experience similar values of the maximum interstorey drifts
at all the storeys. Moreover, it is also highlighted that the two structures achieve peak interstorey drifts
Osmax lower than the Limit of 1% under the FOE, as expected from the design [1]. Under this latter
intensity, the higher values occur at the intermediate floors, where the peak interstorey drifts are close
to the 1% limit.

6 T I" [ ] 6 I
a) .+ wrp FOE 'DBE | MCE b) . wrp FOE
5|+ MRFCB | | 5| —* -MRF{CB
| | | |
| | | 3 |
— 4t gt | I 4 — 4L ond
§ 1 Storej:y : : g%j; §‘ 2 Stor%lzy
531 | ! e 531 |
g : : S ee AL g :
=" | : : =2 |
| | |
Limit 1% 1 L ZESE Limit 1% 1 s
1______4_/*;' 2 =S E S [ Ai_
N
NPT L M et ¥F! |
0 0.5 1 1.5 2 0 0.5
S, (T)lel
6 I I" [ 6 I
c) . ygpFOE |DBE [MCE d) ~+ ygp FOE
5| —«-MRF{CB \ | 5| —* -MRF{CB
| | | |
— 4t 3rdS I : : i — 4 4th S, |
= tore%y | | 3 S toréy
o | | | o |
I o I
i | I i [
=" I I ="t I
|| Limit 1% | e | | Limit 1% :
“““ n e
T el
oaﬁ‘ii L oxﬁ’ii L
0 0.5 0 0.5

S (T)lel

Figure 5.14: Comparison of peak interstorey drifts of the: a) first, b) second, c) third and d) fourth storeys.

Figure 5.15 (a), (b), (c) and (d) illustrate the sample of the demand for the residual interstorey drifts (6.
res) VS. the IM for the first, the second, the third and the fourth storeys, respectively. It is worth
highlighting that the introduction of the proposed CB allows a significant reduction of the residual
interstorey drifts for both the reported intensities (i.e., DBE and MCE). In particular, the MRF-CB
experiences residual interstorey lower than the Limit of 0.5% [9], even for the MCE. Conversely, this
limit is not satisfied at the MCE for the structure with full-strength CBs, which experience plastic
deformations and damage.
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Figure 5.15: Comparison of the residual interstorey drifts of the: a) first, b) second, ¢) third and d) fourth
storeys.

For a single ground motion record and the two intensities of interest, Figure 5.16 compares the first-
storey displacements of the two frames. It is highlighted how the proposed SC-CB minimises the
residual first-storey drifts of the MRF-CB for both DBE and MCE. The comparison of these
displacement histories further highlights how the peak response is similar for the two structures.

Besides, the distribution of the residual interstorey drifts (0s.res) at all the storeys is illustrated in Figure
5.17 (a) and (b), respectively, for the DBE and MCE intensities. Dotted lines represent the response of
the single ground motions, while the mean values are shown with solid lines. It can be observed that,
although the self-centring system is introduced only at the first storey, this also allows a reduction of
the residual drifts at the higher storeys, with an efficiency that decreases along the height. This trend
can be observed for both the seismic intensities of interest. Similarly, the distribution of peak interstorey
drifts at all storeys is illustrated in Figure 5.18 for the two seismic intensities of interest. The results
show that the maximum response parameters of the structure are not affected by the introduction of the
CBs at any storey.
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Figure 5.16: Comparison of the first storey displacement time history for a single ground motion record

for: (a) DBE and (b) MCE intensities.
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Figure 5.18: Comparison of the peak interstorey drift distribution at all the storeys for the: (a) DBE and (b)

MCE intensities.
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5.6.3 Local EDPs

Figure 5.19 compares the moment-curvature hysteretic behaviour of the two structures' bottom sections
of the first-storey columns for a single ground motion record. Figure 5.19 (a) shows how the MRF with
conventional CBs experiences large plastic deformations and damage, thus leading to the need for repair
measures after strong earthquakes. Figure 5.19 (b) refers to the MRF-CB, where the first storey columns
experience a linear elastic behaviour and are fully protected from yielding under the DBE and MCE.
This is expected due to the limitation imposed on the moment capacity of the connection during the
design. Moreover, Figure 5.20 shows similar representations for the beams’ end where plastic hinges
are developed. It can be observed that beams undergo similar plastic deformation and damage in both
frames. This was expected based on the similar values of the peak interstorey drifts shown in Figure
5.18. Moreover, columns at higher storeys remain elastic for both structures due to the capacity design
rule enforced during the design, and PZs remain within the elastic range, thanks to the introduction of
the doubler plates.
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Figure 5.19: Moment-curvature relationship in the bottom section of one of the first storey columns of the:
(a) MRF and (b) MRF-CB for a single ground motion record scaled at DBE and MCE.
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Figure 5.20: Moment-rotation relationship in the beam end of one of the first storey beams of the: (a) MRF
and (b) MRF-CB for a single ground motion record scaled at DBE and MCE.

5.7 Fragility curves

The performances of the two structures are presented in terms of fragility curves derived from the results
of the IDAs and successively fitted by analytical lognormal curves through least-square minimisation.
The assumption of lognormality simplifies the analysis of the results and allows the synthetic description
of the fragility of the systems using the two characteristic parameters describing the lognormal
distribution. Fragility curves permit to quantify of the probability that the structural demand exceeds a
specific value, defined as the characteristic threshold for a limit state, conditional to the seismic intensity
defined by properly selected intensity measure [8] as follows:

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs 193

F,s(IM) = P[EDP > EDPc |IM] (5.1)

In this study, the demand is derived from the results of the IDAs, and the associated capacity threshold
is assumed as the Limit of 0.5% [9]. Figure 5.21 illustrates the methodology to derive the fragility curves
in this work.

DAMAGE  mp FRAGILITY CURVES
MEASURE

Probability of exceedance .
o Results from the IDA o o Fragility Curve
Fs(IM) = PIEDP > EDP_|IM)|
* Demand
—— Capacity 0.5%
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PROBABILITY OF VIOLATING A LIMIT STATE

PROBABILITY OF VIOLATING ALIMIT

INTENSITY MEASURE (IM)

A

INTENSITY MEASURE (IM) INTENSITY MEASURE (IM)

Figure 5.21: Comparison of global fragility curves for repairability.

Figure 5.22 shows the fragility curves related to the building repairability based on residual interstorey
drifts. The samples of the demand for these EDPs are represented by the maximum residual interstorey
drifts and are derived by the IDAs. The associated capacity threshold is assumed to be 0.5% [9]. Results
show how the introduction of the SC-CBs significantly contributes to the reduction of the residual
interstorey drifts for both DBE and MCE seismic intensities.
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Figure 5.22: Comparison of global fragility curves for repairability.
In addition, the comparison of the fragility curves is carried out for each storey of the two structures

(Figure 5.23), demonstrating how the introduction of the SC-CBs fully contributes to the reduction of
the probability of failure at the first storey, while the effect decreases along the height, as it is highlighted
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in Table 34. This result suggests that the use of a self-centring system localised only in the column bases
of the building is particularly effective for low-rise buildings. Conversely, its effectiveness for medium-
and high-rise buildings should be verified by enlarging the range of investigated structures. Therefore,
it is expected that the effect due to the use of self-centring column base joints may disappear after a
certain number of storeys.

1
0s 1 ——MRF 1* storey
——MRF 2"¢ storey
y 4 ——-MRF 3" storey
s Y R MREF 4 storey
- ——MRF-CB 1% storey
04 " ——MRF-CB 2™ storey
== ~MRF-CB 3" storey
. | — MRF-CB 4'" storey
0
0 0.5

Figure 5.23: Comparison of storey-level fragility curves for repairability.

Table 34. Probability of failure for the repairability based on residual interstorey drifts.

Pt DBE MCE

MRF 1* storey 7.6 % 32%
2™ storey 6.3 % 31 %

3" storey 5.6 % 29 %

4™ storey 4.8 % 28 %

MRF-CB 1* storey 0 % 0%
2™ storey 0% 1.0 %

3" storey 0.2 %o 3.0%

4% storey 0.4 %o 5.0%

Finally, component fragility curves are derived based on the maximum interstorey drift thresholds
identified in Section 5.5. The fragility curves for the different components and performance levels are
shown in Figure 5.24 (a) and (b) for the MRF and MRF-CB, respectively. From the results, it is possible
to observe how the introduction of the CBs does not produce any detrimental effect on the components
and the sequence of activation of the different mechanisms within the structure. The beams are the first
to reach their elastic limit (M) and plastic (Myp) limits in both structures. This highlights that the
introduction of the CBs does not protect the beams from yielding, as expected from the design.
Following the yielding of the beams, the friction devices in the CBs are successively activated. For the
beams of both structures, two inelastic deformation levels are expressed in terms of the plastic rotation
as a multiple of the chord rotation at yielding (0y). Then, the ultimate chord rotation is reached in the
beams of both structures (0,). Additionally, the yielding of the columns of the first storey is reached
(M) for the MREF, as expected from the design, while the columns of the first storey of the MRF-CB
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do not undergo any damage due to the presence of the CBs which fully protect the columns from yielding

and the PT bars which do not experience yielding (PThars).
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Figure 5.24: Components-level fragility curves for (a) MRF and (b) MRF-CB.

5.8 Influence of the frame layout

In this section, a parametric numerical analysis is performed to investigate the influence of the frame
layout (i.e., storeys and bay numbers) on the self-centring behaviour of the case-study MRFs illustrated
in Section 5.2. This parameter is investigated through nine case-studies MRFs with a different number
of storeys (i.e., 4, 6 and 8) and bays (i.e., 3, 5 and 8) designed according to the Eurocode 8 [1]. The nine
case studies MRFs equipped with SC-CBs are designed and modelled by following the procedure shown
in Section 5.4. Their seismic performance is assessed through IDAs [5] and fragility curves [8],
following a consistent methodology with the procedure shown for the single case-study MRF.

5.8.1 Incremental Dynamic Analysis

A set of 30 natural ground motion records is selected from the SIMBAD Database [16] for each case-
study MRF with the following parameters: moment magnitude (M) ranging from 6 to 7, the epicentral
distance R < 30 km and spectrum-compatibility in the range of periods between 0.2T, and 2T;. The
mean elastic spectrum of the records set is kept between 75% and 130% of the corresponding Eurocode-
based elastic response spectrum [1] expected at the site, as indicated in Figure 5.25. It is noteworthy that
a large number of zero acceleration points (i.e., 40 s) have been added at the end of each record to allow
the free vibrations to stop and correctly capture the residual deformations. The ground motion records
are scaled to increasing IM values within the IDA procedure with a constant step of 0.1g until ‘collapse’.
The spectral acceleration corresponding to the first vibration mode (S,(T),¢)) is used as IM. It is
important to highlight that the vibration periods, and consequently the IM values, are the same for the
two ‘equivalent’ structures with and without the SC-CBs, allowing the comparison of fragility curves.
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Figure 5.25: Selected ground motion records from the SIMBAD Database [16].

Global and storey-level EDPs are monitored to investigate the frame layout's influence on the self-
centring capability provided by the SC-CBs. For these case studies, peak and residual interstorey drifts
are considered storey-level EDPs, while the maximum values of these quantities among all the storeys
are used as global EDPs (i.e., the maximum (among all the storeys) peak interstorey drifts (Gnax-peak) and
the maximum (among all the storeys) residual interstorey drifts (Gnax-res)). The effectiveness of the SC-
CBs in reducing the residual interstorey drifts is evaluated by comparing the ‘equivalent” MRF with
conventional full-strength CBs and the MRF with SC-CB connections (MRF-CB). The assessment is
performed by comparing the 16%, 50%, and 84% fractiles among all ground motions to synthesise the

demand values for Gnax-peak aNd Bnax-res-

Results are illustrated in Figure 5.26 only for a single case-study (i.e., the 5-bay 6-storey frame in both
configurations) to show the selected global EDPs monitored by the IDAs. Figure 5.26 (a) and (b) show
the IDA curves for the Gnaxpeax case-study frames with 5 bays and 6 storeys in both configurations.
Similarly, Figure 5.26 (c) and (d) show the IDA curves for the maximum (among all the storeys) residual
interstorey drifts (Onaxres). Highlighted in the figures are the 16%, 50%, and 84% fractiles among all
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ground motions, while the single IDA curves are shown in grey. The selected fractiles’ values are
reported for both seismic intensities of interest, DBE and MCE. The results in terms of Gnax-peak and Gnax-
res fOr the other case-studies are shown in ANNEX A.

The comparison of Figure 5.26 (a) and (b) shows that the introduction of SC-CBs does not alter the
structures’ maximum response. The selected fractiles of the maximum peak interstorey drift for the two
configurations show similar values along with the whole range of IM intensities. Conversely, the
comparison of Figure 5.26 (c) and (d) shows that the use of the SC-CBs allows a significant reduction
of the maximum residual interstorey drifts. In particular, Figure 5.26 (d) shows that considering the
median results (50% fractile curve) among all ground motions, the introduction of the SC-CB allows a
reduction of the residual interstorey drifts, which is lower than the limit of 0.5% [9], for both the DBE
and the MCE. Conversely, this limit is not satisfied for the MRF with conventional column bases at the
MCE intensity.

Moment Resisting Frame Moment Resisting Frame with self-centring CBs
. a) 7 : : : : — b) 7 : : : : —
- Single IDA curves DBE MCE Single IDA curves DBE MCE
= I I I I
ke 6 [ ==#-=16% fractile curve | [ 6 | ==®-=16% fractile curve | [
° —+»—50% fractile curve : : —»—50% fractile curve : :
g’ 5 1 e 84% fractile curve | e 5 | e 84% fractile curve | | A
= 3 I I 3 I I
g =, I | =, I |
5 =40 1m0y ! 293% 1] =40 T =09 : 3429
o o 4 ort
= Yl % e i3l L 2 26%e —
o ] 2012% | TS e 3 2.085% | =< i
=< %E L g | QbE ____ | A
s L 1.55% AL i | 1.60% 3 ]
& 2 5bays/ 6 storeys T [ 2 5bays/ 6 storeys e |
MRF-CB P e MRF-CB 2 _,_.-*'7"""“
E S — = T | 1 [ _ T |
= - y 1.61%1 o 1.50%1
= 1.32% | 1.20% |
'; L . L | L | L . L | L |
é‘ 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
S (T .6 [g] S.(T,.0)[¢]
£ C) 4 T T T i T I d) 4 T T T i T I
= Single IDA curves DBE | MCE | Single IDA curves DBE | MCE |
= =-#-=16% fractile curve | | =-#-=16% fractile curve | I
?; —»—50% fractile curve : : —w—50% fractile curve : :
5 3] weesens 849% fractile curve | o 3T s 849 fractile curve | b
~— — _ | | — _ | |
: X T1 =0.97 | | N Tl =0.97 | |
[} — : I I - 1 I I
= 8ol | 3 8ol | -
= 22 resy 22
. 0 I i X I |
= g | Ny g | |
= S 5 bays / 6 storeys o s o« | Sa) 5 bays / 6 storeys [ |
=2 MRF R MRF-CB 0.57% | 083%1
@ 1r ; 1r !
= | Limit0.5% ___ __01% . | Limit05%____ TS
: 33!
ﬁ 0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
S S (T .6 [g] S.(T,.0)[e]

Figure 5.26: IDA Results: Maximum peak interstorey drifts: (a) MRF 5-6; (b) MRF-CB 5-6; Maximum
residual interstorey drifts: (¢) MRF 5-6; (d) MRF-CB 5-6

Figure 5.27 compares the maximum residual interstorey drifts, synthesized by the median values (Onax-
res,50%), for all the considered structures (i.e., with and without SC-CBs). The median values correspond
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to the 50% fractiles previously illustrated for the single case-study in Figure 5.26. The percentage
reduction (A) is also reported for the two seismic intensities of interest. The figure highlights that the
use of the SC-CBs allows for a significant reduction of the maximum residual interstorey drifts for all
structures for both the DBE and the MCE. The only exception is the 8-storey frames, where the
percentage reduction is limited at the DBE (i.e., from 0% to 13%). However, it is noteworthy that all
the structures equipped with the SC-CBs experience values lower than the Limit of 0.5%, also when the
‘equivalent’ conventional MRFs overcome it. The comparison of these reduction values provides an
understanding of the frame layout’s influence on the effectiveness of the proposed SC-CBs in terms of
residual drift reduction.
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Figure 5.27: IDA Results: Comparison of the maximum residual interstorey drifts in terms of median
values (50% fractile) among all ground motions: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4;
(h) 8-6; (i) 8-8.

In particular, the results show a high sensitivity of the self-centring response to the number of storeys
of the structures. This is evidenced by the percentage reductions A observed in Figure 5.27 (a), (b) and
(c) of the 3-bays 4-storey, 3-bays 6-storey and 3-bays 8-storey frames, which assume decreasing values
at the MCE (i.e., from 70% to 36%). A similar trend can be seen for the 5-bays (i.e., from 66% to 36%)
and the 8-bay frames (i.e., from 72% to 41%), at the same intensity, as shown in Figure 5.27 (d), (e) and
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(f) and Figure 5.27 (g), (h) and (i), respectively. It is highlighted that these results are particularly
relevant at the MCE due to the high plastic engagement of the plastic hinges of the structures.
Conversely, with respect to the number of bays, the frames’ response does not show a clear tendency.
In fact, it is not possible to observe a significant influence of the number of bays in reducing the
efficiency of the SC-CBs, as evidenced in Figure 5.27 (a), (d) and (g) by the values of the percentage
reductions A of the 3-bays 4-storey, 5-bays 4-storey and 8-bays 4-storey frames, which experience
similar values at the MCE (i.e., from 66% to 72%). Similarly, this also occurs for the 6-storey (i.e., from
42% to 54%) and the 8-storey frames (i.e., from 36% to 41%) at the same intensity, as shown in Figure
5.27 (b), (e) and (h) and Figure 5.27 (c), (f) and (i), respectively. Moreover, it is not possible to see a
consistent trend at the DBE intensity. Figure 5.29 and Figure 5.29 show the height-wise peak interstorey
drift distributions synthesized by the median value (,cax s50%) for both structures, at the DBE and at the
MCE, to provide additional information about the trends of the selected EDPs at all the storeys of the
case-studies in both configurations.
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Figure 5.28: IDA Results: Comparison of the distribution of the peak storey drifts of the case-study frames
for DBE: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8; (g) 8-4; (h) 8-6; (i) 8-8.
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In particular, Figure 5.29 illustrates the comparison of the peak interstorey drifts’ distributions,
synthesized by the median value (6,cax 50%) at the MCE. As expected, the ‘equivalent’ structures (i.e.,
MRF and MRF-CB) are characterized by similar values and distribution for the peak interstorey drifts.
The only exception is related to the first storeys, where the structures equipped with SC-CBs show a
slight increase in the peak interstorey drifts. This is expected and related to the lower effective (i.e.,
tangent) stiffness of the SC-CB connection. It is worth mentioning that for the 8-storey frames, the
maximum values of the peak interstorey drifts tend to concentrate at intermediate storeys. This
highlights the influence of the higher modes in the response of these structures. Conversely, for the 4-

and 6-storey frames, G,cax 50 assumes its maximum value at the lower storeys.
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Figure 5.29: IDA Results: Comparison of the distribution of the peak storey drifts of the case-study frames
for MCE: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; () 5-8; (g) 8-4; (h) 8-6; (i) 8-8.

Figure 5.30 and Figure 5.31 show the height-wise residual interstorey drift distributions synthesized by
the median value (G s0%) for all the structures with and without the SC-CBs at the DBE and the MCE,
respectively. The distribution patterns of the G 500 for the MRFs with conventional CBs, are similar to
the height-wise peak interstorey drift distributions previously shown. In fact, the 4- and 6-storey
conventional MRFs experience the maximum values of residual interstorey drifts at the first storeys,
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with a distribution pattern proportionally decreasing with the height. Conversely, for 8-storey frames,
the highest values of residual interstorey drifts occur at the intermediate storeys. Differently, for the
structures with SC-CBs, a significant reduction of the residual interstorey drifts in the lower storeys can
be observed. In comparison, its effectiveness reduces and tends to disappear at higher storeys. For
example, for the 5-bay 6-storey frames, the value of G500 1s reduced by 83% (i.e., from 0.71% to
0.12%) at the first storey by 55% (i.e., from 0.55% to 0.25%) at the third storey and by 41% (i.e., from
0.083% to 0.049%) at the sixth storey. Similar trends can be seen in the other case studies.
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Figure 5.30: IDA Results: Comparison of the distribution of the residual storey drifts in terms of median
values (50% fractile) among all ground motions of the case-study frames for DBE: (a) 3-4; (b) 3-6; (c) 3-8;
(d) 5-4; (e) 5-6; () 5-8; (g) 8-4; (h) 8-6; (i) 8-8
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Figure 5.31: IDA Results: Comparison of the distribution of the residual storey drifts in terms of median
values (50% fractile) among all ground motions of the case-study frames for MCE: (a) 3-4; (b) 3-6; (c) 3-8;
(d) 5-4; (e) 5-6; () 5-8; (g) 8-4; (h) 8-6; (i) 8-8

5.8.2 Fragility Curves

Based on the IDA results, fragility curves are derived to quantify the probability of the seismic demand
exceeding the associated capacity threshold of 0.5% [9]. The spectral acceleration corresponding to the

first vibration period (i.e., Si(T1,¢)) is assumed as IM. Global and storey-level residual response

parameters (i.e., the maximum residual interstorey drifts and the storey-level residual interstorey drifts)
are considered EDPs to investigate the structure's self-centring capability. These values are compared
with the associated capacity of 0.5% [9]. Numerical fragility curves are initially derived based on EDPs-
IMs pairs obtained by the IDAs and successively fitted by analytical lognormal curves trough least-
square minimization. Such fragility curves provide the probability of exceeding the assumed residual
interstorey drifts capacity value (i.e., probability of failure P)) vs. the seismic IM values, giving insights
into the self-centring capability and the structures' reparability. It is noteworthy that the fragilities
provide a probabilistic interpretation of the results and the sensitivity of the seismic response concerning
the frame layout. This study derives storey-level (i.e., residual interstorey drifts as EDPs) and global
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fragility curves (i.e., maximum residual interstorey drifts among all the storeys as EDPs). The global
fragility curves are compared in Figure 5.32 for all the case-studies for the two configurations (i.e., with
and without the SC-CBs). The maximum (among all the storeys) residual interstorey drifts (Gnaxres) are
used as EDPs. The percentage reductions of the probability of exceeding the limit value (i.e., APy) are
also reported for the two seismic intensities of interest (i.e., DBE and MCE).
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Figure 5.32: Comparison of the global fragility curves for the maximum residual interstorey drifts with
respect to the threshold limit of 0.5% for the case study frames: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; ()
5-8; (g) 8-4; (h) 8-6; (i) 8-8.

Figure 5.32 provides, in a probabilistic framework, the results of the IDAs previously shown. A clear
correlation between Prand the increasing number of storeys for both the DBE and the MCE is pointed
out. This is evidenced by the percentage reductions AP, reported in Figure 5.32 (a) (b) and (c) of the 3-
bays 4-storey, 3-bays 6-storey and 3-bays 8-storey frames, which assume decreasing values at the DBE
(i.e., from 93% to 18%) and at the MCE (i.e., from 76% to 12%). Similar behaviour is observed for the
5-bay and 8-bay frames. These results show that the AP, decreases along with the height. On the other
hand, it is not possible to observe a significant sensitivity to the variation of the number of bays on the
APrin all the structures in Figure 5.32 (a) (d) and (g) by the AP, of the 3-bays 4-storey, 5-bays 4-storey
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and 8-bays 4-storey frames, which experience similar values at the DBE (i.e., from 93% to 95%) and at
the MCE (i.e., from 66% to 76%). A similar trend can be seen for the 5-storey and the 8-storey frames.
Furthermore, storey-level fragility curves are carried out to evaluate the probability of exceeding the
threshold limit of 0.5% at each storey for each case-study. Figure 5.33 compares the fragility curves for
each storey of all the case-study frames. The residual interstorey drifts are used as storey-level EDPs.
The colour-filled areas represent the interval between the most and the least fragile storeys (i.e., red for
the frames with conventional CBs and blue for the frames equipped with the SC-CBs). In Figure 5.33,
itis possible to observe a correlation with the height-wise distributions previously shown in probabilistic
terms. Figure 5.33 shows that, for all the structures equipped with conventional CBs, P,is maximum at
the 1% storey. The only exceptions are related to the 8-storey frames, where Py is higher at the
intermediate storeys (i.e., 3" — 4™ storey) due to the influence of the higher modes. Conversely, P,
assumes the minimum values at the upper storeys. This behaviour highlights that the higher storeys of
the structures experience minor post-elastic deformations due to the technological and design criteria
adopted.
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Figure 5.33: Comparison of the storey-level fragility curves for the residual interstorey drifts with respect
to the threshold limit of 0.5% for the case study frames: (a) 3-4; (b) 3-6; (c) 3-8; (d) 5-4; (e) 5-6; (f) 5-8;
(g) 8-4; (h) 8-6; (i) 8-8.
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Regarding the structures equipped with the SC-CBs, the introduction of the proposed connections
minimizes the probability of exceeding the 0.5% limit at the 1% storey (i.e., Py = 0). In some cases (i.e.,
8 bays 4 storey, 5 bays 6 storey and 8 bays 6 storey frames), due to the almost-elastic behaviour of the
beams at the last storeys, the P, of the last storeys assumes similar values to Py at the 1% storey.
Conversely, P,is maximum at the intermediate storeys. These results demonstrate how the adoption of
the SC-CBs provides a significant reduction of Prat the lower storeys, while this effectiveness decreases
along with the height, resulting in a reduction of the self-centring capability.

5.9 Influence of the seismic mass

The present section aims to extend the previous results by investigating the influence of an additional
parameter (i.e., the combination of the seismic mass and acceleration) on the self-centring behaviour of
MRFs with SC-CBs. Three 5-bay steel MRFs with 4, 6 and 8 storeys are considered case-study
structures, and two different values of the seismic mass (i.e., M1 and M2) are used. Figure 5.34 shows
the plan and the elevation views of the investigated case-study frames.

The seismic response of conventional MRF (i.e., MRF) and the MRF with SC-CBs (i.e., MRF-CB) are
compared by adopting the same methodology already discussed in Section 5.8. Two different seismic
masses (i.e., M1 and M2) have been adopted considering different tributary areas due to a different
number of bays in the y-direction, as represented by the hatching areas (i.e., 3 bays in the y-direction for
M1 and 5-bays in y-direction for M2). The seismic resisting system in the x-direction is composed of
perimeter MRFs, while the interior part is composed of gravity frames. The geometrical dimensions are
the same as in the case-study shown in Section 5.2. The MRFs are designed according to Eurocode 8
[1], considering the seismic input based on the product of the seismic mass (M1 or M2) and the
corresponding spectral acceleration at the fundamental period of vibration. Notably, increasing the
seismic mass or proportionally increasing the seismic input would generate equivalent results. Hence,
despite the analysis being limited to the variation of the seismic mass, equivalent results are expected
by varying the seismic input acceleration. Table 35 shows the fundamental periods of vibrations and the
Spectral Accelerations corresponding to the DBE (S, pgr) and MCE (S, mcg) for all the case-study
buildings.

Table 35. Fundamental periods of vibrations and S, (T:) corresponding to the DBE and MCE

Case-study T [sec] Sa, pE [g] Sa, mck [g]
MREF 5-4 (M1/M2) 0.72/0.74 1.00/0.97 1.50/1.46
MREF 5-6 (M1 /M2) 0.97/1.04 0.74/0.70 1.12/1.05
MREF 5-8 (M1 /M2) 1.17/1.28 0.61/0.52 0.92/0.79
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Figure 5.34: Case-study buildings: (a) Plan views; (b) Elevation views.

5.9.1 Incremental Dynamic Analysis

Peak and residual interstorey drifts are used to monitor the seismic performances of the case-studies
investigated. The maximum values of these quantities among all the storeys are used as global EDPs
(i.e., Omax-peak aNd Omaxres). The effectiveness of the SC-CBs in reducing the residual interstorey drifts is
evaluated by comparing the seismic response of the MRF and the MRF-CB. Figure 5.35 (a) and (b)
show the results of the IDAs for the maximum (among all the storeys) peak interstorey drifts (Omax-peak)
for the 6-storeys case-study structures with mass M1 and M2, respectively. Similar results are observed
for the other case-studies, which are not reported here for brevity. As expected from the design,
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including the requirements for the Frequently Occurred Earthquake (i.e., FOE, Damage Limit State -
DLS - according to the European definition), the results for Onax-peak for M1 and M2 are similar.
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Figure 5.35: IDAs Results. Comparison of the maximum peak interstorey drifts for the case-study frames:
(a) 5-4 (M1); (b) 5-4 (M2)

Figure 5.36 shows the results of the IDAs in terms of maximum (among all the storey) residual
interstorey drift (Omaxres) for all the investigated structures. In Figure 5.36, each row refers to a case-
study structure with the same number of stories for M1 (left) and M2 (right). Each figure shows IDA
curves for all the ground motions for the MRFs (red lines) and the MRF-CBs (blue lines). Additionally,
the median value of @yaxres among all ground motions (i.e., 50% percentile) is shown for both MRFs
and MRF-CBs (bold red and blue lines). The results show that including SC-CBs produces beneficial
effects in all cases, allowing a residual drift reduction for both M1 and M2 for all the IM values.
Additionally, in all cases, the use of SC-CBs allows for reducing the median values of fyxres below the
assumed repairability threshold (i.e., 0.5%) for all the investigated IM values. Conversely, all the
conventional MRFs with both M1 and M2 do not satisfy this limit for high IM values. Figure 5.36 shows
minor differences in terms of residual drift reduction between the cases with M1 and M2.
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Figure 5.36: IDAs Results. Comparison of the maximum residual interstorey drifts for the case-study
frames: (a) 5-4 (M1); (b) 5-4 (M2); (c) 5-6 (M1); (d) 5-6 (M2); (e) 5-8 (M1); (f) 5-8 (M2).

5.9.2 Fragility curves

Fragility curves quantify the probability of the maximum residual interstorey drifts (i.e., Omaxres)
exceeding the associated threshold equal to 0.5% for each IM value (i.e., Pr). Numerical fragility curves
are initially derived based on EDPs-IMs pairs obtained through IDAs and successively fitted by
analytical lognormal curves through least-square minimisation. The comparison of the fragility curves
is represented in Figure 5.37, where each row refers to a case-study structure with the same number of
stories for M1 (left) and M2 (right), and the figures show the comparison between the MRFs (red line)
and the MRF-CBs (blue line). Additionally, the percentage reduction of the probability of exceeding the
limit value (i.e., APy) is reported for the two seismic intensities of interest (i.e., DBE and MCE). The
fragility curves confirm the beneficial effect of the SC-CBs in reducing the residual interstorey drifts
for the whole range of IM values of interest, i.e., the MRF-CBs experience lower values of P, with
respect to the MRF for all IM values. It can be observed that the 4-storey case-study with M1 shows the
highest beneficial effects (i.e., the highest APy) of the use of SC-CBs in reducing the residual interstorey
drifts.
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Figure 5.37: Fragility Curves: Comparison of the Pf for the case-study frames: (a) 5-4 (M1); (b) 5-4 (M2);
() 5-6 (M1); (d) 5-6 (M2); (e) 5-8 (M1); (f) 5-8 (M2).

Results show that this difference progressively decreases in the 6- and 8-storey case-studies as observed
in Section 5.8. Conversely, it can be observed that the higher mass value, M2, results in a lower, but
more uniform and less sensitive from the number of stories, effectiveness of the SC-CBs in reducing

the residual interstorey drifts.,

The results show the beneficial effect of the SC-CBs in reducing the residual interstorey drifts for all
the investigated case study structures and the whole range of IM values of interest. For the lower mass
M1, it can be observed that the effectiveness progressively decreases while increasing the number of
stories, as observed in previous studies. Conversely, for the higher mass M2, the results show a lower
sensitivity with respect to the number of stories and effectiveness of the SC-CBs in reducing the residual
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interstorey drifts. The results herein presented refer to the investigated case-study frames. However,
additional research studies are needed to provide a more general understanding of the influence of the
investigated parameter on the self-centring capability of steel MRFs with SC-CBs.

5.10 Personal contribution

Chapter 5 represents one of the novelties of the present work and performs a numerical activity on
several case-study SC-CBs with the objectives of investigating and comparing the seismic performance
of several case-study perimeter steel MRFs equipped with the innovative SC-CB connections and the
equivalent conventional, seismically designed, perimeter steel MRFs with full-strength CB connections.
Successively, a parametric numerical analysis is performed to investigate two key aspects of the design
of the MRFs equipped with the SC-CBs and their influence on the self-centring behaviour.
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6.1 Introduction

The previous chapters contributed to define design strategies for the proposed SC-CB, demonstrating
the feasibility of the technology. However, further research is needed to assess the influence of the SC-
CBs on the experimental response of a real- or large-scale case-study structure equipped with this CB
joint typology. In addition, while many tests of isolated innovative CBs are currently available [e.g., 1-
5], the influence of the local behaviour of such connections on the overall response of MRFs under
seismic loading conditions has rarely been experimentally analysed [e.g., 6-7] leaving some
uncertainties on the range of validity of the modelling approaches commonly adopted for numerical
simulations, because of the limited availability of full- or large-scale experimental data. These
considerations motivated the research activity illustrated in this Chapter, whose main objectives are: i)
to experimentally assess the influence of the introduction of the SC-CBs on the overall structural
performance of a large-scale steel structure; ii) to collect data for modelling validation.

In this framework, an experimental campaign was conducted at the STRENGTH (STRuctural
ENGineering Test Hall) Laboratory of the University of Salerno as part of an ongoing experimental
program. It consists of Pseudo-Dynamic (PsD) [8-9] on a large-scale one-bay two-storey steel structure
equipped with the with Damage-Free Beam-to-Column Joints (DF-BClJs) (i.e., FREEDAM BClJs) and
the Damage-Free Self-Centring Column Bases (SC-CB) connections. The test specimen is first
described, including a presentation of the preliminary characterisation tests. Then, the experimental
program is shown, including the test matrix, the experimental setup and the instrumentations.
Preliminary tests are conducted to obtain the modal properties of the test specimen. Then, a sequence
of six ground motion records, scaled to several intensities, has been defined and applied. Global and
local EDPs have been monitored to investigate the proposed SC-CBs' influence on the tested structure's
seismic performance. Results demonstrate the effectiveness of the SC-CBs in limiting the residual drifts
on the whole structure below the acceptable drift limits [10-11]. The experimental results are
complemented with a detailed FE numerical model developed in OPENSEES [12], and comparisons
between experimental and numerical results are presented for all the ground motions, discussing the
accuracy and limitations of the modelling strategy.

6.2 Design of the tested structure
6.2.1 Design according to Eurocode 8

The test specimen is a large-scale (i.e., 75%) representation of a prototype structure characterised by
two storeys and three bays in both directions (Figure 6.1). The layout has interstorey heights of 4 m at
both storeys, while the bays have a span length of 4 m. The seismic-resistant part comprises four MRFs
in both directions (i.e., red), while the internal part comprises gravity frames (i.e., grey). Table 36 reports
the indications of the loads and the masses of the prototype structure for each MRF. The design values
of the loads are the following: i) the dead loads are equal to 3.90 kN/m? and 3.60 kN/m? at the first and
at the roof levels, respectively; ii) the live loads are equal to 3.00 kN/m? and 0.5 kN/m? at the first and
at the roof levels, respectively. The tributary area for the seismic mass on each MRF corresponds to 1/4
of the total floor area. The weight of the structural members and claddings has been accounted for by
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increasing the masses by about 10%. In particular, the masses applied on each frame equal 19 tons and
14.2 tons at the first and second levels, respectively.

a) raoo m
Tested Specimen

b)

MRFs
Gravity Frames

Tributary arga for

the Seismicé\llass 4

~~4.00 m—-

’*6.00 m—-

L 4.00m
Figure 6.1. Reference prototype structure: a) Plan view and b) 3D view.
Table 36. Loads and masses of the reference structure.
Level Gk gk Mass
[-] [KN/m?] [kN/m?] [tons]
First Level | 3.90 3.60 19.00
Second Level | 3.00 0.50 14.20

*Note: these values are referred to each MRF

The floor system (Figure 6.2) is formed by a HI BOND A55/P600 steel-concrete composite floor (i.e.,
total height equal to 100 mm) and five equally spaced IPE 140 and HE 140B secondary beams, which
are connected to the concrete slab with shear studs, while UPN 120 are used as in-plane bracings. Figure
6.3 shows the plan and the elevation views of the tested specimen. The seismic resisting system consists
of two longitudinal MRFs (i.e., the same MRFs belonging to the reference structure) and two transversal
bracings to prevent undesired accidental torsional effects. The layout has interstorey heights of 2.40 m
at both storeys, while the longitudinal and the transversal bays have span lengths equal to 4 m and 2 m.

IPE 140

Figure 6.2. Tested structure: detail of the connection between the deck and the secondary beams

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 6 Pseudo-Dynamic Testing of a Large-Scale steel Structure equipped with SC-CBs 217

——

Floor 1

i3

W=E IPE 2

BCI2B Bcr2a e il

HE200B 23§
HE 200 B

=22

2000

Column A

4000

Figure 6.3. Tested structure: Plan and elevation view.

The design is carried out following Eurocode 8 [13] and the Theory of Plastic Mechanism Control
(TPCM) [14]. The design earthquake at the Ultimate Limit State (i.e., ULS: probability of exceedance
of 10% in 50 years) is defined considering the Type 1 elastic response spectrum with a PGA equal to
0.35g and soil type B. The behaviour factor is evaluated according to Eurocode 8 [13] requirements for
MRFs in DCH and hence assumed as q = 6. The interstorey drift limit for the Damage Limit State (i.e.,
DLS: probability of exceedance of 10% in 10 years) is assumed to be 1% [13] for non-structural
elements fixed in a way such as not to interfere with structural deformations. Figure 6.4 shows a picture
of the tested specimen before testing.
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Figure 6.4. Tested structure.

The two longitudinal MRFs are equipped with the FREEDAM BClJs and the SC-CB connections (Figure
6.5-Figure 6.6-Figure 6.7), whose main features and structural properties are detailed in the subsequent
sections. It is worth highlighting that the design process has been performed on the hypothesis of full-
strength BCJs without accounting for the characteristics of the joints with which the structure has been
equipped for the pseudo-dynamic tests. The slab (Figure 6.8) is disconnected from the nodal region by
leaving an appropriate gap between the concrete slab and the columns by adopting details consistent
with the Eurocode 8 [13] provisions. However, it acts as a rigid diaphragm, distributing the forces to the
frames equally.

C-CB connection.
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Figure 6.8. Details of the gap between the slab and the column
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6.2.2 Design according to the TPMC

The Theory of Plastic Mechanism Control (TPMC) by Montuori et al. [ 14] has been developed to ensure
the design of structures failing according to a collapse mechanism of global type. This theory aims to
prevent undesired failure modes (i.e. partial mechanisms and soft-storey mechanisms) and, at the same
time, to lead to the optimization of the energy dissipation capacity of the structures, which is achieved
when a collapse mechanism of global type is developed since it is characterized by the activation of the
dissipative fuses at the beam ends and the first-storey CBs, compatibly with the local ductility supply.

This approach is based on the kinematic theorem of plastic collapse extended to the mechanism
equilibrium curve, considering the assumptions of a rigid-plastic structure behaviour and non-negligible
consequences of the second-order effects. The design condition imposes that the mechanism equilibrium
curve corresponding to the global mechanism must be located below those corresponding to all the
undesired mechanisms up to a top sway displacement level compatible with the local ductility supply
of dissipative zones. Structures can fail according to three possible mechanisms (Figure 6.9). As already
reported, the global mechanism is the best solution; it can be considered a particular case of type-2
mechanism extended to all the storeys.
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Figure 6.9. Collapse mechanism of full-strength-jointed MRFs.

For each collapse mechanism, the equilibrium curve can be derived by equating the external forces’
work to the internal work due to the plastic hinges involved in the collapse mechanism, also evaluating
the external second-order work due to the vertical loads. For the global mechanism, the work of external
forces due to a virtual rotation d9 of the plastic hinges of the column, starting from a deformed
configuration (Figure 6.10) characterized by a rotation ¥ is:

ng ng
5
W, = aZFk(hk-dz?)+—z Vi(hy - d9) (6.1)
k=1 fns k=1

where a is the multiplier of horizontal forces; Fi and 4 are, respectively, the seismic force applied to
the k-th storey height with respect to the foundation level; 4xs 1s the value of 4y at the top storey; o is the
maximum horizontal displacement at the top of the structure; V is the total vertical load acting on the
k-th storey.
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The first term of the equation represents the external work due to the seismic actions, while the second
term is the work of the second-order effects. The vector of the vertical virtual displacement is:

6 6
dvk = duk h_ = h_hk -do (62)
ns ns

where dv, represents the virtual vertical displacement at the k-4 floor.
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Figure 6.10. Rigid rotation

The internal work due to a virtual rotation d9 of column plastic hinges is:

ng Nnp

Ns
Wi == ch'il +ZZZMD’JK d‘l9 (63)
i=1 k=1]=1

where M. i is the reduced plastic moment of the i-#4 column of the k-th storey reduced due to the
contemporary action of the axial force (in the case under examination k = 1), while n., ns, ns are,
respectively, the number of columns, beams and storeys.

By equating the internal work to the external one, the following relation is obtained:

W, =W, (6.4)

ns MNp

ng ng ng
6
aZFk(hkdﬁ) +h_z Vk(hkdﬁ) = ZMC'“ +ZZZMD'JR - dV (65)
k=1 nS k=1 i=1 k=1j=1

. X Mo + 25 N My 1 TR Ve
Ziesy Fichie hns sy Fichi

(6.6)
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The equilibrium curve of the mechanism is a straight line, and it can be written as:

a=a,—y8 (6.7)

Where «a is the kinematically admissible multiplier of horizontal forces according to first-order rigid-

plastic analysis, and y is the slope of the equilibrium curve of the mechanism. The formulations of «,

and y are reported for the different types of collapse mechanisms as follows.

Global mechanism:

(g) Z:l=61 MC,il + 2 Zzszl 721 Mb,jk (6 8)
%o X | Fih '
k=1"k"'k
1 Y, Vih
y@ = _ﬁ_l—kk (6.9)
hns st=1 Fkhk
Type-1 mechanism:
L Y Mo + 22""‘12 My ke + X0 Mejim 6.10)
o Sty P + him B35, Fi
y(l) 1 Zk Vichie + hin DS im+1 Tk (6.11)
b lmzk 1Fkhk+hlmzk L +1Fk
Type-2 mechanism:
2 Z:;Cl Mc,i,im + 2 Z:iim 2?21 Mb,fk
a;; = e (6.12)
Zk=im Fk (hk - him—l)
Ns
2 _ 1 k=i Vk (hk - him—l) (6 13)
'y .
m hns — Rim-1 ZZS:L-m Fy (hk - him—l)
Type-3 mechanism:
2% M,
§3) = # fori=1 (6.14)
hl ZkZl Fk
2% M,
3) c,i,im .
) — . fori>1 (6.15)
i (him - im—1) Zzzim Fk
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Ng
y(3) _ 1 Zk:im Vk
m him = Rim-1 Z;clizm Fy

(6.16)

In the case of the global mechanism, the equilibrium curve attains its minimum slope. Therefore,
according to the kinematic theorem of plastic collapse extended to the concept of the equilibrium curve
of the mechanism, the design condition that must be satisfied to avoid undesired collapse mechanisms
requires that the equilibrium curve corresponding to the global mechanism is located below those
corresponding to the undesired mechanisms, up to a maximum top displacement 6, compatible with the
local ductility resources of the structure. The equilibrium curve of the global mechanism is:

af? -y 95, <al) —y8, im=123..n; t=123 (6.17)
a(()_ti)m is the kinematically admissible multiplier of horizontal forces evaluated according to the first-

order rigid-plastic analysis, yi:) is the slope of the equilibrium curve of the mechanism (Figure 6.11),
accounting for the second-order effects, i, and t are respectively the mechanism index and the

mechanism typology code. Similarly, a(()g ) and y9 refer to the global mechanism.

Generic

/ mechanism
R

Global
mechanism

§
Figure 6.11. Design condition for the failure mode control

The design, according to the TPMC [14], is based on the following steps: i) selection of a design top
sway displacement compatible with the ductility supply; ii) definition of the slopes of mechanism

equilibrium curves with the equations previously shown and of the yi(g ) provided as minimum among
the yi(;l) values; iii) design of the first storey columns. For the test structure, assuming ¥ = 0.045 rad,
since h,; = 4.80 m, it results: §,, = 0.216 m. The previous formulations have been applied to assess

the slopes of the equilibrium curves both for a force distribution according to the first vibration mode
(Table 37) and to the masses (Table 38):

Table 37. Slopes of the equilibrium curves (first vibration mode)

Yim (1/cm)
Im Mechanism 1 Mechanism 2 Mechanism 3
0.122 0.195 0.195
1 0.275 0.122 0.275
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Table 38. Slopes of the equilibrium curves (masses)
Yim (1/cm)
im Mechanism 1 Mechanism 2 Mechanism 3
2 0.137 0.273 0.273
1 0.275 0.137 0.275

Considering that the beams have been previously designed (i.e., IPE270 beams), it is possible to design
the first-storey columns. The sum of the columns’ plastic bending moments reduced due to the
simultaneous action of the axial stress required at the first-storey to prevent undesired collapse

mechanisms is obtained with the following formulation:

S 2555, B0 My e+ (1 =7 9) 6, 252, Fehy
Mein 2 (6.18)
' Y% F.h
i=1 2 k=1 k'tk _ 1
ng
hl Zk=1 Fk

This relationship is obtained from the design condition with i,, =1 and ¢ = 1 or t = 3 because for

im = 1type 1 and type 3 mechanisms are equal.

a(()g) _ ]/(‘g)Su < az(rtrz _ y(t)5u (6.19)

FI TP ET T PP Te TS 190 TR PR P rr ey F'\ e
> -» -

TYPE-1 MECHANISM TYPE-2 MECHANISM =GLOBAL MECHANISM TYPE-3 MECHANISM

Figure 6.12. Collapse mechanism for im=1

n¢

Z Mc,il,lst vibration mode = 339.37 kNm (6.20)
i=1
Nc
Z M i1 masses = 396.01 kNm (6.21)
i=1

Consequently, it is possible to assess the axial acting in the columns at collapse state, i.e. when a collapse

mechanism of global type is completely developed:
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ne
Z Nc,i,lst vibration mode = 237.82 kN (6.22)
i=1
N
Z NC,i,maSses = 237.82 kN (623)
i=1

Figure 6.13. Loads transmitted by the beams to the columns at collapse state.

The sum of the plastic moments required on the first floor is distributed between the columns
proportionally to the axial force. Therefore, it is possible to design the different sections of the columns
(Table 39).

Table 39. Design of the columns’ sections

Niot (kN) Mreq,c,lst vibration mode (kNm) Wpl,eq Profile Mpl,column (kNm)
(em’)
11891 N.. e M HE200B 228.10
c,i Z _ -
- M, = 169.68 For
Zi:l Nc,l' =1 o Y
Niot (kN) Mreq,c,masses (kNm) I’Vpl,eq Proﬁle Mpl,calumn (kNm)
(cm’)
11891 N.. e M HE200B 228.10
c,i Z _ -
o M,;, = 198.00 For
Zi=1 NC,i i=1 o Y

Considering that HE200B profiles have been chosen for the column, it is possible to assess the sum of
the plastic bending moments at the column bases.

nc

Z M*¢i = 222810 kNm = 456.21 kNm (6.24)

=1

The equilibrium curve of the mechanism can be calculated using this last value, which accounts for the
right sections. Therefore, it is possible to calculate:
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@ —
algt vibration mode ~ 295.36 (6-25)
a9 =330.84 (6.26)
Type—l mechanism:
im—1 np
ZM Doiim = (a9 + V(1)5 Z Frhy + him Z Fy ZM*cu —2 Z Z My ji (6.27)
k=ip;+1

Type-2 mechanism'

Z M® cijim = al@ + V(2)6 z Fy (Rimn — him—1) — 2 Z ZMb Jjk (6.28)

=im j=

Type-3 mechanism:

h
Z M®, i > (a@ +yPs, )lm—”ﬂ z F, (6.29)

k=iy

The sum of the plastic bending moments required on each storey to avoid undesired collapse
mechanisms can be assessed as the maximum values among the previous formulations, as follows:

Nne ne ne ne
z M ;im = max z MD i z M@ i z M® iim (6.30)
i=1 i=1 i=1 i=1

Table 40. Plastic Moment of the columns

Z M c,i,im1st vibration mode (kNm)

i=1
im \ Mechanism 1 Mechanism 2 Mechanism 3 Maximum
2 343.64 86.88 215.26 343.64
1 \ 266.91 456.21 361.56 456.21
Z M c,iimmasses (kN m)
i=1
im \ Mechanism 1 Mechanism 2 Mechanism 3 Maximum
2 \ 343.64 1.73 172.69 343.64
1 \ 352.06 456.21 404.13 456.21

Hence, it is possible to check that the HEB200 with S355 steel grade can be selected as columns’ profiles
(Table 41).

Table 41. Check of the columns

Floor Niot (kN) Mreq,c (kNm) Wpl,eq (cm3) Profile Mpl, column (kNm)
2 99.91 171.82 484.00 HEB200 228.10
1 118.91 228.10 642.55 HEB200 228.10
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6.2.3 Check according to Eurocode 8

Once the structural elements have been designed, the fulfilment of the Eurocode 8 requirements has
been checked. The design earthquake is expressed by the type 1 elastic response spectrum of Eurocode

8 with PGA equal to 0,35¢g and soil type B. (Figure 6.14).

1.2 T T T T T T T
—— EC8 Elastic Spectrum
Design Spectrum

0.8 F| \
I

= |
< 0.6 f
»n |
0.4
~—
021\ S~
oL L L L |
0 0.5 1 1.5 2 2.5 3 35 4

T [sec]
Figure 6.14. Eurocode 8 [13] spectrum

For the horizontal components of the seismic action, the elastic response spectrum S, (T) is defined by

the following expressions:

T
OSTSTB=56(T)=ag-s-[1+T—-(n-z,5—1)] (6.31)
B
Tg<T<Tc:S.(T)=ay,-S-n-25 (6.32)
T,
T, <T <Tp:S,(T) =ag-s-n-2,5-[?c] (6.33)

T.T
Tp <T < 4s:S,(T) = q, -s-n-z,s-[CTzD] (6.34)

where the values of Ty, T, , T, and the S soil factor describing the shape of the elastic response spectrum
depends upon the ground type. The value of i correction factor may be determined using the following

/ 10
= e 1.20 = 0,55 (6.35)

Where £ is the viscous damping ratio of the structure, expressed as a percentage, in this case, it is adopted
the 2%. Furthermore, considering that the structure belongs to a DCH, [13] it is characterized by a

expression:

behaviour factor equal to:
a
= (6.36)
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where a; is the multiplier of the seismic force for which the first element reaches its flexural strength;
oy, 1s the multiplier of the seismic force for which several plastic hinges form to make the structure once
labile.

5) Inverted pendulum structures may be considered as moment resisting frames
provided that the earthquake resistant structures possess more than one column in each
resisting plane and that the following inequality of the limitation of axial force: Ngg< 0,3
Np), ra is satisfied in each column.

a) b) c)

Figure 6.15. Schemes according to Eurocode 8 [13]

The base shear has been assessed through the following expression:

S, m-2-8

(6.37)
q

Fy

For the horizontal components of the seismic action, the design spectrum, S, (T), shall be defined by
the following expressions:

0<T<Tg:5,(T)=a -S-[E+l-(2'5—g)] (6.38)
- g 3 T3 \q 3 '
2,5
Ts <T<Tc:S4(T)=a,-S- ; (6.39)
2,5 [T.

T <T<Ty:S;T)=1{%" '7'[?] (6.40)
= fay
2,5

Ts <T<Tc:S4(T)=a,"S- . (6.41)

Where f is the lower bound factor for the horizontal design spectrum. Regarding the accidental torsional
effects, they may be accounted for by multiplying the action effects in the individual load-resisting
elements resulting from the application of an eccentricity factor, the parameter & (Figure 6.16):
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Figure 6.16. Accidental eccentricity [13]

X
§=1+06 (6.42)

e

In particular, x is the distance between the frame under examination and the centre of gravity of the
masses, while L, is the distance between the furthest seismic-resistant frames. According to this
information, the design base shear Fj, for the single MRF is equal to 63 kN. Therefore, it has been
distributed along the height according to the first vibration mode and the masses. The distribution in
elevation is determined by applying horizontal forces F; to all storeys (the fundamental mode shape is
approximated by horizontal displacements increasing linearly along the height):

Zim;

szmj

where z;, z; are the heights of the masses m; m; above the level of application of the seismic action.

6.2.3.1 Beams

Once the structural elements have been designed, the fulfilment of the Eurocode 8 [13] checks must be
verified. Firstly, the cross-sectional class of dissipative elements, depending on the ductility class, must
be verified.

e Reference value of Required cross-
Ductility class B . :
- behaviour factor ¢ sectional class
15<qg<2 class 1,2 or 3
DCM
2<g<4 class 1 or2
DCH q=4 class |

Figure 6.17. Check for cross-sectional class [13]

Considering the ductility class (DCH) and the behaviour factor g=6, the structural elements belong to
class 1 (Figure 6.17). For the beams, it is necessary to check the following relationships:

M
Fd <1 (6.44)
Mpl,Rd

Vea  Veae + Veam

<0.5 (6.45)
Vpl,Rd Vpl,Rd
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Where Mg, and Vi, are the design bending moment and the design shear. Mp, p; and Vp,; are the design
resistances. The analysis is performed through SAP2000 software to define the bending moments and
shear actions used for the checks.

6.2.3.2 Columns

The columns have been checked by computing the following relationships for Ng;, Mg, and Vg, [13]:

Ngq = Nggc + 1,1y, QNgg g (6.46)
Mgg = Mggc + 1,1y, QMgq g (6.47)
Vea = Vea,c + L1VorQVEaE (6.48)

where the horizontal forces applied to the floors, have been amplified through the adoption of three
coefficients: 1.10 to account for the hardening phenomenon; y,,, , an overstrength factor and its value is

1.25 for this case; Q, which is the minimum value of ; = M,

dissipative devices are positioned; Mg, ; is the design value of the bending moment of the beam in the

1rd,i/ Mgq,; of all the beams in which the

seismic conditions, while My,; g4 ; is the corresponding plastic moment. In this case, this value is 3.20.

Furthermore, the buckling check has been performed as follows:

N, M + AM M AM
Ed » y,Ed y,Ed b 2,ed + AM; pq <1 (6.49)
XyNRk X My,Rk Mz,Rk
Ym1 LTy Ym1
N, M + AM M + AM.
Ed 2y y,Ed y,Ed - z,Ed z,Ed S 1 (6_50)
XZNRk My,Rk Mz,Rk
Ym1 ALt Ym1 Ym1

The resistance and buckling checks for columns are performed thanks to previous inequalities, and they
are satisfied. It is also verified that the columns are able to provide more than 30% of the flexural
resistance of the connected beams.

6.2.3.3 (P- A) Effects

The second-order (P- A) effects must be checked by calculating the parameter 4, as indicated by
Eurocode 8 [13]:

Ptotdr
9 =——-<0.10 (6.51)
Vtoth

where P, is the total gravitational load above the plane under seismic conditions; V;,, is the horizontal
seismic action; d,. is the design interstorey drift, and h is the interstorey height. The effects of the second
order are negligible if ¥<0.10, otherwise, they must be considered with a multiplicative coefficient of
the horizontal forces equal to 1/(1—-9) if 0.10<9<0.20. In any case, 9 cannot be greater than 0.30. It is
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possible to observe that, in this case, the second-order effects are negligible (Table 42). In addition, it is
worth mentioning that the second-order effects have been implicitly fulfilled through the TPMC [14].

Table 42. Check of the second-order effects [13]

i z (m) Pot (KN) d: (m) Vior (KN) h (m) 0
[ 240 66.00 0.035826 63.02 2.40 0.01563
2| 480 28.00 0.036192 37.74 2.40 0.01118

6.2.3.4 Damage Limit State (DLS)

The DLS check must be satisfied by evaluating the interstorey drifts and comparing them with the limits
reported by Eurocode 8 [13] to classify the non-structural elements that can be adopted for the structure
under consideration. The drift limits are:

o d,., v <0,005h for buildings that have non-structural elements of fragile material connected
to the structure;

o d,. v <0,075h for buildings having ductile non-structural elements;

o d,. v <0,010-4 for buildings without non-structural elements or fixed non-structural elements
to not interfere with structural deformations.

Where d,,; is the interstorey drift, evaluated as the difference between the average lateral displacements
d, at the top and bottom of the storey under consideration, multiplied by ¢; v = 0,5 is the reduction
factor, which considers the lower return period of the seismic action associated with the damage
limitation requirements; and h is the interstorey height. In the last case, the limit interstorey
displacement is 24 mm. Therefore, as it is possible to see in Table 43, the checks are satisfied.

Table 43. DLS check [13]

d (m) dabs (mm) drel (mm) V dret (mm)  dijm (mm) Check
1 ‘ 0.005971 35.83 35.83 17.91 24.00 OK
2 ‘ 0.012003 72.02 36.19 18.10 24.00 OK

6.3 Design of the connections
6.3.1 FREE from DAMage connection (FREEDAM)

Figure 6.18 shows the FREEDAM BCJ adopted in this experimental campaign. This is the FREEDAM
horizontal configuration where the FD is parallel to the beam’s web. A steel haunch constitutes the FD
bolted to the lower beam’s flange, two steel L-stubs bolted to the column’s flange and to the haunch,
while the friction pads are symmetrically placed between the L-stub and the haunch. These elements are
clamped together with high-strength pre-loadable bolts that are used to tune the friction force in the FD.
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b)

Friction Device (FD)

Friction Device (FD)

High-strength
pre-loadable bolts

High-strength
re-loadable bolts

Figure 6.18. FREEDAM BCJ: Geometrical configuration. a) 3D view, b) exploded view

The friction pads are made of adequately coated steel plates with a friction material characterised by a
nominal value of the dynamic friction coefficient (1) equal to 0.53 [16-19]. The top beam’s flange is
bolted to the column’s flange with a steel T-stub, fixing the COR. An IPE270 beam and a HEB200
column characterize the connection. It is worth mentioning that previous experimental works have
already addressed essential aspects of the behaviour of this connection, such as the response of the FDs
under cyclic loading histories or the behaviour of pre-loadable bolts at installation and over their service
life [19-23].

Figure 6.19 shows the FREEDAM deformed configuration and design actions. The design methodology
is based on a step-by-step procedure consisting of:

i) definition of the design input parameters;
ii) design of the dissipative components;

iii) design of the non-dissipative components;
iv) design of the structural details of the joint. Additional information regarding the design
procedure can be found in Francavilla et al. [20].

Step 1. Evaluation of the design actions for the device and design of the tightening torque

The FD is the first element to be designed, representing the weakest component. Successively, all the
other members will be designed to have an elastic response. In the following formulations, z is the
distance between the centreline of the bolts and the upper T-stub (i.e., the lever arm), where the COR is
located. In the design phase, it is possible to assume z = 440 mm (Figure 6.19).

The design bending moment of the connection is equal to 100kNm. The design friction force can be
assessed as:

0.60 - MRd,IPE27O
z

cf.sd = =234 kN (6.52)
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M
M i urs M

Figure 6.19. FREEDAM BCIJ: Deformed configuration

Starting from the design slippage force (i.e., defined as the target bending moment divided by the
lever arm), the minimum number of bolts and their pre-load forces are defined, following the
relationship:

FCf,d *Ym3 ® ycreep _ 234-1.10- 115 _
Hayn,5% * Fp "Ny 0.53-109.90-2

2.54 (6.53)

nb,min

where L4, s, 15 the dynamic friction coefficient of and F, is the pre-load force of each bolt. According
to this relationship, the number of bolts has been rounded to 4. In such a way, the bolts preload can be
defined as equal to 55.6 kN, which is about 50% of the initial value:

234

Fp,red == m - 5560 kN (654’)

At this point, it is possible to recalculate the design friction resistance and the sliding bending moment
of the FREEDAM BClJ.

FSlip,d = .udyn,s% ' Fp,red Ny "Nng = 234.30 kN (655)
Myipa = 23430 kN - 0.44 m = 103 kNm (6.56)

Step 2. Design of the slotted holes of the haunch

Subsequently, all the remaining non-dissipative components are designed to be sufficiently over-
resistant by applying the design rules suggested by Eurocode 3 part 1.8 [24] and considering a proper
value of the overstrength, which depends on the random variability of the bolt installation pre-load and
the friction coefficient statistical variation, equal to 1.83, as demonstrated in previous experimental
studies [16-19]. The geometry of the haunch is reported in Figure 6.20:
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Figure 6.20. Geometrical properties of the haunch

Assuming k,,,, = 3.50, k., = 1.50, k,,,, = 5.00, k., = 2.50, the geometrical parameters can be
assessed as:

wy = kyp - dg (6.57)
e, = kop - dg (6.58)
w, = kyp - dg (6.59)
e, = ke dy (6.60)

Finally, the dimensions of the slotted holes are designed to accommodate the target rotation (i.e., 40
mrad). The length of the horizontal slots is fixed equal to 170 mm to assure a rotation of 50 mrad,
which is greater than the minimum required.

4 90
Lstotn = 170 mm > lgior pmin = (E - 1) .63 417 +2-0.05 - (440 + 7) = 140 mm (6.61)

Step 3. Assessment of the design actions for the non-dissipative components

According to the second principle of capacity design, the moment acting at the column flange is
evaluated by considering a coefficient of over-resistance y,,= 1.78.

Mcf,Rd = Mslip,d *Yor = 183 kNm (6.62)
The design resistance is:
M 183
Fyipa = % = oy = 41691kN (6.63)

In the hypothesis of a distributed load applied on the beam equal to 9.50 kN/m, a beam length of 4.00m
and the height of the column, 200mm, the design shear is:
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v _2-183 +954—0.10
Ed =4 _010 "~ 2

= 114.60 kNm (6.64)

Step 4. Design of the T-stub

Both shear tension forces should be considered to design the diameter of the bolts connecting the T-stub
(Figure 6.21) to the column flange:

Fsipa 41691
ny 4

Figa = = 104.23 kN — Tension (6.65)

Veg _ 114.60

Fypq = > = 14.32 kN — Shear (6.66)

'le_ 8

According to Eurocode 3 [24], the resistant area of the bolts is:

Ym2 (Fv,Ed Ft,Ed) Ym2 " Frpa

N , ]:144.76 2 6.67
res,min = Max fub \ @y 1.26 0.9 fup o ( :

For this reason, M24 bolts with a resistant area equal to 353 mm? have been chosen. The horizontal
distance between the bolts has been set equal to 81 mm. The width of the flange is:

br = 2ers + wry = 195 mm (6.68)
bers = min{besr1; bess 2 0.5br} = 97.5 mm (6.69)
The thickness of the T-stub has been set equal to 30 mm.

To avoid the interaction between the shear and bending moment at the base of the T-stub:

Vpa'V3y,
tr—stubw = (;ESb—thV;O =573 mm (6.70)
) Y,

For this reason, it has been set t7_g4,;, , €qual to 15 mm.

For simplicity, the width of the flange is assumed equal to the width of the web. Instead, the connection
between the T-stub stem and the beam's upper flange is made through M16 bolts, with a minimum
number equal to 8.37 and rounded to 12.

_ Ffriction,Rd ' yMZ

= = 8.37 6.71
nb,mln a, - Ares . fub ( )
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A proper gap must be left between the beam and the column in order to accommodate rotations up to
50 mrad:

w,
9aPmin = Max {tT,f + 2 try; @ (mr+np) +trp@ - (ev + 7” + z)} =

= max{60 mm; 34.63 mm; 29.28 mm} = 60 mm (6.72)

lg o orn g i:\uT-stub
[g ‘GBE‘U;‘G

4 M16, 10.9, HV

Figure 6.21. Design of the T-stub

Step 5. Design of the haunch

An iterative procedure is adopted to define the geometry of the haunch flange (Figure 6.20) according
to a “trial and error” procedure by fixing the number of rows of bolts, the pitch, the diameter of the bolts
and the distance of the terminal rows of the bolts from the edge. Two rows of M 16 bolts are adopted,
with a longitudinal pitch of 2.4d=45 mm and a distance from the free edge of 1.5d,=22.5 mm.

Ffriction,Rd ' hh

Fipg = 5 & oy = 43.26 kN (6.73)
L

Froiy:
Fv,Ed — friction,Rd — 29.78 kN (6.74)
Np,n

Where hy, is half-height of the haunch and d; is the distance of the i-th bolt from the COR. The web
thickness is assessed as:

¢ > Ffriction,Rd *Ymo
"= (hy —2-do) fy

= 9.50 mm (6.75)

It is assumed tp,, equal to 15 mm.

Step 6. Design of the L-stubs

The same approach adopted with the T-stub is used.
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237
Ffriction,Rd .
Fipqg = = 104.23 kN — Tension (6.76)
b
Ffriction,Rd
Fppq = =" — 1432 kN — Shear (6.77)
’ 2 ny
M20 bolts are chosen to connect the L-stubs to the column flange (Figure 6.22).

F, F, - F

Aresmin = max ’}ﬂ( 2Ed t'Ed)-YMZ t'Ed] = 144.76 mm? (6.78)
ub

a,  126)" 09-fy

The vertical slotted holes are designed as follows:

stroke,p = ¢ - (gap + e, pn + wy s + strokey 4) = 11.67 mm
Lgiot vmin = 2 * stroke, p +dg = 41.34 mm — 50 mm
stroke,p = ¢ - (gap + e, pn + wy s + strokey 4) = 11.67 mm

Lgiot vmin = 2 * stroke, p +dg = 41.34 mm — 50 mm

o O ] B

oo on LD o0 00 OO Om gn

N s [Nl e

rr o w wr Ay T )
170 mm

M20 bolt
]

L-stub

4 Mm, 10.9, HV
Figure 6.22. Geometry of the L-stubs

Step 7. Check of the beam resistance

The bending moment at the column flange should be higher than the plastic resistance of the beam.
Therefore, it is essential to evaluate the bending moment at the presumed position of the plastic hinge

M} a. The beam, in this case, is a non-dissipative zone and must be controlled by the following relation:

L.—b 2.18 — 0.245
Mp,ea = Mcf ra =183—————— = 16243 < My, 4
L, 2.18

where b is the length of the haunch and L, an equivalent length for shear:

(6.79)
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Mcf ra

L—2a— =2.18m (6.80)

Ed

Table 44 summarises the design input and the FDs' main geometrical and structural properties.

Table 44: FREEDAM BClJ: Design input, geometry and structural properties

z Meg,uts  Fsiipd Ny ng Class d Pre- Torque slot
load
[m] \ [kNm]  [kN] [-] [-] [-] [mm] [kN] [Nm]  [mm]
0.400 ‘ 103 234 4 2 10.9 M16 55 145 170

6.3.2 Self-Centring Column Base (SC-CB)

The expected forces in each component have been developed by imposing static rotational equilibrium
equations to derive, at first, the response to the action applied to the connection and then the moment
rotation behaviour of the connection (Figure 6.23 (a)). The design of the SC-CB is based on a step-by-
step procedure consisting of these steps: i) definition of the design input parameters; ii) design of the
dissipative and self-centring components; #ii) design of the structural details of the joint. The design
methodology has already been presented and discussed in Chapter 3. However, in this section, the design
procedure is reported to obtain the geometrical and structural properties of the SC-CB specimen used
for the experimental tests.

Step 1. Design input parameters

The design procedure of the SC-CB requires as input parameters: i) the geometrical properties of the
column (i.e., cross-section properties and the splice position above the foundation (1;))); ii) the design
forces in the column (i.e., the maximum/minimum expected axial forces (Ngg max -Nga min) and the
design bending moment (Mg, )) derived through the procedure suggested by Eurocode 8 [1], namely
considering a proper overstrength of the dissipative zones.

The design shear force in the CB joint is estimated as follows:

Mgq 127 kNm

= = 115kN 6.81
L 1.10m (681

Vea =

where [, = [, — [, and [ and [}, are respectively the column shear length and the distance between the
splice and the base (Figure 6.23). Table 45 lists the geometrical configuration and the design input
actions of the SC-CBs, defined by considering the proper location of the splices.
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Table 45: Self-Centring Column Base (SC-CB) Design input

Profile Splice (Iv) z MEqg NEd VEq
[-] [mm] [mm] [kNm] [kN] [kN]
HE 200B 500 185 127 +138, -119 115

Note: negative values are for tension; positive values are for compression

b) M
-~ AM:)
;‘M] >
M;
M,
i
—»
M, Gap opening
r M, Target rotation
‘.-—
M, Gap closing

Figure 6.23. Self-Centring Column Base: (a) Schematic representation during the gap-opening; (b)
Moment-Rotation behaviour

Once the input parameters are selected, the SC-CB connection design can be addressed by first designing
the bolts of the web FD and, consequently, designing the PT bars and the bolts of the flange FDs. The
objective of the design procedure is to satisfy at the same time three main conditions: i) no yielding of
the column; i) self-centring behaviour; iii) bending moment corresponding to the gap opening higher
than the one defined by Eurocode 8 [13] for the seismic design combination according to the ULS.
These conditions are summarised in the following system of inequalities:

M, < M,
Mp = Mpp (6.82)
M, > Mgy

where M,, . is the column’s yielding bending moment.

Step 2: Design of the components
Web FD
The required pre-load force for each web bolt (F,,,) is easily determined by imposing that the slippage

force of the web FD (F,,) must be larger or equal to the required value of the design shear force (Vg,),
as follow:
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Via 115
> > 27.12 6.83
u-ng:np, 05324 ( )

Ey = p- ng- Np,w 'Fp,w = Via - Fp,w P

According to this relationship, 4 HV M14 Class 10.9 Bolts with a pre-load force of 28 each have been
chosen for the web FD.

PT Bars
The post-tensioning force of the PT bars (Fpr o) is defined by imposing the system of equations for the

self-centring condition and the equilibrium between the internal and external bending moment in the
SC-CB, as follows:

Fpro = 2F; + F, — Ngg

{ppm : @ + Fr (2) = Mgy — (Fyy + Nga) (g)

127
Fppo = ——— 138 > 548.4 84
> Fpro 2o~ 138254849 (684)

Conversely, in case of Ngg iy it is obtained:

FPT,O 2 2Ff + FW - NEd

127
- Fprg = 0185 + 119 > 753.80 (6.85)

According to this relationship, 2 PT Bars of Class 10.9 with a pre-load force of 400 kN each have been
chosen for the web FD.

Flange FDs

In addition, the minimum pre-load force for each flange bolt (F, ) is provided by addressing the
contribution of the force of the PT bars and the force of the web FD. The slippage force of the flange
FDs (F) can be obtained as indicated by the following expressions:

Mg 1 Fr 106.44

Fr=—=—=>(Fy+Ngq +F Fpf = =
4 (Ry + Nea + Foro) = Foys w-ng-nyy 053-2-8

= 25.10 (6.86)
z 2

According to this relationship, 4 HV M14 Class 10.9 Bolts with a pre-load force of 26 each have been
chosen for the web FD.

Disk Spring system

The disk springs system is designed to be over-strength with respect to the PT bars by calculating the
number of disk springs in parallel (145,4,) as follows:

As,res,PT 'fy
Fy,DS = Fy,PT = Ngspar =5 (6-87)

Fypsa
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where Ag ;5 pr and f,, are the net area and the yield stress of the PT bar, respectively, and F), p5; is the
yield strength of the single disk spring. 3 disk springs in parallel are selected.

The number of disk springs in series (g 5¢rr) controls the stiffness of the self-centring system (K., ) by

providing sufficient deformability to the system, and it is calculated assuming that:

(fy  Asrespr — Fppr) M) (6.88)

= > K > n >n K <
eq,1 = e ds,ser = 'tds,par™ds,1
6PT q a P Keq,lKPT

where 6pr = 0; - dpr is the maximum elongation of the farther bar from the COR and dp; is the
distance of the PT bar with respect to the COR. It is worth noting that the previous equation provides
the minimum number of disk springs in series (145 ) and it can be increased to reduce K,4. A tensile
resistance check of the PT bars is carried out, considering their elongation. This check ensures that both
the PT bars and the disk springs remain elastic. 8 disk springs in series are selected. The selected disk
springs are SCHNORR Din 6796 30, with the characteristics illustrated in Figure 6.24 and Table 46.

7

A

ot

Designation of an original SCHNORR
load washer DIN 6796:

Size 8 made of 5|

= |load washer C FSt

Figure 6.24. SCHNORR Disk Spring DIN 6796

Table 46: SCHNORR Disk Spring M30 DIN 6796

Article Finish Size d; d; S hmin  hmax F Min residual load
[-] (-] [mm] [mm] [kNm] [kN]  [kN] [N] [N]
701800 blank, oiled 30 31 70 7 8 9.20 300000 196000

Table 47 summarises the web's main geometrical and structural properties, the flange FDs, and the SC
system. The FDs comprise 8 mm coated friction pads of S355JR steel class for both web and flanges.

Table 47: SC-CB Geometry and structural properties

Element Class Number Diameter Pre-load Torque
[-] [-] [-] [-] [kN] [kNm]
Web FD HV 10.9 4 M14 28 65
Flange FD HV 10.9 4 M14 26 60
PT bars 10.9 2 M30 400 1000
Disk Springs C60S 3 Npar, 8 Ner D30 - -
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The friction coefficient () is assumed to be equal to 0.53, consistent with previous studies on friction
interfaces [16-19]. The SC system includes high-strength PT bars 10.9 class and disk springs special
washers DIN 6796 of C60S material installed after a pre-setting procedure using preliminary uniaxial
compression tests.

Step 3: Design of the structural details
Anchorage plates
Anchorage plates for the PT bars are placed symmetrically along with the column’s depth and welded

to the column. The dimensions of the plates are known (i.e., b, and [,)), except for the thickness (t,),
which is designed and checked to resist the total force of the PT bars (Fpy). Anchorage plates of 40mm
are designed.

Cover plates
The cover plates of the flange FDs are designed and verified to resist the tensile force provided by the

design actions (i.e., the contribution of Mg,;, Ngy4, F, and Fpp). It is worth highlighting that the
contribution of the friction shims to the tensile resistance of the FDs is neglected, as well as the flexural
resistance of the flange cover plates and friction shims, as previously discussed. In addition, the flanges’
plate thickness is checked to avoid local buckling. The FDs comprise 8 mm steel cover plates of S355JR
steel for both web and flanges.

Web oversized holes and flange slots

Web oversized holes (d},) and flange slots (I, ) are designed to accommodate the design rotation (6;)
during the gap opening phase. The holes’ positions are designed to comply with the edge distances and
spacing of bolts suggested by Eurocode 3 Part 1-8 [24]. Finally, the design resistance of the lower part
of the connection is calculated and checked, considering the failure modes (i.e., shear resistance, bearing
resistance, punching shear resistance, combined shear and tension) as indicated in the Eurocode 3 Part
1-8 [24]. The geometry and the structural details of the web and flanges FDs and the self-centring system
are reported in Table 48,

Table 49 and

Table 50, respectively. The symbology is consistent with that reported in the design formulations (see
Chapter 3). The theoretical Moment-Rotation relationships of the SC-CB for Ny, and N,;, are
respectively shown in Figure 6.25. Figure 6.26 illustrates the SC-CB adopted in this experimental
campaign. In addition, the details of the SC-CB specimen with the geometrical dimensions are
summarized in ANNEX B.

Table 48: Web cover plates geometry and structural properties

Specimen bup By twp el pl e2 p2 dy z/2
- [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
SC-CB ‘ 130 300 8 30 70 30 70 30 93
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Table 49: Flange cover plates geometry and structural properties

Specimen b hy ty el pl e2 p2 Lstor z
[mm)] [mm)] [mm)] [mm)] [mm)] [mm)] [mm)] [mm)] [mm)]
SC-CB 200 300 8 50 50 39 122 30 185

Table 50: Self-centring system geometry and structural properties

Specimen t Kpr Kps Keq Algvg pr z
[mm] [kN/mm] [kN/mm] [kN/mm] [mm] [mm]
SC-CB 40 162 42 56 4 185
a) — b) ———
200 Theoretical Model N Max M. 200 | Theoretical Model N Min

-200 | 1 -200 |

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
HS ccB [rad] GS ccB [rad]

Figure 6.25. SC-CB: Theoretical Moment-Rotation relationship for a) Naax; b) Nusin

a) b) Column
Column Anchorage plates
for the PT bars
Web oversized holes Flange slots
Web friction pads Flange friction pads
Web

Flange Web cover plates

Friction Device (FD)

Friction Device (FD)

/ Flange cover plates

Disk springs . &

High-strengifh M 1ioh-strength

re-loadable bolt

Base plate

Figure 6.26. Self-Centring Column Base: Geometrical configuration. a) 3D view, b) exploded view.
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6.4 Material Properties
6.4.1 Coupon Tests

Coupon tests have been carried out to determine the stress-strain curve of the adopted structural steel
and characterise the modulus of elasticity (E), yield stress (o,), ultimate stress (o,) and the corresponding
deformations. S355 steel classes were used for beams and columns of the structure, and three coupon
specimens (i.e., one web and two flanges for each element) were subjected to tensile tests according to
EN ISO 6892-1 [25]. The results are listed in Table 51.

700 T w w T w 700
a) b)
r ] 600
500
E 400 -
=
— 300
N
200
100 Eng Stress-Eng Strain 1 100 Eng Stress-Eng Strain
— True Stress-True Strain True Stress-True Strain
0 : : : : : 0 : : : : ‘
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
el-] el-]
Figure 6.27. Coupon Test. Stress-strain curve for: a) Columns (Test 1); b) Beams (Test 1)
Table 51. Steel properties
Profile Test Element Oy gy E Cu €y
[-] [-] [-] [MPa] [%] [MPa] [MPa] (7]
1 Flange 387 0.186 208064 527 38.0
Beam 2 Flange 397 0.187 212299 520 39.4
(IPE 200) 3 Web 451 0.210 214761 551 36.6
- Average 412 0.194 211708 532 38.0
1 Flange 354 0.168 210714 467 34.8
Column
(HE 200B) 2 Flange 355 0.167 212575 465 314
3 Web 360 0.169 213018 462 31.0
- Average 356 0.168 212102 465 324

6.4.2 Characterization tests for the FDs

The friction force is affected by the bolt pre-loading force, F, and the friction coefficient of the shim-
steel interface, p. The preliminary tests described in this section allowed the characterization of the FD
parameters to gain confidence in the following:

i) the definition of the friction coefficient, u, for the interface materials;
ii) the definition of the bolts pre-loading force, £, used in the tests.
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6.4.2.1 Tests for the Friction coefficient

The characterization tests for the friction coefficient have been performed on three sub-assemblages of
S355JR steel plates and friction pads of S355JR steel plates coated with thermally sprayed material to
test the uniaxial behaviour of friction interfaces. Figure 6.28 shows the geometry of the plates. The tests
were performed using the universal testing machine SCHENCK HYDROPULS S56 LOADING
CAPACITY +-630kN, maximum stroke equal to +-125mm and a self-balanced steel frame used to
counteract the axial load (Figure 6.29).

Upper Inner Plate
(t=30 mm)

(Steel S275JR - hot-dip galvanized) Frjctio_n pads
(t=8 mm-+coating of 0.3 mm)

(S355JR - coated)

im0 Eamm

o
=

60

by & b
FP P B d
Holes 21 mn<¢ RE Holes 021 m.m<* |5 Holes ¢21 m.mé A
e 9
—28A02n )
Slot ¢21 mm - L=151 mm—|_ 4 Holes $21 mm </¢ J Holes ¢21mm< o
| ~

350
80,
60

Lower Inner Plate
(=30 mm)
(Steel S355JR)

Figure 6.28. Characterization tests for the friction coefficient: geometry of the plates.

The layout has been defined as complying with the standardised sliding test suggested by EN1090-2
[26], while the loading protocol is consistent with EN 15129 [27] (i.e., qualification of displacement-
dependent dissipative devices). The loading protocol consists of 5 cycles at 25%, 50% and 40 cycles at
100% of the target displacement. In this case, the target displacement has been calculated considering
the distance between the COR and the mid-centre of the friction damper of the SC-CB, equal to 7.4 mm
=0.04rad x 185mm (i.e., z=185 mm is the internal lever arm of the connection) and it has been rounded
in 10 mm. Therefore, the loading protocol consisted of 5 cycles at the amplitude of 2.5 mm +5 cycles
at the amplitude of 5 mm +40 cycles at the amplitude of 10 mm. Increasing speed values were defined
to remain in a quasi-static range due to the available equipment (i.e., from 1mm/s for the first 10 cycles
to Smm/s for the cycles at the maximum amplitude).

Two HV M20 10.9 bolts with a maximum pre-load capacity of Fpc = 0,7 Apoirfur = 0.7 x 245 x 1000 =
171500 N = 171.5 kN have been used, with a pre-loading force set as the 50% (i.e., 85.75 kN) of the
maximum preload, corresponding to a tightening torque of 0.13x85.75x20=223Nm, where 0.13 is the
k-factor. The pre-loading forces of the bolts have been applied with a calibrated torque wrench sensor
FUTEK TAT460 (maximum capacity of 680Nm), while two FUTEK LTHS500 load cells have been
installed to monitor the forces before and during the test. The axial displacements of the devices will be
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read directly from the transducer of the testing machine and, in the same way, the slippage force (i.e.,
directly from the load cell of the machine). Three tests have been performed on one sub-assemblage
having the same configuration and pre-loading values, and the average values between the three tests
have been obtained.

a) Grip Length b)
for the machine

1. Friction pads Smm

B-feiHEn . .

> Bolts HV type hot-dip galvanized
g | B (EN14399-4:2005)
M20- 10.9 class Lmin=110 mm

& Bolts HV type hot-dip galvanized
(EN14399-4:2005)
M20 - 10.9 class Lumin=155 mm
Donut load €ells
FUTEK LTH500

Washers t=3 mm hot-dip galvanized

Grip Leng
for the machine

Figure 6.29. Characterization tests for the friction coefficient: a) Sub-assemblage; b) Test set-up.

There are two values of the friction coefficients: an effective value (Lsf), calculated as the ratio
between the slippage force and the sum of the nominal values of the pre-loading N,,. Conversely, the
actual value (u,.;) has been determined as the ratio between the slippage force and the sum of the values
of the bolts' forces directly read from the load cells during the test. Such an actual value provides the
real measure of the friction coefficient, whose degradation is due only to the damage of the surfaces in
contact, while the effects coming from bolt loosening are directly measured by means of the load cells.

= F (6.89)
Herr = ng nyp Np '
F
= 6.90
Uact s T Np1c ( )

where N, ;¢ is directly read from the load cells for each bolt during the test.

Figure 6.30 shows the force-displacement behaviour of Test 1, exhibiting a regular hysteretic behaviour
with a slight kinematic hardening. It is worth noting that the hysteretic curve of one of the three tests is
shown; however, a very small scatter of the response for the other tests was observed, evidencing a very
low random variability of the friction coefficient for this material, consistently with previous tests [16-
18]. This results in the possibility of predicting with a higher accuracy the value of the friction
coefficient to be used in design from the practical point of view. Consistent results were obtained for
the other tests, and the average value of the friction coefficient, u, was equal to 0.53. In addition, Figure
6.31 shows the degradation of the friction interfaces after the tests.
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Figure 6.30. Characterization tests for the friction coefficient. a) Force-displacement behaviour; b) Bolt

forces

6.4.2.2 Relationship between torque and the bolt pre-loading force

Figure 6.32 shows the test setup for the characterisation tests for the relationship between torque and
bolt pre-load force. The bolts pre-loading force can be defined by the following equation:

Ny = 2 (6.91)

where T, is the value of the tightening torque, d is the bolt diameter, and the recommended value of & is
equal to 0.2, as suggested by Latour ez al., 2015 [15]. Previous studies showed that this relationship may
under- or over-estimate the bolt pre-loading force, Nj, by 20% due to different bolt types and differences
in temperature, humidity, thread conditions, lubrication, etc. Hence, the characterization tests aimed at
deriving the k parameter that best described the relationship between 7}, and N, for the bolts used in the
tests. The characterisation tests have been carried out considering three bolts of each type with different
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torque values (i.e., Tp from 60 to 100 Nm for the M14 and from 100 to 140 Nm for the M16). It is
noteworthy that these values have been selected in a reasonable range of variation, considering the
design torque of the bolts used in the experimental campaign. Regressions of 15 samples for each
typology provided a value for k equal to 0.129, consistent with the recommendations provided by the
manufacturer (Figure 6.33).

Figure 6.32. Relationship between the tightening torque 7% and the bolt pre-loading force Ns. Test set-up
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Figure 6.33. Results and interpolation curve for the: a) M14 bolts and: b) M 16 bolts

6.4.2.3 Loading test on disk springs

A pre-setting procedure was performed on the disk springs to ensure their elastic response during the
tests [28]. Figure 6.34 shows the test set-up and the force-displacement curves of three disk springs,
highlighting the effect of the pre-setting procedure (i.e., non-linear response) and the elastic response
during the reloading and unloading phases. It is possible to observe that the disk springs show an elastic
non-linear response for higher forces close to their complete flattening. This is further discussed in
Section 6.8.2.
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Figure 6.34. Disk Spring washers. a) Test set-up; b) Experimental behaviour of three single disk springs.

6.5 Experimental Program
6.5.1 Pseudo-dynamic Procedure

The PsD technique [8] was used to simulate the seismic response of the large-scale tested structure. This
method was originally developed at the end of the 80s within the framework of the U.S. - Japan
Cooperative Earthquake Research Program in Japan, at the Tsukuba Building Research, and in the
United States, at Berkeley, University of California, and at Ann Arbor, University of Michigan. While
the shaking table tests experimentally reproduce the seismic response of a structure through the
application of the natural ground acceleration at its basement, the pseudo-dynamic method is a hybrid
method characterized by the combination of experimental techniques and numerical simulations,
making these two phases cyclically dependent. It imposes floor displacements on the structure by
solving step-by-step equations of motion during the test. For this reason, the parameters used to set the
numerical procedure can affect the experimental outcomes, and the more complex is the numerical
modelling, the more time is required to solve step-by-step the equation of motion, inducing an increase
in the test duration. The equipment is generally constituted by hydraulic actuators, fixed to rigid reaction
walls or frames, which apply floor displacements to the analysed structure. In contrast, load cells and
transducers monitor the information related to the reaction forces and the relative floor displacements.
Figure 6.35 illustrates the conceptual scheme of the pseudo-dynamic testing method.

Among the main benefits of this test method is that it allows the adoption of the same experimental
equipment that is used for quasi-static tests, and the inertia and viscous forces are simulated by
preliminary defining the mass matrix and the damping matrix of the structure without the need for really
applying the masses to the building. Furthermore, unlike the shaking-table tests, the quasi-static loading
history application of the pseudo-dynamic method allows the continuous monitoring of the inspection
of the behaviour exhibited by the structural elements (e.g. connections, members, devices), which results
in complex and onerous in the case of real-time tests. Given the above-reported considerations, this
experimental strategy can be fully exploited to check the reliability of the analytical models to predict
the non-linear behaviour both at the local (materials) and global level (structures or their components).
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This strategy represents an excellent solution to assess the seismic response of structures equipped with
innovative devices. In fact, the rigid decks constituting buildings allow schematizing the structures as
systems with n degrees of freedom in correspondence with which the masses are assigned and the
imposed displacements evaluated with the implemented calculation routine. This aspect clarifies that
the pseudo-dynamic approach is very effective in the case of systems characterized by discretized
masses. In contrast, the complexity of adopting such an approach tends to increase in the case of
structures characterized by uniformly distributed masses, such as pylons, monuments or towers.

Servo - Hydraulic Actuators
External transducers

Reference frame

Measured Resloring Imposed
Force R(t) Displacement x(t)

Bt il [ . =L ME(#) + Cx(¢) +rx(t) = —MI &, ()

= 4‘7 Numerical Model

Accelerogram

Figure 6.35. Conceptual scheme of the pseudo-dynamic testing method.

To perform a pseudo-dynamic test, it is necessary to define the viscous damping based on literature
data, even though during the actual test, with the behaviour of the structure pushed in the plastic field,
the hysteretic damping will tend to prevail over the viscous. The quasi-static nature of the test generates
a low speed of structural deformation, inducing lower strength and stiffness than those expected during
the earthquake. Such a phenomenon is known as relaxation, but it is worth highlighting that in the
framework of this work, which is focused on steel structures, it can be considered insignificant. The
classic pseudo-dynamic technique is characterized by the alternate execution of the experimental and
numerical phases. No temporal requirements must be fulfilled; instead, the fast approach requires
synchronization between the two phases, imposing a maximum time step period the jobs must end.
These constraints can induce convergence problems in the case of complex tested structures; for this
reason, mainly to ensure the stability of the numerical simulations, it is preferable to use the explicit
central differences method for the experimental part and the implicit one for the analytical part. As
already pointed out, the nature of the pseudo-dynamic method is based on a numeric-experimental
approach based on solving step-by-step the dynamic equation of motion. Consequently, a model of the
test sample is necessary; in the case of structures, it is possible to assume that the rigid decks to which
the masses can be assigned allow defining a finite number of degrees of freedom whose main
components are excited in the direction of the seismic loading. The equations of motion to be solved
can be expressed as:
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[M1{a;} + [Cl{v:} + {R} + [K, |{d:} = —[M][Bl{ay}
where:

e [M] and [C] are the mass and damping matrices, respectively;

e {R;}is the vector that includes the reaction forces;

o [Kg] is the matrix of the geometric stiffness used to compensate the loads not present on the
structure during the test;

e {a;}, {v;} and {d;} are, respectively, the vectors of accelerations, velocities and displacements
of the degrees of freedom of the structure at time i;

o {agi} is the vector of ground accelerations at time i in each direction considered;

o [B] is the transformation matrix of ground acceleration; the component B;; corresponds to the
acceleration in correspondence with the degree of freedom i when the structure acts as a rigid
body due to a unitary acceleration to the ground of component j (in the case of a flat test with a
single component of horizontal ground displacement [B] is a unitary vector).

6.5.2 Test setup

The experimental setup is shown in Figure 6.36. It consists of two actuators (MTS 243.60—02 and MTS
243.45-01) employed respectively on the structure's first and second floor to apply horizontal loads. In
particular, the actuator located on the first floor (MTS 243.60—02, Figure 6.37) has a load capacity equal
to 648 kN in tension and 1000 kN in compression and a piston stroke equal to 508 mm, while the
actuator located on the second floor (MTS 243.45-01) has a load capacity equal to 649 kN in
compression and 445 kN in tension and a piston stroke equal to £1066 mm. The two actuators are
connected to the deck of the tested building on one side, while on the other side, they are fastened to a
reaction steel braced frame. Rigid braced steel footings fastened with high-strength Dywidag bars assure
the specimen's connection to the laboratory's strong concrete floor and the base of the reaction-braced
frame (Figure 6.38-Figure 6.39).

6.5.3 Instrumentation

Many measurement devices have been employed to monitor global and local displacements, rotations
and deformations. The global response of the structure has been assessed using two wire transducers
(WSs) per level, employed to measure the horizontal displacements of the floors, while two LVDT
(Linear Vertical Displacement Transducers) (i.e., max stroke 100 mm) per level have been used to check
possible deck rotations (Figure 6.40-Figure 6.41). It is worth highlighting that, in the considered case,
transversal movements and floor rotations can be due only to geometrical imperfections resulting in
accidental eccentricities. Additionally, the local response of the structure and its components have been
assessed using axial strain gauges (Figure 6.42) and LVDT (i.e., max stroke 50 mm) (Figure 6.43). Axial
strain gauges have been applied to the columns' top and bottom sections to check the bending moments
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at the columns' ends. In this way, the bending moments at the connection level have been defined using
the nodal equilibrium.

F 3
‘ Floor 1 Actuator MTS 243.45-01 1 Il
§ = : 649KN/-445KN ; = 1066 mm
z3 & IPE 270
=1
2
Reaction Braced I ]
§ Frame
Actuator MTS 243.60-02 .
Floor 2 _ 1000KN/-648KkN ; + 508 mm ”=- - -
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Figure 6.36. Experimental set-up.

Figure 6.37. Actuator at the first storey.
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Figure 6.39. Rigid base.

The local response of the FREEDAM BClJs has been monitored using eight LVDTs (i.e., max stroke 50
mm, one per joint) to measure the displacements. Starting from the knowledge of the horizontal
displacements, the rotation of the FREEDAM BClJs has been evaluated, considering the distance from
the COR. Regarding the bolt tightening procedure, the initial pre-load, according to EN 1090-2 [26]
specifications, was increased by 10%, and the preload was added to the bolt loads to account for random
variability of the bolt tightening and initial installation loss. Thus, a torque of 150 Nm for each bolt was
applied in the FDs. Figure 6.45 and Figure 6.46 show the details of the instrumentation and the
measurement devices used for the tests for the FREEDAM BCl.

The local response of the SC-CB connections has been monitored using eight LVDT (i.e., max stroke
50 mm, two per joint) to measure the vertical displacements in both column sides. Starting from the
knowledge of the vertical displacements, the rotation of the SC-CBs has been evaluated considering the
distance from the COR. A torque sensor, FUTEK TAT430, has been used to measure the initial torque
applied to the bolts with the torque wrench. As for the FREEDAM BCls, the initial pre-load, according
to EN 1090-2 [26] specifications, was increased by 10% of the preload was added to the bolt loads to
account for random variability of the bolt tightening and initial installation loss. Thus, a torque of 60
Nm was applied in the flanges and 65 Nm in the web FDs for each bolt. Four load cells IFF LWCF have
been installed within the connection with different functions: 1) to monitor the initial PT force in the PT
bar by direct observation; ii) to monitor the tensile forces in the PT bars along each test duration. In
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addition, the forces in the remaining four PT bars have been monitored by using four strain gauges
located at the centre section of the PT bar. It is also worth highlighting that the load cell and the strain
gauges have been installed on a single PT bar. Such a redundancy of the measurement devices has been
crucial to find a correlation between the two measurements. Figure 6.47 and Figure 6.48 show the details
of the instrumentation and the measurement devices used for the tests for the FREEDAM BClJ.
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Figure 6.41. Wire sensors.
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Figure 6.42. Location of the strain gauges.
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Figure 6.43. Location of the LVDT.
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Figure 6.45. Location of the instrumentation for the FREEDAM BClJ.
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Figure 6.47.
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Figure 6.48. Details of the instrumentation for the FREEDAM BCJ

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



Chapter 6 Pseudo-Dynamic Testing of a Large-Scale steel Structure equipped with SC-CBs 259

6.5.4 Ground motions and test sequence

The Pseudo 2 software [9] provided by MTS Company has been used to perform the tests, adopting a
time step of the algorithm equal to 0.01s. The algorithm is set to eventually reduce the time step if the
equation of motion does not converge at a given time step. The mass matrix is defined starting from the
loads previously introduced. Referring to the overall loads calculated for the couple of MRFs, the mass
matrix can be written as:

38 0
0 28.4] ton

M=|
The ground motion records have been chosen within a set of natural accelerograms, with a spectrum-
compatibility selection with the Eurocode 8 [13] design spectrum (Figure 6.49) (i.e., their mean
spectrum is consistent with the type-1 spectrum for a PGA equal to 0.35g and a type-B soil).

3.5 .
I — Imperial Valley
36 _ X — Spitak 1
“ ! T 041 sec Attificial
25 b 1 “‘w‘ “/\\ Santa Barbara
| \ Coalinga
“\‘ . Kobe

A Eurocode 8
Y\

Figure 6.49. Spectra of the accelerograms (amplified PGAs)

The seismic inputs are shown in Figure 6.50. The Imperial Valley earthquake was applied to the building
as the first seismic input. Instead, the second accelerogram, Spitak, was chosen because it is
characterised by one main peak with significant amplitude. The third earthquake is an artificial seismic
input obtained through the SIMQKE [31] tool by applying the same previous input parameters to
investigate the effects of an earthquake characterized by a high number of peaks in terms of
accelerations. Conversely, several peaks of moderate amplitudes characterised the other accelerograms.
The high overstrength exhibited by the structure in previous experimental tests [6-7] required an
increase in the values of the PGA for all the tests; therefore, the sequence of ground motion records has
been applied using amplified PGAs. For example, the natural PGA of Test 1 (i.e., Imperial Valley) was
equal to 0.37g, but an amplified PGA equal to 1.10g, about three times the real one, has been employed.
It is also highlighted that several zero acceleration points have been added to the end of each record to
allow the free vibrations to stop and capture the residual deformations correctly and compatibly with
the testing equipment.
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Table 52 reports the matrix for the PsD [8] tests with the indications of the station, the magnitude, the
fault mechanism, the direction, as well as the natural amplified PGAs used for the test. Firstly,
preliminary tests have been carried out to obtain the modal properties of the structure. The fundamental
period was estimated as T; = 0.41 sec. Subsequently, the sequence of eight scaled ground motions has
been defined and applied. It is worth highlighting that Table 52 lists the spectral accelerations Sa(T))
related to the ground motion spectra of the PsD tests (i.e., with amplified PGAs), corresponding to the
fundamental period of the structure (i.e., T) =0.41sec). Figure 6.51(a) shows the test specimen in the
configuration adopted for Tests 1 to 6. Two additional tests were successively carried out to investigate
the influence of the axial force in the SC-CB for the self-centring behaviour. Test 7 was carried out by
considering additional distributed gravity loads at both levels (i.e., 3.50 kN/m?), applied with flexible
water tanks, as illustrated in Figure 6.51(b). Test 8 has been performed with the additional load but
without the PT bars. This test aims to investigate the influence of the gravity load and the corresponding
axial force in the column. Conversely, Test 8 was performed with the additional load but without the
PT bars. For this case, the tightening of the bolts of the CBs' FDs was properly increased to cope with
the reduction of the flexural resistance deriving from the decrease of the decompression moment. It is
worth mentioning that, in all tests, the initial PT force was always equal to 400 kN for each bar, except
for Tests 5 and 6, where it was approximately 350 kN.
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Figure 6.50. Accelerograms used for the test (amplified PGAs)
Table 52. Test Matrix
Test Input Station Date  Direction Natural PGA PGA for the PsD S, (T1)
[-] [-] [-] [-] [-] (] [g] g]
1 |Imperial Valley = Agrarias, USA  15/10/1979 N/S 0.37 1.10 2.01
2 Spitak Gukasian, Armenia 07/12/1988 N/S 0.20 0.80 1.38
3 Artificial SIMQKE GR - - 0.35 0.50 1.56
4 | Santa Barbara Courth house, USA 13/08/1978 N-S 0.10 0.80 1.16
5 Coalinga  Slack Canyon, USA 02/05/1983 N/E-S/W 0.17 0.80 1.62
6 Kobe Kakogawa, Japan 16/01/1995 N/S 0.25 0.80 1.40
7' |Imperial Valley — Agrarias, USA  15/10/1979 N/S 0.37 1.10 2.01
8% Imperial Valley — Agrarias, USA  15/10/1979 N/S 0.37 1.10 2.01

! Note: additional distributed loads.
2 Note: additional distributed loads and without the PT bars.

4-:‘ |

Figure 6.51. Tested specimen: a) Test 1 to 6; (b) Test 7-8
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It is worth mentioning that the same friction pads were used in all the tests for the FDs of both the DF-
BClJs and SC-CB connections. However, at the end of each test, the structure was repaired to perform
the following tests. The repair process consisted of loosening the bolts of the FDs of the DF-BCJs and
SC-CBs and re-tightening them to obtain the predefined preloading force. In addition, it is worth
mentioning that, at the end of each test, the PT bars were re-tightened to obtain the predefined PT forces.

6.6 Results and Discussion
6.6.1 Modal properties

The stiffness and the modal properties of the tested structure were experimentally assessed through
white-noise tests. Figure 6.52 reports the results of the tests performed with the sinusoidal input. The
initial stiffness matrix was experimentally evaluated through preliminary elastic tests (i.e., elastic test
and sinusoidal input). The mass matrix considered for the numerical model of the PsD testing procedure
was a diagonal matrix with values equal to 38 and 28.4 tons. The first and second natural periods of the
MRFs in the tested direction were equal to 0.41 sec and 0.19 sec, respectively, and the participating
mass of the first mode was equal to 88%. The viscous damping matrix was defined according to the
Rayleigh approach, assuming a damping ratio for the two natural modes equal to 3% through the
following damping constants: aM = 0.3607 sec™ and BK = 0.000932 sec.
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Figure 6.52. Sinusoidal input and results.

6.6.2 Imperial Valley (PGA = 1.10g)

6.6.2.1 Global Results

After the preliminary tests, the structure was subjected to the Tests Matrix discussed in the previous
section. It is worth highlighting that the structure was subjected to the entire test sequence and ground
motion intensities without any structural failure or significant residual drifts after testing. In addition,
all the ground motions were successfully completed. The global results are shown in terms of
displacement, Interstorey Drifts (IDRs), actuator forces and base shear (V}) time histories for all the
ground motion records (i.e., Tests 1 to 8). The maximum values of these quantities (IDRpeak and Vi, max)
are highlighted for both stories. In addition, the values of Residual IDR (IDRg.s) are compared with the
repairability limit of 0.5% [10], which is conventionally assumed as a permissible residual drift to ensure
buildings' repairability. For the sake of brevity, in this section, the global and local results are shown in
detail for three records, while the other test results are shown in ANNEX B. Figure 6.53 shows the
global results for Test 1 (i.e., Imperial Valley PGA= 1.10g) in terms of displacement and interstorey
drift histories, actuator forces and base shear.

The displacements at the first and second floors achieved peak values equal to 79.38 and 153.70 mm,
corresponding to peak interstorey drifts of 3.31% and 3.10%, respectively. These values were well
beyond the nominal elastic limit of the structure (equal to 1% according to the design), and the response
was characterized by extensive slippage of the DF-BCJs and SC-CBs. The residual displacements
experienced values of 7.28 and 19.59 mm at the first and second levels, corresponding to IDRg.s of
0.30% and 0.51%, respectively. It is possible to see that the first-storey IDRgs was lower than the limit
of 0.5% [10] due to the influence of the SC-CBs localised at the base. Conversely, the second-storey
IDRges was closer to the limit due to the loss of the self-centring capability of the SC-CB along the
height and the structure's high involvement in the plastic range. Figure 6.53 (c) and (d) show the actuator
forces and the base shear, evidencing that the peak responses in terms of displacements and forces occur
at the same instants for the regularity of the structure and the predominance of the first vibration mode.
In addition, it is possible to highlight that, despite the different PGAs used for the tests, the maximum
base shear experienced similar values for all the tests. The results are listed in Table 53.
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Figure 6.53. Global Results for Test 1.

Table 53. Global Results for Test 1.

Maximum Base Shear (kN) Pull -387

Push 477
Peak displacement (mm) Pull Level 1 -27.79
Level 2 -37.59

Push Level 1 79.30
Level 2 153.58

Peak interstorey drift (%) Pull Level 1 -1.16
Level 2 -0.50

Push Level 1 3.31

Level 2 3.11

Residual displacement (mm) - Level 1 7.28
Level 2 19.59

Residual interstorey drift (%) - Level 1 0.30

Level 2 0.51

6.6.2.2 Local Results

Figure 6.54 shows the local results for Test 1 (i.e., Imperial Valley — PGA = 1.10g) in terms of moment-
rotation (@ pcy) of the BCJs. The hysteretic curves of the BCJs are reported only for the MRF1 (i.e., BCJ
1A and 1B for the first storey and BCJ 2A and 2B for the second storey). However, consistent results
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are observed for the other connections belonging to the MRF2, and they are not reported herein for
brevity. The theoretical values of the maximum and minimum bending moments (My;,) corresponding
to the activation of the FDs of the BCJs are reported in dotted black lines. It is possible to observe that
the BCJ connections experienced wide and stable hysteretic rectangular-shaped moment-rotation
curves, as expected. In addition, it is possible to remark on the asymmetric behaviour of such
connections, consistent with previous experimental tests on simple sub-assemblages [19]. The moments
of the BCJs at the first storey achieved values of the maximum and minimum bending moments of 135
and 122 kNm, in absolute values consistent with the theoretical values (M;,). The BCJs 1A and 2A
experienced similar values of the maximum rotations (i.e., about 0.02 rad), while the other joints reached
slightly lower rotations.
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Figure 6.54. Moment-rotation curves of FREEDAM BCls for Test 1.

Figure 6.55 shows the local results for Test 1 of the SC-CB connections. Figure 6.55 (a) shows the
moment-rotation (& sc.cg) behaviour of the SC-CB, which experienced a flag-shaped hysteretic curve
with good self-centring behaviour and negligible residual rotations (i.e., 0.001 rad). In addition, it is
possible to observe that the SC-CB experienced only positive values of the rotation up to 0.02 rad, as
peaks of higher amplitude characterised the accelerogram only in the positive direction. The moment
corresponding to the gap opening (M;) was consistent with the theoretical value. Conversely, the
moment corresponding to the maximum rotation (A/,) obtained by the experimental results was lower
than the theoretical value, as the maximum rotation achieved by the joint (i.e., 0.02 rad) was lower than
the target rotation. Figure 6.55 (b) shows the force fluctuation in the PT bars, which evidences a
significant variability of the pre-loading forces in the PT bars during the loading history. The design
initial PT force was equal to 400 kN for each bar, with very small differences from bar to bar. Then,
both the PT bars were characterised by a loss of 10% of the initial PT force after the initial cycles of the
loading history. Afterwards, they uniformly reached a relevant loss of the PT force of approximately
25% of the initial value. In addition, the tension force variation in the PT bars versus the joint rotation
is illustrated in Figure 6.55 (c). The behaviour of the PT bars was mainly elastic, as evidenced in Figure
6.55 (d), which illustrates the stress-strain behaviour of one PT bar. It is highlighted that the strain
measurement is directly read from the strain gauge applied on the PT bar. The measurements of the
strain gauges applied on the PT bars are not reported for the sake of brevity, as their results are consistent
with the measurements directly read from the load cells.
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Figure 6.55. Results of SC-CB 1A for Test 1.

6.6.3 Spitak (PGA = 0.80g)

6.6.3.1 Global Results

Figure 6.56 shows the global results for Test 2 (i.e., Spitak — PGA = 0.80 g). It is worth highlighting
that the time history of this accelerogram was characterized by a single peak of modest amplitude
leading to a single excursion of the structure beyond the elastic range. The residual displacements were
equal to 1.52 and 5.73 mm at the first and second levels, corresponding to IDRg.s of 0.06% and 0.18%,
respectively. In this case, the structure experienced IDRgs lower than the 0.2% limit [11] at both storeys.
The results are listed in Table 54.

6.6.3.2 Local Results

Figure 6.57 shows the local results for Test 2 (i.e., Spitak — PGA = 0.80g). Similarly to Test 1, the
hysteretic curves of the DF-BClJs at the first and second stories experienced similar responses, consistent
with the theoretical values. It is worth mentioning that, considering that the Spitak accelerogram was
characterized by one main large amplitude cycle, it was expected and experimentally confirmed that
both the FDs of the DF-BCJs and the SC-CBs exhibited only one non-linear excursion for both
directions, corresponding approximately to the instant of the loading history when the PGA was reached.
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Figure 6.56. Global Results for Test 2.
Table 54. Global Results for Test 2.
Maximum Base Shear (kN) Pull 482
Push 426
Peak displacement (mm) Pull Level 1 -72.47
Level 2 -138.59
Push Level 1 56.15
Level 2 106.91
Peak interstorey drift (%) Pull Level 1 -3.02
Level 2 -2.75
Push Level 1 2.34
Level 2 2.12
Residual displacement (mm) - Level 1 1.52
Level 2 5.73
Residual interstorey drift (%) - Level 1 0.06
Level 2 0.18
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Figure 6.57. Moment-rotation curves of FREEDAM BClJs for Test 2.
Figure 6.58 shows the local results for Test 2 of the SC-CB connections.
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Figure 6.58. Results of SC-CB 1A for Test 2.

Figure 6.58 (a) shows that the SC-CB exhibited a flag-shaped hysteretic curve with a higher dissipative
behaviour than the previous case, with rocking in both directions, characterised by positive and negative
rotation values up to 0.02 rad. In addition, Figure 6.58 (b) shows a lower variability of the pre-loading
forces in the bolts of the FDs and a lower force fluctuation of the PT bars during the loading history.
Besides, it is observed that the two PT bars experience similar behaviour along the Test, with negligible
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differences from bar to bar. Figure 6.58 (c) shows the tension force variation in the PT bars versus the
joint rotation. Also, for this Test, the PT bars remained in the elastic range, as illustrated in Figure 6.58

().

6.6.4 Artificial record (PGA = 0.50g)

6.6.4.1 Global Results

Differently from the first and the second tests, the structure remained almost in the elastic range without
relevant residual displacements in Test 3 (i.e., Artificial - PGA =0.5 g) and in Test 4 (i.e., Santa Barbara
— PGA = 0.8 g) tests. This is justified as peaks of relevant amplitude characterise both records;
nevertheless, the adopted PGAs enabled only a moderate sliding of the DF-BCJs and the SC-CB joints.
Results are illustrated in Figure 6.59 and in Table 55 for Test 3.
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Figure 6.59. Global Results for Test 3.
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6.6.4.2 Local Results

Differently from Tests 1 and 2, the DF-BCJs experienced no activation of the FDs and negligible
rotations during Tests 3 (i.e., Artificial — PGA = 0.50g) and 4 (i.e., Santa Barbara, PGA=0.80g). A
similar response was also observed in the SC-CBs, which experienced moderate sliding characterized
by a maximum rotation of 0.005 rad in both tests. Results are illustrated in Figure 6.60 and Figure 6.61.
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Table 55. Global Results for Test 3.

Maximum Base Shear (kN) Pull 358
Push 340
Peak displacement (mm) Pull Level 1 -30.21
Level 2 -48.78
Push Level 1 37.06
Level 2 67.36
Peak interstorey drift (%) Pull Level 1 -1.25
Level 2 -0.87
Push Level 1 1.54
Level 2 1.26
Residual displacement (mm) - Level 1 0.65
Level 2 4.09
Residual interstorey drift (%) - Level 1 0.04
Level 2 0.23
Artificial Artificial
200 ¢ : : : : ; 200 : : : : :
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Figure 6.60. Moment-rotation curves of FREEDAM BClJs for Test 3.

Conversely, for Test 5 (i.e., Coalinga — PGA = 0.80 g) and 6 (i.e., Kobe — PGA = 0.80 g) shown in
ANNEX B, the structure was highly involved in the inelastic range. In particular, for Test 5, the structure
experienced the highest IDRpe,x among all tests. For Test 6, the IDRgs experienced values of 0.34% and
0.55%, respectively, representing the highest residual drift response among all tests. Regarding the local
results, for Test 5 (i.e., Coalinga — PGA = 0.80g), the DF-BCJs provided the highest energy dissipation
with several hysteretic loops with rotations up to 0.02 rads in both directions. Similar behaviour was
also observed in the SC-CBs. Similar results, but with lower rotations, were observed during Test 6 (i.e.,
Kobe — PGA = 0.80g). The main global and local results are summarised in Table 56 and in Table 57,
while the extended results of the other tests are shown in the ANNEX B. Additional considerations
about Tests 7 and 8 and the structure's repairability and resilience are further discussed in Section 6.10.
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Figure 6.61. Results of SC-CB 1A for Test 3.
Table 56. Global results for all tests.
Test Inpln dMax,l dMax,Z dRes,l dRes,l IDRMax,l IDRMax,Z II)I{Res,l IDRRes,Z FMax,l FMax,2 Vb,Max
[-] [-] [mm] [mm] [mm] [mm] [%)] [%] [%] [%]  [kN] [kN] [kN]
1 Imperial Valley 79.38 153.70 7.28 19.59 3.31 3.10 0.30 0.51 287 286 478
2 Spitak 72.47 13859 1.52 5.73 3.02 2.75 0.06 0.18 285 288 482
3 Artificial 37.06 67.36 0.65 4.09 1.54 1.26 0.03 0.14 205 209 358
4 Santa Barbara  38.27 66.84 0.88 6.35 1.59 1.19 0.04 0.23 261 237 410
5 Coalinga 7494 156.22 7.33 20.51 3.12 3.39 0.31 0.54 314 267 437
6 Kobe 51.17 93.86 &.11 21.10 2.13 1.78 0.34 0.55 258 276 405
7' | Imperial Valley 78.19 156.60 10.61 26.33 3.25 3.27 0.44 0.65 206 291 472
82 | Imperial Valley 86.75 172.74 3530 7421 3.58 3.61 1.47 1.62 291 281 449
Notes: 'Additional distributed loads, 2Additional distributed loads without the PT bars.
Table 57. Local results for all tests.
Test Input Macr, Max,i  MBcr,Max2  OBcr Maxt 0 By, Max2 M, M, 0 sc-cB, Max
[-] [-] [kNm] [KNm] [mrad] [mrad] [kNm] [kNm] [mrad]
1 Imperial Valley 135,-122 128,-110 20.4 19.6 98.1 128 19.2,-1.9
2 Spitak 127,-126 124, -126 17.9 11.7 95.5 131 10.6, -14.5
3 Artificial 84, -131 96, -107 = = 96.1 124 5.2,-33
4 Santa Barbara 75, -128 95, -124 = = 90.1 111 5.3,-33
5 Coalinga 129, -133 118, -137 20.5 15.2 99.5 157 14.5, -10.8
6 Kobe 123,-125 108, -122 3.0 6.5 88.4 120 8.1,-9.3
7" Imperial Valley 116,-117 111, -107 22.7 23.9 95.9 133 16.0, -5.0
82 | Imperial Valley 121,-104 129, -98 17.4 26.1 67 130 20.0, -2.1

Notes: ! Additional distributed loads,

2Additional distributed loads, without the PT bars.
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6.7 Test observations

Figure 6.62 (a) and (b) show two SC-CB displacement configurations at the onset of rocking on the right
and left edges for rotations of 0.02 rads. At the same instant, the structure exhibited the deformed
configuration illustrated in Figure 6.63. Test observations at the end of the experimental campaign
showed that the first-storey columns experienced no damage and were fully protected from yielding.

Figure 6 62. Test observations. Self- Centrlng Column Base (SC-CB) (a) rocklng on the rlght edge with
0.02 rads; and (b) rocking on the left edge with 0.02 rads.

Figure 6.63. Test observations. Deformed configuration of the tested specimen.
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Conversely, the energy dissipation was concentrated in the friction pads of the web and flange FDs of
the SC-CBs, which resulted in scratches due to the sliding, as expected. In fact, the DF-BCJs practically
exhibited no damage, except for the expected wearing of the friction pads belonging to the FDs,
confirming the behaviour already exhibited in previous experimental tests [6]. Similarly, the SC-CBs
exhibited no damage, except for the expected wearing of the friction pads belonging to the FDs (see
Figure 6.64). On the contrary, it is worth highlighting that the same structure equipped with only the DF-
BCJs and subjected to the same test sequence exhibited damage in the first-storey columns, which
experienced yielding, physically recognised by the yield lines appearing on the surface of the column at
the end of the experimental campaign [6].

Figure 6.64. Test observations. Damage in the friction pads of the SC-CBs at the end of the experimental
campaign

6.8 Finite Element Modelling (FEM) and Validation
6.8.1 FE modelling

A 2D non-linear FE model of the MRF is developed in OPENSEES [12] to achieve different objectives:
i) to perform blind predictions of the seismic performance of the structure; ii) to check the compatibility
with the capacities of the test equipment (i.e., with the actuators’ limits in terms of displacements and
forces); iii) to validate the modelling strategy. Figure 6.65 shows an overview of the OPENSEES [12]
model with the details of the modelling strategy for the BCJs and the SC-CBs. The modelling strategy
for the FE modelling is based on a mixed lumped and distributed plasticity approach. Beams and
columns are modelled with inelastic displacement-based 'nonlinearBeamColumn elements' [12] with
four integration points. Each section is discretised into eight fibres along with the depth and four along
each flange. Both beams and columns are defined by the 'Steel01' material [12] with 275 MPa and 355
MPa yield strength, respectively and 0.2% post-yield stiffness ratio. The 'section aggregator' function
[12] accounts for the column's shear stiffness. Geometric nonlinearities are considered in the elements
of the structure. The rigid-floor diaphragm is modelled by assigning a high value to the axial stiffness
of the beams. Gravity loads are applied on the beams by considering the seismic combination of
Eurocode 8 [13]. Lumped masses are concentrated below the centre of the spans to model the actuators'
application points in the set-up. Damping sources other than the hysteretic energy dissipation are
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modelled through the Rayleigh damping matrix, where the values of the mass-related and stiffness-
related damping coefficients are considered for a damping factor of 3% for the first two vibration modes.

The BCJ strategy modelling is consistent with Di Benedetto et al. [6]. The rigid elements of the joints
are modelled with ‘elastic beam-column elements'[12] with very high flexural stiffness. A hinge is used
to model the physical location of the COR, located at the level of the T-stub, with a rotational spring
represented by a 'zero-length element' [12]. The FD is placed at the damper's centreline and modelled
by a translational spring represented by a 'zero-length element' [12] defined by 'uniaxial hysteretic
material' [12] with symmetric trilinear force-displacement law. This material adopts a yielding force
equal to the sliding force of the FDs and negligible post-elastic hardening to simulate the FDs' behaviour.
It is highlighted that the connection is conceived to concentrate the energy dissipation within the FDs;
therefore, all the other nodal components have been modelled to have an elastic behaviour. Therefore,
the PZ has not been explicitly modelled.
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Figure 6.65: OPENSEES [12] model

The SC-CB strategy modelling is consistent with the validated strategy defined by Elettore et al. [29].
It consists of a 2D non-linear FE model where the rocking interface is modelled with 8 rigid ‘elastic
beam-column elements' [12] with very high flexural stiffness. The web and flanges FDs are modelled
with 4 translational springs represented by four' zero-length elements' [12]. They are defined by the
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'Steel0]' material [12], considering a rigid initial behaviour and a very low strain-hardening ratio to
simulate the rigid plastic behaviour and a yield strength equal to the design slippage forces in the web
and flanges FDs. The rocking behaviour is modelled with 4 translational springs' zero length elements'
[12]) defined by the 'Compression-no-tension (ENT)' material [12] with a very high value of the
compression stiffness to capture the contact behaviour. The SC system is modelled with a single
translational spring represented by a single 'zero-length element' [12] with bilinear elastic-plastic
behaviour. It is defined by the 'Stee/01' material [12], with an elastic stiffness equal to the equivalent
stiffness and the yield strength of the SC system obtained from the design procedure. The initial PT
force is modelled by imposing an initial strain using the 'Initial strain material' [12]. The material
properties for all the components are defined in Table 47. An additional rotational spring represented
by a 'zero-length element' [12] is included at the base plate level of each first-storey column to account
for the deformability of the rigid base of the experimental set-up equipment.

6.8.2 Validation

The modelling strategy is validated by comparing the numerical FE model in OPENSEES [12] against
the experimental results for all tests. The model was developed for a single MRF; however, the results
of the validation process are shown for the whole structure. For validation purposes, quasi-static
analyses have been performed by applying the horizontal displacement time histories obtained from the
experimental results. The input displacements have been applied to two control points at the first and
second stories corresponding to the actuators' application points. For the sake of brevity, the results for
the modelling validation are shown only for Test 1 and Test 2. However, consistent results are obtained
from the other comparisons, and the following considerations can be extended to all cases whose results
are shown in ANNEX B. The validation process has been performed for global and local responses to
gain confidence in the modelling assumptions and the numerical results, including the local behaviour
of the DF-BCJs and SC-CBs. Figure 6.66 shows the displacements and the actuator forces (required to
impose the displacements time history) at the first and second stories of the structure for Test 1 (Imperial
Valley — PGA = 1.10g). Similarly, Figure 6.67 shows the same results for Test 2 (Spitak — PGA = 0.80g).

Obviously, there is a perfect match of the displacements as these were imposed in the numerical model
based on the experimental results. The comparison in terms of forces shows a good agreement between
the numerical and experimental results, demonstrating the OPENSEES [12] model's ability to simulate
the seismic response of the structures. The results show that the OPENSEES [12] model slightly
overestimates the first-storey forces by approximately 15%. Conversely, the second-storey forces are
slightly underestimated. This effect is attributed to the contribution of the tests' setup flexibility at the
column's base connections, which is simulated in the numerical model in a simplified way. Nevertheless,
the comparison of the base shear shows an almost perfect match between the numerical and
experimental results with very minor differences. For the same ground motion record (i.e., Imperial
Valley — PGA = 1.10g), Figure 6.68 shows the comparison between the numerical and the experimental
results for the DF-BCJ and the SC-CB components (i.e., hysteretic behaviour of the SC-CB, PT force
fluctuations, force variation in the PT bars versus the joint rotation and stress-strain behaviour of the PT
bars). The comparisons are carried out for the DF-BCJ 1A and SC-CB 1A; however, consistent results
are observed for the other connections, and the same considerations can be extended.
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Figure 6.66. FEM validation. Displacements and actuator forces for Test 1
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Figure 6.67. FEM validation. Displacements and actuator forces for Test 2
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Figure 6.68. FEM validation. Local Results for Test 1

Figure 6.68 (a) shows the experimental and numerical moment-rotation curves of the DF-BCJ. The
comparison highlights that the numerical model captures the moments corresponding to the activation
of the FDs accurately, with a slight overestimation of the maximum rotation. Figure 6.68 (b) compares
the experimental and numerical moment-rotation curves of the SC-CB. The analytical curve is not
reported herein as it is based on the same assumptions and perfectly matches the numerical results. The
comparison evidences that the numerical model captures the local response reasonably well.
Nevertheless, some limitations can be highlighted. In particular, the numerical model shows a slightly
higher strain-hardening behaviour with respect to the experimental results. This effect is mainly due to
the loss of preloading forces in the FD's bolts and PT bars force experienced during the experimental
tests and not simulated in the numerical model (see Figure 6.68 (c)). The initial PT force was equal to
400 kN for each bar, with minimal variations from bar to bar. Successively, the evolution of the PT
force was consistent between the PT bars and reached a reduction of approximately 25%, after which it
stabilized. This PT force loss occurred due to small non-linear mechanisms experienced by the SC
system, including minor plastic deformations of the PT bars (i.e., maximum measured PT force equal
to 610 kN — nominal yielding strength of the PT bars corresponding to 522 kN) and limited non-linear
response of the disk springs. The comparison of the results highlights that the numerical model
successfully captures the increase in the PT force up to approximately 10 sec, while some differences
can be observed for the following part of the test. Figure 6.68 (d) shows the tension force variation in
the PT bars vs. the joint rotation. In addition to the PT force loss, these results showed that the face-to-
face and face-to-edge friction effects of the disk springs generated some small hysteretic loops [28].

Similarly, Figure 6.69 compares the experimental and numerical local results for Test 2. Differently
from Test 1, the hysteretic response of the connections experienced positive and negative rotation values
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up to 0.02 rads, as the accelerogram was characterized by a large number of small amplitude cycles and
a single peak of larger amplitude in both directions.
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Figure 6.69. FEM validation. Local Results for Test 2

In particular, Figure 6.69 (a) compares the experimental and numerical hysteretic curves of the DF-BCJ,
highlighting a satisfactory match of the results, with the numerical model only slightly overestimating
the maximum rotations. Figure 6.69 (b) compares the numerical and experimental moment-rotation
behaviour of the SC-CB. It is highlighted that there is no SC behaviour for one of the cycles, which may
be related to the interaction of bending moments with tensile axial forces in the column. However, this
did not affect the self-centering capability of the connection during the following cycles. Compared to
Test 1, this test was characterized by a lower PT force loss during the loading history, illustrated in
Figure 6.69 (b). Figure 6.69 (c) shows the tension force variation in the PT bars vs. the joint rotation,
exhibiting the same stiffness for negative and positive rotations. Results for the other tests are shown in
the ANNEX B. However, no significant force variability was observed in the PT bars for Tests 3, 4 and
6, and all the components remained in the elastic range. Conversely, in Test 5 (i.e., Coalinga — PGA =
0.8g), the PT bars experienced small plastic deformations. However, this slight reduction of the axial
force in the column did not significantly affect the behaviour of the SC-CB.

6.8.3 Non-linear time history analysis

In addition to the quasi-static analyses, Non-Linear Time History Analysis (NLTHA) has been
performed by applying accelerations at the structure’s base to assign the input ground motion. The
adopted time-history analyses are characterized by a time step equal to 0.01 s. The equation of motion
has been solved using the Newmark algorithm, setting a damping value equal to 3% in all the tests, with
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a Rayleigh approach consistent with the pseudo-dynamic testing. For the sake of brevity, in this section,
results are shown only for Test 1, while the results for the other tests are illustrated in ANNEX B. The
NLTHA allowed the investigation of the modelling assumptions for predicting both the global and local
responses of the DF-BCJs and the SC-CB connections with adequate accuracy. Figure 6.70 and Figure
6.71 compare the numerical and experimental results in terms of actuator forces and displacements at
the first and second stories of the structure for Test 1 (Imperial Valley — PGA = 1.10g). The comparison
shows a good agreement between the numerical and experimental results, demonstrating the
OPENSEES [12] model's ability to simulate the dynamic response of the structure.
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Figure 6.70. NLTH Analysis: Actuator forces for Test 1
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Figure 6.71. NLTH Analysis: Actuator forces for Test 1

Figure 6.72 compares the experimental and numerical local results for Test 1. Similar to the comparisons
of the quasi-static analysis, a satisfactory match between numerical and experimental results is shown.
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In particular, Figure 6.72 (a) compares the experimental and numerical hysteretic curves of the DF-BCJ,
highlighting a satisfactory match of the results, with the numerical model capturing the maximum
rotations with accuracy. Figure 6.72 (b) shows the experimental moment-rotation curve of the SC-CB
compared to the numerical results, highlighting a slightly higher strain-hardening behaviour with respect
to the experimental results. This effect is mainly due to the loss of the pre-loading forces in the bolts of
the FDs and to the variability of the force in the PT bars during the loading history, illustrated in Figure
6.72 (c), which is not simulated in the numerical model, leading to some differences. In addition, Figure
6.72 (d) shows the tension force variation in the PT bars versus the joint rotation.
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Figure 6.72. FEM validation. Local Results for Test 1

6.9 Comparison with the FREEDAM experimental campaign

In a previous experimental campaign [6], the structure was endowed only with the FREEDAM BCls,
and it was subjected to the same sequence of accelerograms. The comparison of the results is shown in
Figure 6.73 in terms of interstorey drift histories and actuator forces for Test 2 (i.e., Spitak PGA=0.8g).
As it is possible to observe, in the structure equipped only with the FREEDAM BCls, the residual drifts
were 23.14 mm and 36.83 mm at the first and second storeys, corresponding to IDRg.s of 0.96% and
0.58%, respectively, both exceeding the reparability limit [10].

In addition, it is worth highlighting that the structure exhibited damage in the first-storey columns,
physically recognised by the yield lines appearing on the surface of the column at the end of the
experimental campaign [6]. This result confirms the beneficial effect of the SC-CB in reducing the
residual interstorey drifts and protecting the first-storey columns from damage. In addition, Figure 6.74
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shows the comparison in terms of actuator forces between the two structures. Results show no
significant differences in terms of forces between the two structures.
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Figure 6.73. Comparison with the FREEDAM experimental campaign [6] IDR for Test 2
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Figure 6.74. Comparison with the FREEDAM experimental campaign [6] Actuator Forces for Test 2

6.10 Reparability and Resilience Assessment

This part is dedicated to the investigation of simple repairing methodologies for the structural
performance recovery of buildings to reinstate the original seismic performance in a short time. After
the experimental campaign, all the high-strength pre-loadable bolts belonging to the FDs of both DF-
BClJs and SC-CBs were loosened and re-tightened to investigate the effectiveness of the proposed
repairing methodology on the residual drift reduction of the structure. In addition, the attention is
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focused on the two of the tests performed with and without the contribution of the PT bars of the SC-
CBs to assess their influence on the overall performance of the structure, including their contribution
regarding the structure’s resilience and reparability.

6.10.1 Influence of the PT Bars

The Tests Matrix also included Tests 7 and 8, which have not been extensively discussed so far. These
tests were identical to Test 1 (i.e., Imperial Valley — PGA = 1.10g) but included an additional load at
both levels. Additionally, Test 8 was performed without the contribution of the PT bars. Figure 6.75 (a)
and (b) show the comparison between these three tests in terms of IDR time histories for the first and
second stories, respectively. The comparison among the three curves highlights three important aspects:
i) the negligible influence of the considered additional distributed loads, ii) the ability of the repair
process to restore the seismic performance of the undamaged structure, and iii) the crucial role of the
PT bars in contributing to the residual drifts reduction. The comparison between Tests 1 and 7 shows
no significant differences in terms of IDRs.
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Figure 6.75. Comparison of interstorey drifts with and without the PT bars for the: a) First Storey; b)
Second Storey

This was expected due to the limited contribution of the considered additional distributed loads with
respect to the applied preload imposed by the PT bars (i.e., 4% of the initial preload for each column).
Therefore, in this case, the additional loads do not contribute to the self-centring behaviour nor alter the
structural performance, as expected. Moreover, the match of the responses for Tests 1 and 7 confirms
that the 'simple' repair process used in these tests allows for restoring the initial performance of the
undamaged structure. On the other hand, the comparison of Tests 1 and 7 with Test 8 shows the crucial
role of the PT bars. It can be observed that, in Tests 1 and 7, the introduction of the PT bars allows a
significant reduction of the IDRg,s for both stories (i.e., from 1.47% to 0.30% for the first storey and
from 1.62% to 0.51% for the second storey). In addition, the structure with PT bars experiences IDRges
lower than the 0.5% limit threshold [10] in the first storey, which is not satisfied for the structure without
PT bars. Moreover, it is noteworthy that although the self-centring system is localized only at the base,
it allows a residual drift reduction also at the higher stories, with a decreasing efficiency along the height.
This beneficial effect was already pointed out in previous numerical studies [29-30].
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6.10.2 Repairability

As previously mentioned, the structure was repaired at the end of each test. The repair process involved
loosening all the high-strength pre-loadable bolts of the FDs of both DF-BCJs and SC-CBs (Figure 6.76)
and re-tightening them to obtain the predefined preloading force. The entire loosening process consisted
of two steps: i) loosening the bolts belonging to the FDs of the DF-BClJs starting from the second storey
and ii) loosening the bolts belonging to the FDs of the SC-CBs, and it took approximately 15 minutes
to complete the entire procedure. The aim was to investigate the system-level performance recovery in
terms of restoration of the initial configuration (i.e., before the Test). The measurements of the wire
sensors were monitored for the first (i.e., WS1, WS2) and the second stories (i.e., WS3, WS4) during
the loosening process. It is highlighted that, except for some slight differences, no significant variations

were observed from the measurements of the WSs belonging to the same storey.

Figure 6.76 (a), (b) and (c) show the results of the loosening process performed after three tests, i.e.,
Imperial Valley — Test 1, Coalinga — Test 5, and Kobe — Test 6, in terms of IDR vs time. These tests
were selected as they resulted in the highest IDRg.s, approximately equal to 0.3% at the first storey and
close to the repairability limit of 0.5% [10] at the second storey. The repair process showed that the IDR
reduced almost to zero by simply loosening the FD's bolts of the DF-BCJs and SC-CBs, hence
demonstrating the repair method's effectiveness in terms of residual drift reduction. In other words, the
structure can be recentred by simply loosening the FDs' bolts. The successive step of the repair process
of re-tightening bolts and PT bars took approximately 20 min. Additionally, as discussed in the previous
section, it was demonstrated that after each test, the structure behaved as a 'new’' structure even after
several tests (i.e., comparison between Test 1 and 7), demonstrating that the repair process (i.e.,
loosening and re-tightening the bolts and PT bars) can restore the seismic performance of the undamaged
structure. This consideration, together with the observation of the easy and fast repair process, highlights
the considerable benefits in terms of repairability, functional recovery, and resilience.

In addition, the results highlighted that the IDRg.s 0f 0.5%, typically considered as the repairability limit
[10] and defined for conventional structures, may not apply to innovative structures like the one
investigated. In fact, the experimental campaign highlighted the ability of the structural solution to
drastically reduce the IDRges by simply applying easy and quick repair strategies. For comparison
purposes, Figure 6.76 (d) shows the effects of the loosening process performed after Test 8 for the
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specimen without PT bars. Differently from Tests 1, 5, and 6, the structure experienced IDRge (i.e.,
1.36% and 1.69% at the first and the second stories, respectively) well beyond the acceptable limits for
structural repairability of 0.5% [10] and realignment of 0.2% [11]. In this case, even after applying the
loosening process, the displacement did not decrease due to the absence of the PT bars. This result
suggests that the repairing methodology applied to the structure without the PT bars is ineffective in
reducing the residual displacements.
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Figure 6.77. Interstorey drifts during the bolts' loosening process: a) Imperial Valley (Test 1); b) Coalinga
(Test 5); c) Kobe (Test 6); Imperial Valley (Test 8)

6.10.3 Generalization of the results

In this section, IDAs [32] are performed in OPENSEES [12] to investigate the PT bars' influence on the
frame's seismic response while also considering the influence of record-to-record variability. Two
configurations are analyzed and compared: the MRF with the SC-CB and the equivalent MRF with the
SC-CB without the PT bars. Non-linear time history analyses are performed by considering a suite of
30 ground motion records selected from the SIMBAD Database [33] with moment magnitude ranging
from 6 to 7, the epicentral distance R < 30 km and spectrum-compatibility in the range of periods
between 0.2 Ty and 2 T,. The mean elastic spectrum of the set is kept between 75% and 130% of the
corresponding EC-based elastic response spectrum [13]. The spectral acceleration corresponding to the
first vibration mode (i.e., Sa(T;)) is used as Intensity Measure (IM), where T,= 0.41 sec for both
structures. Sa(T1) is equal to 1.05g and 1.58g, respectively, for the ULS and CLS, representing the two
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seismic intensities of interest. IDRp,x and IDRg.s are recorded as global EDPs to analyse and compare
the seismic performance of the two structural systems. Figure 6.78 and Figure 6.79 illustrate the
comparison of IDRpe, and IDRges vs. IM for the structure with and without PT bars in black and red
lines, respectively. Bold lines represent the mean responses among all ground motions, while thin lines
show the single IDA curves. Figure 6.78 shows that the introduction of PT bars does not significantly
affect the peak values of the seismic demands in terms of global EDPs. Conversely, Figure 6.79 shows
the contribution of the PT bars in significantly reducing the IDRg; across the entire range of IM values
investigated. In particular, the MRF with PT bars experiences IDRg.s lower than the 0.2% threshold [11]
in terms of mean response, even for the CLS, at both stories. This effect represents a considerable benefit
in terms of structure repairability, and this limit is never satisfied for the equivalent structure without
PT bars.
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7.1 Summary

The present thesis investigates the seismic behaviour of steel seismic-resilient steel MRFs equipped
with innovative Damage-Free Self-Centring Column Bases (SC-CBs). The present work includes
extensive analytical, numerical and experimental work to address the research questions. The results of
this thesis highlight the effectiveness of the SC-CBs limiting the residual drifts of steel MRFs below the
acceptable drift limits while not affecting their peak response, in protecting the first-storey columns
from yielding, in providing a large set of validated simplified and advanced models and in giving
insights on the use of the adopted SC-CB connections while defining the boundaries of the investigated
parameters for their application. Overall, the main contributions provided by this thesis can be
summarised in the following concepts:

e The concept and the design analytical formulations are described, highlighting the assumptions
and limitations of the design methodology. Then, an experimental study of an isolated SC-CB
prototype is reviewed, and two modelling strategies (i.e., simplified and advanced) are
developed and validated against the experimental results. The simplified modelling strategy is
preliminarily used to investigate the main parameters affecting the moment-rotation hysteretic
behaviour of the SC-CB connection. Conversely, the advanced modelling approach is developed
to better investigate the influence of some design parameters. The results are compared and used
to assess the validity of the analytical formulations.

e A parametric Finite Element (FE) analysis on the influence of the relevant design parameters is
performed. This work is carried out by considering three case-study SC-CB connections with
different structural properties. The SC-CBs’ global and local performances are monitored and
compared in all the configurations to investigate and identify the parameters that mainly affect
the behaviour of SC-CBs in view of obtaining specific performance objectives (i.e., minimal
yielding of the joint components and self-centring capacity) while providing additional design
recommendations for this joint typology.

e A Performance-Based Assessment of case-study steel MRFs equipped with SC-CBs is
performed through extensive numerical simulations. Incremental Dynamic Analyses (IDAs) are
carried out to evaluate the beneficial effects (i.e., self-centring capabilities and damage-free
behaviour) provided by the introduction of the innovative SC-CBs within the case study MRFs.
Based on the results of the IDA, fragility curves are derived to evaluate the probability of
exceedance of the value of residual interstorey drift limit of 0.5%, which is conventionally
associated with the building’s reparability. Additionally, a parametric numerical analysis is
performed to investigate the frame layout’s influence and the seismic mass on the self-centring
capability of the considered case-study steel MRFs.

e An experimental program on a large-scale two-storey steel structure equipped with Damage-
Free Beam-to-Column Joints (DF-BClJs) and SC-CB connections is carried out by applying the
Pseudo-Dynamic (PsD) test procedure. Global and local Engineering Demand Parameters
(EDPs) are monitored to investigate the influence of the proposed SC-CBs on the seismic
performance of the tested structure. A sequence of eight ground motion records, scaled to several
intensities, is applied considering different configurations of the tested structure. Additionally,
at the end of each test, the specimen has been repaired by loosening and re-tightening all the
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high-strength pre-loadable bolts belonging to the Friction Devices (FDs) of both DF-BCJs and
SC-CBs. A detailed FE numerical model is developed, and comparisons between experimental
and numerical results are presented for global and local results.

7.2 Design methodology for Damage-Free Self-Centring Column Bases (SC-CBs)

Chapter 3 of this thesis provides the design analytical formulations of the Damage-Free Self-Centring
Column Bases (SC-CB), particularly focusing on the assumptions and limitations of the design
methodology. In addition, an experimental study of an isolated SC-CB prototype is reviewed, and two
modelling strategies are developed and validated against the experimental results. The main findings
can be summarised as follows:

e The design of the SC-CB is based on a step-by-step procedure consisting of the definition of the
design input parameters, the design of the components and the design of the structural details of
the joint. The design procedure is based on some design assumptions and design choices, which
are discussed and analysed in detail.

e The modelling strategies exhibit an accurate representation of the SC-CB behaviour. The
simplified modelling strategy allows the investigation of the main parameters affecting the
moment-rotation hysteretic behaviour of the column connection. Nevertheless, some limitations
are highlighted in providing a more exhaustive view into the influence of some design
parameters over the local behaviour of the connection. Conversely, the advanced modelling
strategy correctly predicts the global hysteretic response observed during the experimental tests,
providing useful insights into the characterisation of the local behaviour of the SC-CB
connection. However, both modelling strategies are effective in assessing the validity of design
assumptions and are consistent with the analytical formulations.

7.3 Parametric FE Analysis of SC-CBs with different structural properties

Chapter 4 of this thesis presents a parametric FE analysis performed on case-study SC-CBs to
investigate the influence of three design parameters (i.e., the thickness of the flanges’ plates, the design
shear load, and the design axial load). For each Configuration, global and local parameters are monitored
to investigate the influence of these parameters on the global and local behaviour of the SC-CB
connections. The results are compared for all the configurations to identify the best design solution in
terms of improved self-centring capacity of the joint and minimal yielding of the components. Results
from the FE parametric analysis provide a more comprehensive scenery of the assumptions and
limitations of the design methodology, highlighting the crucial aspects of the design procedure and
suggesting additional recommendations to improve the design requirements. Based on the obtained
outcomes, the following remarks can be drawn:

e The moment-rotation behaviour of the connection is not affected by the considered design
parameters, while the local behaviour is significantly influenced.
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e The use of thinner flange plates represents a benefit in terms of reduction of the local plastic
damage on the column while also allowing a reduction of the amount of the dissipated plastic
energy. In addition, designing the web FD to carry a minor percentage (i.e., 75%, 50% or 0%)
of the design shear load represents an efficient design solution which reduces the strain
concentrations on the column. Therefore, the optimal design configuration in terms of damage
reduction is represented by the connection equipped with the thinner flanges’ plates and
designing the web FD to carry the 50% percentage of the design shear load.

e The moment-rotation behaviour of the SC-CB is strongly affected by the axial load. For the
examined SC-CB subjected to the variable axial load history, the self-centring requirement is
satisfied. This result suggests that it may be possible to consider the gravity axial force as design
axial load for the SC-CB. Nevertheless, additional research is required to provide more general
recommendations on this design aspect.

7.4 Performance-Based Assessment of case-study MRFs with SC-CBs

Chapter 5 of this thesis presents a Performance-Based Assessment of case-study steel MRFs equipped
with SC-CBs, performed through extensive numerical simulations. Several case-study steel MRFs are
extracted from prototype structures and designed following the Eurocode 8 provisions. Numerical
models are developed for the MRFs with traditional full-strength CBs and for the equivalent MRFs
equipped with the proposed SC-CB connections. Incremental Dynamic Analyses (IDA) are carried out
on a set of 30 ground motion records to assess and compare the seismic performances of the two
structures while accounting for the record-to-record variability. Fragility curves are derived based on
the IDA results to evaluate the probability of exceedance of the value of residual interstorey drift limit
of 0.5%, which, for building frames, is conventionally associated with building reparability. The
following conclusions are drawn:

e The introduction of the SC-CBs significantly contributes to the reduction of the residual
interstorey drifts for the seismic intensities of interests and to the protection of the first storey
column from yielding, thus avoiding non-repairable damage of the columns under the seismic
intensities of interest. These results provide significant advantages in terms of repairability and,
hence, resilience of the structure.

e The introduction of the SC-CBs does not produce any detrimental effect on the peak values of
the seismic demands in terms of global and components-based EDPs. Hence, the hierarchy of
activation of the several mechanisms within the structure is the same for both the considered
structures.

e Concerning the influence of the frame layout, the use of the SC-CBs is effective for re-centring
low-rise buildings, while its effectiveness for medium- and high-rise buildings is significantly
affected by the number of storeys of the frames. In fact, the self-centring effect tends to reduce
for an increasing number of storeys. In particular, the efficiency is relevant for the 4- and 6-
storey frames, while it decreases for the 8-storey frames. Conversely, no sensitivity to the
variation in the number of bays of the structures is observed.
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e Concerning the influence of the seismic mass, for the case-study with lower mass M1, it can be
observed that the effectiveness progressively decreases while increasing the number of stories.
Conversely, for the higher mass M2, the results show a lower sensitivity with respect to the
number of stories.

e The use of a self-centring system localised only at the first storey allows a reduction of the
residual drifts also at the higher storeys, with an efficiency that decreases along the height. This
result demonstrates the potentiality of the proposed solutions, which are easy to implement from
a technological point of view, and it is identified as a compromise that is easily applied in
practice. Therefore, it is demonstrated that with a limited number of self-centring devices, it is
possible to improve the self-centring behaviour of the whole system, reducing the complexity
of the structural details with a negligible increase in the overall cost of the structure.

7.5 Pseudo-Dynamic Testing, Reparability and Resilience Assessment of a Large-Scale steel

structure with SC-CBs

Chapter 6 of this thesis presents the experimental program on a large-scale two-storey steel structure
equipped with DF-BCJs and SC-CB connections, carried out by applying the PsD test procedure. A
sequence of eight ground motion records, scaled to several intensities, is applied. Global and local EDPs
are monitored to investigate the influence of the proposed SC-CBs on the seismic performance of the
tested structure. Additionally, at the end of each test, the specimen has been repaired by loosening and
re-tightening all the high-strength pre-loadable bolts belonging to the FDs of both DF-BCJs and SC-
CBs. Similar operations were performed on the PT bars. A detailed FE numerical model is developed
and validated against experimental results. Finally, IDAs are performed to numerically investigate the
PT bars' influence on the structure's seismic response while also considering the influence of record-to-
record variability. The following conclusions can be drawn:

e The experimental results demonstrate the effectiveness of the SC-CBs in limiting the residual
drifts on the whole structure below the acceptable drift limit, and the first-storey columns and
the beams are protected from yielding, providing significant advantages in terms of repairability
and, hence, resilience of the structure.

e The role of the PT bars is paramount in allowing a significant reduction of the residual
interstorey drifts at both stories, and it does not produce any detrimental effect on the peak
values of the seismic demands.

e The repair process (i.e., loosening all the high-strength pre-loadable bolts of the FDs of both
DF-BClJs and SC-CBs) and the re-tightening of the PT bars applied after each test is effective
in the residual drift reduction and in restoring the seismic performance of the undamaged
structure. This consideration, together with the observation of the easy and fast repair process,
highlights the considerable benefits in terms of repairability, functional recovery, and resilience.
Conversely, for the equivalent structure without the PT bars, the repairing methodology is
ineffective in reducing the residual displacements.

e The numerical modelling approach allows the prediction of both global and local structural
responses. The accuracy and limitations of the modelling strategy are highlighted and discussed.
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In particular, for the global results, the comparison of the storey forces base shows an almost
perfect match between the numerical and experimental results with very minor differences.
Conversely, regarding the local results, some limitations can be highlighted as the numerical
model does not simulate the loss of preloading forces in the FD's bolts and PT bars.

7.6 Future works

The present work provides a comprehensive perspective on steel seismic-resilient steel MRFs equipped
with SC-CBs through different approaches. Nonetheless, some limitations and future challenges have
been identified along the process, and some of them are enlisted in the following:

e The validity of the presented numerical model (Chapter 6) is limited to the characteristics of the
materials and frame characteristics of the experiment. Although the model can be useful as a
reference to assess other numerical models, further work may be necessary to generalise the
model for other similar structures. In addition, advanced numerical models should be developed
to simulate the repairing process consisting of loosening the FDs' bolts and successively
retightening them to the design preload forces. A parametric analysis should be addressed while
monitoring global and storey-level EDPs, including residual interstorey drifts and floor
accelerations, to assess the reparability of the analysed case-study structures.

e As further development, a risk-based Life Cycle Cost Analysis (LCCA) approach should be
addressed to quantify the cost/benefit ratio and, hence, to evaluate the effectiveness of the
proposed solution in reducing seismic vulnerability and economic losses. The probabilistic
approach should be applied to several case-study steel structures, and damage-to-loss ratios
should be used to perform LCCA to evaluate and compare the loss savings for each of the
analysed cases.

e The experimental results performed on the isolated SC-CB (Chapter 3) and on the large-scale
steel structure (Chapter 6) are limited to the quasi-static structural response of the analysed
specimens. In fact, additional studies are required to assess the response of such structures under
‘real” dynamic load conditions (i.e., shake-table tests).

Unresolved issues include: /) to assess the influence of the impacts at the rocking interfaces,
potentially inducing local damages in the connections and affecting the effective damping of the
system, e.g., PsD tests only numerically simulate the damping; 2) to study the influence of the
vertical component of the ground motion on the self-centring capacity of the CBs; 3) to define
quantitative measures for the repairability of the structures (e.g., repair time) and seismic
performance of the repaired structures. To this aim, it is also highlighted that the outcomes of
this work have been also included in the project entitled "SC-RESTEEL: Self-Centring
seismic-RESilient STEEL structures", recently funded within the framework of ERIES:
Engineering Research Infrastructures for European Synergies call. The project will
investigate the structural response, repairability, resilience, and performance recovery of steel
MRFs with SC-CBs using shaking table tests. Figure 7.1 and Figure 7.2 show respectively the
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prototype and the connections which will be tested via shake table test in the context of the
project.

2) Prototype Structure b) Scaled Structure (i=0.6) c) Smecimen

6.50

/' /480 f
3.00
3.00 5.60

Test Direction

Figure 7.1 "SC-RESTEEL: Self-Centring seismic-RESilient sTEEL structures" ERIES - 3D view &
geometries of: a) Prototype; b) Scaled Structure. c¢) Test Specimen. [Dimension in m].

<)

b)
Self-centring MRF

Figure 7.2 "SC-RESTEEL: Self-Centring seismic-RESilient sTEEL structures" ERIES Investigated
Low-Damage Self-Centring Joints (combination of Friction Devices and Post-tensioned bars with disk
springs) a) Self-Centring MRF; b) Self-Centring Column Base; c¢) Self-Centring Beam-Column Joint.
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Al. Results of the Parametric Analysis (Chapter 5)

Al.1 IDA Results (Influence of the Frame Layout)
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Figure A 2: IDA Results: Maximum peak interstorey drifts of the case-study MRFs: (a, b) 5-4; (c, d) 5-6;
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Figure A 3: IDA Results: Maximum peak interstorey drifts of the case-study MRFs: (a, b) 8-4; (c, d) 8-6;
(e, f) 8-8.
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Figure A 4: IDA Results: Maximum residual interstorey drifts of the case-study MRFs: (a, b) 3-4; (c, d) 3-
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Figure A 5: IDA Results: Maximum residual interstorey drifts of the case-study MRFs: (a, b) 5-4; (c, d) 5-

6; (e, f) 5-8.
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Figure A 6: IDA Results: Maximum residual interstorey drifts of the case-study MRFs: (a, b) 8-4; (c, d) 8-
6; (e, f) 8-8.
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A1.2 Fragility Curves (Influence of the Frame Layout)
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Figure A 7: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 3-6
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Figure A 8: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
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with respect to the threshold limit of 0.5%, for the MRF 3-8
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Figure A 9: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 5-4
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Figure A 10: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 5-6
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Figure A 11: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
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with respect to the threshold limit of 0.5%, for the MRF 5-8
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Figure A 12: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 8-4
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Figure A 13: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 8-6
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Figure A 14: Comparison of the storey-level fragility curves for the maximum residual interstorey drifts
with respect to the threshold limit of 0.5%, for the MRF 8-8
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ANNEX B

B1. Details of the Large-Scale Structure (Chapter 6)
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Figure B 1: Lower part of the SC-CB (dimensions in mm)
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Figure B 2: Upper part of the SC-CB (dimensions in mm)
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Figure B 3: Single components and plates of the SC-CB (dimensions in mm)
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Figure B 4: Assembly of the SC-CB (dimensions in mm)
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Figure B 5: Detail of the base plate in plan (dimensions in mm)
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Figure B 6: Detail of the base plate in side view (dimensions in mm)
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Figure B 7: Detail of the base plate side view (dimensions in mm)
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B1. Results of the Experimental Campaign (Chapter 6)
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Figure B 8: Global Results for Test 4
Table 58. Global Results for Test 4
) Pull 341
Maximum Base Shear (kN)
Push -357
Level 1 -30.66
Pull
) Level 2 -56.15
Peak displacement (mm)
Level 1 38.13
Push
Level 2 66.81
Level 1 -1.07
Pull
Peak interstorey drift (%) Level 2 127
eak i
Y ’ Level 1 132
Push
Level 2 1.59
) . Level 1 0.88
Residual displacement (mm) -
Level 2 6.35
. . . Level 1 0.04
Residual interstorey drift (%) -
Level 2 0.23
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Figure B 9: Moment-rotation curves of FREEDAM BCls for Test 4
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Figure B 10: Results of SC-CB 1A for Test 4
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B1.2 Coalinga (PGA=0.80g) Test 5

Coalinga Coalinga
a) 200 ‘ —— ‘ b) : mea :
—First Storey First Storey
— 1507 —Second Storey | = —Second Storey ]
= X
£ 100 -
2 £
s 50 F -i
5 0 g
2 8
=50 g
R 100t = ol
-150 : . : : : 3 . . ‘ . .
5 10 15 20 25 30 0 5 10 15 20 25 30
Time [sec] Time [sec]
Coalinga Coalinga
C) 600 , e , d) 600 : ned :
First Storey Base Shear
'z' 400 - ——Second Storey | 400
'M ~
= Z
£ 200 = 200
2 =
[2 )
= 0 % 0
2 0
5 3
£ -200 & -200
<
400 | -400
0 5 10 15 20 25 30 10 15 20 25 30
Time [sec] Time [sec]
Figure B 11: Global Results for Test 5
Table 59. Global Results for Test 5
) Pull -438
Maximum Base Shear (kN)
Push 411
Level 1 -55.69
Pull
. Level 2 -109.99
Peak displacement (mm)
Level 1 74.94
Push
Level 2 156.21
Level 1 -2.32
Pull
) ) Level 2 -2.43
Peak interstorey drift (%)
Level 1 3.12
Push
Level 2 341
. . Level 1 7.32
Residual displacement (mm) -
Level 2 20.51
Residual interst drift (%) Level 1 0.31
esidual interstorey dri -
e 4 ’ Level 2 0.54
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Figure B 12: Moment-rotation curves of FREEDAM BCls for Test 5
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Figure B 13: Results of SC-CB 1A for Test 5
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B1.3 Kobe (PGA=0.80g) Test 6
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Figure B 14: Global Results for Test 6
Table 60. Global Results for Test 6
Pull -395
Maximum Base Shear (kN) Push 404
Level 1 -51.17
Pull
) Level 2 -93.86
Peak displacement (mm)
Level 1 40.79
Push
Level 2 85.93
Level 1 -2.12
Pull
) ) Level 2 -1.78
Peak interstorey drift (%)
Level 1 1.70
Push
Level 2 1.89
. . Level 1 8.11
Residual displacement (mm) -
Level 2 21.10
. . . Level 1 0.34
Residual interstorey drift (%) -
Level 2 0.55
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Figure B 15: Moment-rotation curves of FREEDAM BCls for Test 6
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Figure B 16: Results of SC-CB 1A for Test 6
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B1.4 Imperial Valley (PGA=1.10g) Test 7
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Figure B 17: Global Results for Test 7

Table 61. Global Results for Test 7

Pull -379
Maximum Base Shear (kN) Push 462
pul Level 1 -34.91
u
' Level 2 -57.50
Peak displacement (mm) Level 1 78.19
eve .
Push M
Level 2 156.61
Level 1 -1.31
Pull
' ' Level 2 -0.91
Peak interstorey drift (%) Level 1 2.93
eve .
Push i
Level 2 2.94
' ' Level 1 10.61
Residual displacement (mm) - Level 2 29.26
eve .
' ' . Level 1 0.39
Residual interstorey drift (%) - Level 2 0.69
eve .
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B1.5 Imperial Valley (PGA=1.10g) Test 8
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Figure B 18: Global Results for Test 8
Table 62. Global Results for Test 8
Pull -359
Maximum Base Shear (kN) Push 449
Level 1 -23.11
Pull
) Level 2 -29.77
Peak displacement (mm)
Level 1 86.75
Push
Level 2 172.74
Level 1 -0.96
Pull
) ) Level 2 -0.36
Peak interstorey drift (%)
Level 1 3.62
Push
Level 2 3.58
. . Level 1 35.29
Residual displacement (mm) -
Level 2 74.21
Residual interst drift (%) Level 1 1.48
esidual interstorey dri -
wa Y ’ Level 2 1.62
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B2. Validation of the numerical model (Chapter 6)

B2.1 Global Results
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Figure B 19: FEM validation. Actuator forces and base shear for Test 1
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Figure B 20: FEM validation. Actuator forces and base shear for Test 2
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Figure B 21: FEM validation. Actuator forces and base shear for Test 3
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Figure B 22: FEM validation. Actuator forces and base shear for Test 4
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Figure B 23: FEM validation. Actuator forces and base shear for Test 5
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Figure B 24: FEM validation. Actuator forces and base shear for Test 6
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B2.2 Local Results
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Figure B 25: FEM validation. Components of the SC-CB for Test 1
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Figure B 26: FEM validation. Components of the SC-CB for Test 2
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Figure B 27: FEM validation. Components of the SC-CB for Test 3
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Figure B 28: FEM validation. Components of the SC-CB for Test 4
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Figure B 29: FEM validation. Components of the SC-CB for Test 5
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Figure B 30: FEM validation. Components of the SC-CB for Test 6
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B2.3 Global Results (NLTHASs)
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Figure B 31: NLTH Analysis: Actuator forces for Test 1
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Figure B 32: NLTH Analysis: Displacements for Test 1
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Figure B 33: NLTH Analysis: Actuator forces for Test 2
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Figure B 34: NLTH Analysis: Displacements for Test 2
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Figure B 35: NLTH Analysis: Actuator forces for Test 3
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Figure B 36: NLTH Analysis: Displacements for Test 3
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Figure B 37: NLTH Analysis: Actuator forces for Test 4
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Figure B 38: NLTH Analysis: Displacements for Test 4
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Figure B 39: NLTH Analysis: Actuator forces for Test 5
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Figure B 40: NLTH Analysis: Displacements for Test 5
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Figure B 41: NLTH Analysis: Actuator forces for Test 6
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B2.4 Local Results (NLTHAS)
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Figure B 43: NLTH Analysis: Local Results for Test 1
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Figure B 44: NLTH Analysis: Local Results for Test 2
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Figure B 45: NLTH Analysis: Local Results for Test 3
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Figure B 46: NLTH Analysis: Local Results for Test 4
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Figure B 48: NLTH Analysis: Local Results for Test 6

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



343

Seismic Behaviour of Seismic-Resilient Steel Moment Resisting Frames equipped with Damage-Free Self-Centring Column Bases



	Declaration of authorship
	Abstract
	Impact statement
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Chapter 1 Introduction
	1.1 Background and motivations
	1.2 Research objectives
	1.3 Thesis outline and methodology
	1.4 References

	Chapter 2 Literature Review
	2.1 Seismic behaviour of traditional Steel Moment Resisting Frames
	2.1.1 Frame classification
	2.1.1.1 Spatial distribution
	2.1.1.2 The connection typology
	2.1.1.3 The ductility classes
	2.1.1.4 The stiffness and strength of the joints

	2.1.2 Beam-to-column joints (BCJs)
	2.1.2.1 The component method approach
	2.1.2.2 Full-and Partial-Strength Beam-to-column connections

	2.1.3 Column Base (CB) Connections
	2.1.3.1 The component method approach
	2.1.3.2 Full-and Partial-Strength Column Base connection


	2.2 Friction Connections
	2.2.1 Generality
	2.2.2 Friction Beam-to-column Connections
	2.2.3 Friction Column Base (CB) Connections

	2.3 Self-Centring Systems
	2.3.1 Generality
	2.3.2 Self-Centring Beam-to-column Connections
	2.3.3 Self-Centring Column Base Connections

	2.4 Numerical modelling for Moment Resisting Frames (MRFs)
	2.4.1 Distributed plasticity vs. concentrated plasticity
	2.4.2 Lignos and Krawinkler deterioration model
	2.4.3 Kinematics of the Panel zone
	2.4.4 The ‘Krawinkler’ model
	2.4.4.1 Derivation of the properties of the panel zone

	2.4.5 The ‘Scissors’ model

	2.5 Personal contribution
	2.6 References

	Chapter 3 Damage-Free Self-Centring Column Base
	3.1 Concept
	3.2 Main features and advantages
	3.3 Expected Forces
	3.4 Stiffness of the Self-Centring system
	3.5 Moment-Rotation Behaviour
	3.6 Design Procedure
	3.6.1 Step 1: Design input parameters
	3.6.2 Step 2: Design of the components
	3.6.3 Step 3: Design of the structural details
	3.6.4 Assumption and Limitations of the design procedure

	3.7 Experimental campaign
	3.8 Finite Element Modelling (FEM) and Validation
	3.8.1 Simplified FEM (OPENSEES)
	3.8.1.1 Modelling strategy
	3.8.1.2 Validation

	3.8.2 Advanced FEM (ABAQUS)
	3.8.2.1 Modelling strategy
	3.8.2.2 Validation


	3.9 Personal contribution
	3.10 References

	Chapter 4 Parametric Finite Element Analysis of SC-CBs with different structural properties
	4.1 Introduction
	4.2 Design of the case-study MRFs
	4.3 Design of the SC-CB
	4.4 Investigated structural properties
	4.5 Methodology of the Parametric FE Analysis
	4.6 Influence of the thickness of the flanges’ plates
	4.6.1 Global behaviour
	4.6.2 Local behaviour

	4.7 Influence of the design shear load
	4.7.1 Global behaviour
	4.7.2 Local behaviour

	4.8 Influence of the design axial load
	4.9 Conclusive remarks
	4.10 Personal contribution
	4.11 References

	Chapter 5 Performance-Based Assessment of Case-Study MRFs equipped with SC-CBs
	5.1 Introduction
	5.2 Case-study MRFs
	5.2.1 SC-CBs

	5.3 Selected case-study (i.e., MRF3)
	5.3.1 SC-CB (i.e., HE 600B)

	5.4 Numerical Modelling
	5.5 Non-linear static analysis
	5.6 Incremental Dynamic Analysis
	5.6.1 Ground motion records selection
	5.6.2 Global EDPs
	5.6.3 Local EDPs

	5.7 Fragility curves
	5.8 Influence of the frame layout
	5.8.1 Incremental Dynamic Analysis
	5.8.2 Fragility Curves

	5.9 Influence of the seismic mass
	5.9.1 Incremental Dynamic Analysis
	5.9.2 Fragility curves

	5.10 Personal contribution
	5.11 References

	Chapter 6 Pseudo-Dynamic Testing, Reparability and Resilience Assessment of a Large-Scale steel structure equipped with SC-CBs
	6.1 Introduction
	6.2 Design of the tested structure
	6.2.1 Design according to Eurocode 8
	6.2.2 Design according to the TPMC
	6.2.3 Check according to Eurocode 8
	6.2.3.1 Beams
	6.2.3.2 Columns
	6.2.3.3 (P- Δ) Effects
	6.2.3.4 Damage Limit State (DLS)


	6.3 Design of the connections
	6.3.1 FREE from DAMage connection (FREEDAM)
	6.3.2 Self-Centring Column Base (SC-CB)

	6.4 Material Properties
	6.4.1 Coupon Tests
	6.4.2 Characterization tests for the FDs
	6.4.2.1 Tests for the Friction coefficient
	6.4.2.2 Relationship between torque and the bolt pre-loading force
	6.4.2.3 Loading test on disk springs


	6.5 Experimental Program
	6.5.1 Pseudo-dynamic Procedure
	6.5.2 Test setup
	6.5.3 Instrumentation
	6.5.4 Ground motions and test sequence

	6.6 Results and Discussion
	6.6.1 Modal properties
	6.6.2 Imperial Valley (PGA = 1.10g)
	6.6.2.1 Global Results
	6.6.2.2 Local Results

	6.6.3 Spitak (PGA = 0.80g)
	6.6.3.1 Global Results
	6.6.3.2 Local Results

	6.6.4 Artificial record (PGA = 0.50g)
	6.6.4.1 Global Results
	6.6.4.2 Local Results


	6.7 Test observations
	6.8 Finite Element Modelling (FEM) and Validation
	6.8.1 FE modelling
	6.8.2 Validation
	6.8.3 Non-linear time history analysis

	6.9 Comparison with the FREEDAM experimental campaign
	6.10 Reparability and Resilience Assessment
	6.10.1 Influence of the PT Bars
	6.10.2 Repairability
	6.10.3 Generalization of the results

	6.11 Acknowledgements
	6.12 Personal contribution
	6.13 References

	Chapter 7 General conclusions and future work
	7.1 Summary
	7.2 Design methodology for Damage-Free Self-Centring Column Bases (SC-CBs)
	7.3 Parametric FE Analysis of SC-CBs with different structural properties
	7.4 Performance-Based Assessment of case-study MRFs with SC-CBs
	7.5 Pseudo-Dynamic Testing, Reparability and Resilience Assessment of a Large-Scale steel structure with SC-CBs
	7.6 Future works

	ANNEX A
	A1. Results of the Parametric Analysis (Chapter 5)
	A1.1 IDA Results (Influence of the Frame Layout)
	A1.2 Fragility Curves (Influence of the Frame Layout)


	ANNEX B
	B1. Details of the Large-Scale Structure (Chapter 6)
	B1. Results of the Experimental Campaign (Chapter 6)
	B1.1 Santa Barbara (PGA=0.80g) Test 4
	B1.2 Coalinga (PGA=0.80g) Test 5
	B1.3 Kobe (PGA=0.80g) Test 6
	B1.4 Imperial Valley (PGA=1.10g) Test 7
	B1.5 Imperial Valley (PGA=1.10g) Test 8

	B2. Validation of the numerical model (Chapter 6)
	B2.1 Global Results
	B2.2 Local Results
	B2.3 Global Results (NLTHAs)
	B2.4 Local Results (NLTHAs)



