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ABSTRACT

Improving community resilience to natural hazards such as earthquakes is one of the central
challenges in the 21% century. Among others, the performance of individual buildings is a
critical factor that dictates how soon societies impacted by seismic hazards could recover.
Recent earthquakes have demonstrated that many buildings designed based on modern
code requirements were not occupiable due to substantial structural damages, taking
months or years to repair or reconstruct. Mitigating the devastating socio-economic
impacts of earthquakes requires an urgent need for expanding performance goals beyond
life safety to achieve rapid re-occupation and functional recovery. In that perspective,
residual drifts play a significant role in determining the post-event functionality of
buildings. The necessity to limit residual deformations within an acceptable threshold has
urged researchers to develop self-centering structural systems that can return to their
original plumb position after a seismic event. While self-centering capability in a structure
can be realized in several ways, superelastic shape memory alloys (SMASs) that possess
inherent re-centering and energy dissipation capabilities are promising materials to develop

self-centering devices.

This research proposes innovative SMA-based structural control devices that can enable
re-occupancy or functional recovery of buildings after a major earthquake within a
reasonable amount of time. This dissertation follows a thorough investigation starting from
material-level characterization, then moving to a component-level investigation, and
finally to a system-level evaluation. First, the buckling and post-buckling behavior of large-
diameter superelastic SMA bars were explored. A digital image correlation measurement
system and an infrared thermal imaging camera were implemented to monitor full-field
strain and surface temperature fields. The interaction between material nonlinearity (due
to phase transformation) and geometric nonlinearity was explored. Furthermore, the effects
of strain rate on the buckling and post-buckling responses were examined. Second, the
studied SMA bars were employed to develop a new damping device named Confined
Superelastic Dissipater (CSD). The proposed dissipater consists of a fused superelastic
SMA bar as the functional kernel component encased in grout filled steel tube. The bar

carries axial loads and dissipates energy through axial deformation, while the steel tube



and infill grout restrain the bar and preclude buckling in compression. Quasi-static cyclic
tests were conducted to characterize the hysteretic behavior and failure modes of CSDs.
Next, a novel SMA-based hybrid damper that leverages the high tensile resistance and
excellent self-cantering capability of SMA cables and non-sacrificial energy dissipation of
a frictional damping mechanism was developed. The proposed damper, named Superelastic
Friction Damper (SFD), employs judicious design features, manifested by additional
advantages such as scalability for real-world application, reusability, ease of fabrication,
and adaptability of its hysteretic response. A large-scale prototype damper was fabricated,
and its mechanical behavior under repeated cyclic loading at different loading rates and
ambient temperatures was characterized. Finally, the efficacy of the SFD in controlling the
seismic responses of special steel moment-resisting frame was evaluated through nonlinear
response history analyses. Engineering demand parameters of the frame with and without
the damper were compared. Overall, the experimental and numerical results demonstrate
that the SMA-based control devices can be implemented to meet higher performance
objectives and achieve functional recovery of structures after a major earthquake, paving

the way for designing resilient built environment.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Background and Problem Statement

Although predicting earthquakes’ occurrence, magnitude, and epicenter is challenging and
beyond our scientific knowledge, earthquakes are sure to happen. They have caused
disastrous impacts in the past and are expected to cause more in the future. Nearly half of
the United States population (150 million people) reside in different states prone to
occurrence of a highly damaging earthquakes within the next five decades [1]. In regions
of high seismic risk such as San Francisco, California where a major earthquake has not
happened for some time, scenario studies have predicted deaths in the thousands, injuries
in the tens of thousands, and direct economic losses in hundreds of billions of dollars apart
from long-term destabilizing impacts to community services [2-5]. In all cases, whether
historic or scenario-based, the societal and economic losses are direct consequences of the

inability of the built environment to resist the effects of earthquakes.

Over the last century, modern seismic design and construction technologies have
undergone significant developments. The state-of-practice in seismic design allows
structures to undergo plastic deformations to dissipate input earthquake energy. The most
commonly used seismic force-resisting systems, such as steel moment-resisting frames
(SMRFs), steel concentrically braced frames (SCBFs), and concrete shear walls, are
designed to dissipate energy through substantial yielding near the beam ends, inelastic
buckling and yielding of the braces, and through yielding of reinforcing steel and crushing
of concrete, respectively. While this design method satisfactorily protects human lives by
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preventing collapse, it does not fully account for the aftermath of public life. People may
be unable to return to their damaged houses and may be forced to stay inconveniently in
evacuation shelters for a long recovery term. They may not have access to jobs and other
essential community services. The central problem of conventional seismic load resisting
systems has been clearly demonstrated during the 2011 Christchurch earthquake in New
Zealand. While less than 1% of damaged structures collapsed during the Christchurch
earthquake, more than 70% of the structures that remained intact and survived the strong
shaking were declared unusable [6,7]. They were subsequently demolished since they
sustained significant damage. Similar damage was observed during the 2010 Maule
earthquake in Chile, the 2011 Tohoku earthquake in Japan, and the 2020 Van earthquake
in Turkey. In addition, statistics from a recent study conducted by the US Federal
Emergency Management (FEMA) show that 20% to 40% of modern code-compliant
buildings in an earthquake-prone area would be unfit for re-use following an earthquake,
taking months or years to recover complete serviceability [8]. Apart from that, 15% to 20%
of buildings would be economically unrepairable, taking several years to replace. Note that
older buildings that do not conform to modern design requirements would perform even
worse than code-compliant buildings. Given the facts described above, it is evident that

there is room to improve the current seismic design practice.

Some drawbacks of traditional seismic force-resisting systems can be effectively mitigated
by making structural components play separate roles. This means that the primary
structural systems will support the gravity load while the seismic members mainly resist
earthquake loads. A similar concept can be found in nature and industrial products. For
example, fuses in computers and expensive equipment are buffers to protect the central
system against excessive electric currents. Similarly, collarbones are broken to ease forces
in the human body. By the same logic, control devices that act like “fuses” can be installed
in civil structures to protect the primary gravity load-carrying members against earthquake
damage. Repairing damaged structures is expensive and time-consuming because the
damage is typically distributed throughout the structure in many non-replaceable elements.
Thus, it is paramount important to contain damage through control devices. In general,

structural control devices can be grouped into four main types: passive, active, semi-active,
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or hybrid, depending on whether an external power source is required or not for their

operation.

Passive control devices are the most desirable devices due to their stability, reliability, and
simplicity without needing a power supply and feedback algorithm. They can be broadly
categorized as displacement-dependent (e.g., friction dampers) and rate-dependent (e.g.,
viscous fluid dampers and viscoelastic dampers) devices. Various passive dampers have
been successfully implemented worldwide and are deemed to provide satisfactory
performance [9-14]. Among those, metallic yielding dampers are one of them which
dissipate energy through yielding and inelastic deformation. The yielding mechanism can
be flexural, shear, torsion, axial deformation, or a combination. They offer unique features
such as high energy dissipation capacity and economic efficiency while requiring neither
special expertise for fabrication nor maintenance for service life. Although the structural
fuse design concept has proved to be a significant step forward in seismic hazard
mitigation, structures equipped with passive dampers are inevitably left with permanent
deformations and excessive damages in these fuses. In addition, most of these passive

dampers lack a self-centering capability.

One of the critical parameters used to quantify the performance level of buildings is the
lean that remains after a seismic event. This lean is generally expressed as a ratio of the
horizontal deformation of a story to the story height at the end of ground shaking, and it is
called permanent or residual drift. The formation of residual drifts in buildings have
received increased attention in recent years as its extent determines the post-event
functionality [15,16]. The guidelines in FEMA P-58 [17] present helpful information on
the relation between the residual story drift and the damage state. Accordingly, repairing a
structure is economical if the residual drift is limited to 0.5%. When the residual drifts are
above this threshold for economical repair, buildings may be demolished. Figure 1-1 shows
two example buildings with excessive residual drifts but without significant dame. Both
buildings were demolished since economical repair was not warranted due to substantial
residual drifts. On the other hand, if the drift is limited by 0.2%, the repair work will be
further narrowed to non-structural members. However, it is challenging to meet these

stringent requirements when using traditional seismic load resisting systems or even some



Development, Testing, and Evaluation of SMA-based Structural Control Devices for Seismic Resilience

of the relatively new technologies such as buckling restrained braces (BRBs). Nonlinear
time-history analyses of a four-story BRB frame conducted by Fahnestock et al. [18]
indicated that the maximum residual drifts averaged 0.5% and 1.2% under design basis
earthquakes (DBE) and maximum considered earthquakes (MCE), respectively. Similarly,
Trembly et al. [19] concluded that the median residual drifts of 2-story to 16-story BRB
frames ranged from 0.84% to 1.38% under DBE and between 1.41% to 4% under MCE

level ground motions.

\i 1
’ 1.5% Residual roof drift

Apartment building with 2% Plaza del Rio towers with 1.5% residual drift after
residual drift after the 2011 the 2010 Maule earthquake in Chile [21]
Tohoku earthquake in Japan [20]

Figure 1-1. Representative examples that show buildings demolished after an earthquake
event due to excessive residual drift.

Self-centering structural systems have emerged as a viable option to minimize or eliminate
system-level residual drifts, thus enabling enhanced performance levels [22]. Self-
centering refers to the ability of a structure to return to its original plumb position after a
seismic event. A typical self-centering system consists of two main components: (1) a
mechanism that provides a restoring force, usually using unbonded post-tensioned tendons
or bars, (2) an energy-dissipating component. Combining these two behaviors produces a
“flag-shaped” hysteretic behavior, which means the restoring force brings the displacement
of the self-centering system back to zero after every cycle. Several different configurations

have been devised to produce the desired self-centering characteristics [23-27]. These
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include rocking systems [28,29], self-centering moment-resisting frames [30], and
different types of self-centering braces or damping devices [31-40]. The studies mentioned
above have demonstrated that systems with self-centering capabilities have about the same
maximum drift as comparably designed conventional systems but with substantially less
residual drift. Nevertheless, self-centering systems are rarely used in practice because of
cost and construction difficulties associated with post-tensioning procedures. Most of the
existing self-centering braces have complex configurations characterized by many moving

parts, a large number of tendons, numerous connection details, and are very large in size.

Shape memory alloys (SMAS) are a smart class of metallic alloys that have been exploited
for the development of self-centering devices [41-46]. Their superelastic effect, which is
the ability of the material to recover large nonlinear deformations upon the removal of
applied loads accompanied by hysteretic energy dissipation, has made them appealing
materials for earthquake engineering applications. Unlike conventional self-centering
devices that rely on post-tensioning, the inherent material behavior of SMAs can be utilized
for both self-centering capability and energy dissipation capacity. This could alleviate
some of the complexity issues discussed above. To date, many SMA-based seismic
protection technologies have been developed. A more thorough literature review of recent
developments, trends, and challenges of SMA-based structural control devices is presented
in Chapter 2. Despite their promising performances in seismic hazard mitigation, most of
the devices developed so far have been laboratory-scale prototypes in which SMA wires
with a diameter of 1 mm or 2 mm were used. Thus, damping devices with relatively high
force capacities and stroke that can accommodate demands in real-world applications are

needed.

As the awareness of the significance of individual buildings’ performance to community
resilience to earthquakes increases among policymakers and other stakeholders, the
performance goals continue to expand beyond life safety and collapse prevention. In 2016,
the United States Congress mandated federal agencies, specifically, the National Institute
of Standards and Technology (NIST) and FEMA, to identify research needs towards
achieving rapid re-occupation and functional recovery not only in critical buildings such

as hospitals and emergency response centers but also in other buildings after natural
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disasters such as large earthquakes [47]. The report underscores the necessity of inventing
innovative materials and new building systems to ensure structural integrity and provide
higher levels of post-event functionality. As illustrated in Figure 1-2, there are three
milestones in the post-earthquake timeline: re-occupancy, functional recovery, and full
recovery. These post-earthquake performance states are collectively called recovery-based
objectives. Re-occupancy occurs when the re-entry to buildings is deemed safe, while
functional recovery marks the restoration of the primary functions of the building and
indicates the building is operational. On the other hand, functional recovery indicates that
the building is restored to its pre-event use within a reasonable time. To this end, new
design philosophies, such as performance-based earthquake engineering (PBEE) [48-51],
resilient-based design (RBD) [52,53], and damage avoidance design (DAD) [54,55] have
been developed. Recovery-based design philosophy can be considered as the next
generation of PBEE, DAD, and RBD.

Full Functional Reoccupancy Safety Collapse
Functionality Recovery

Figure 1-2. Schematic representation of post-earthquake performance states

In light of the push for a paradigm shift towards recovery-based design objectives, there
remains a need for resilient lateral load resisting systems for both new construction and
retrofit of existing. As noted previously, higher residual deformations will lead to
substantial socio-economic losses in terms of downtime of building occupation and post-
disaster reconstruction. Therefore, an ideal lateral force resisting structural system must

include, the following essential design features:
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e Capability to control peak story drifts, residual drifts, and peak floor accelerations
simultaneously

e Ability to minimize damage at design level earthquake and protect structural and
non-structural components

e Usability with no or minimal repair after large earthquakes

The main goal of this dissertation is to develop, characterize, and evaluate innovative
SMA-based structural control devices that can be used to achieve recovery-based design
objectives. The specific aims and objectives of the research are detailed in Section 1.2.

1.2 Research Objectives

The specific research goals of this dissertation include: (1) understand the buckling and
post-buckling behavior of superelastic NiTi SMA bars to foster their practical application
and provide an improved understanding of their complex thermomechanical behavior in
compression; (2) develop a new type of SMA-based energy dissipaters that can be used for
various applications, notably for seismic retrofitting of existing substandard structures; (3)
develop an innovative SMA-based damper that can be implemented to achieve functional
recovery performance targets, and (4) evaluate the efficacy of the new SMA-based damper
in seismic response control through numerical simulations. These goals are achieved by

fulfilling the following tasks:

e Conduct a state-of-the-art review and analysis as well as critical examination,
including advantages and challenges of existing SMA-based structural control
devices.

e Investigate NiTi SMA bars’ buckling and post-buckling behavior by testing
specimens that cover a wide range of slenderness ratios.

e Design and fabricate a damping device called confined superelastic dissipater
(CSD), and characterize its hysteretic behavior and failure modes under cyclic
tension-compression loading.

e Design and fabricate a new SMA-hybrid damper called superelastic friction damper
(SFD) and evaluate its hysteretic properties through cyclic loading tests under

various ambient temperature and loading rates.
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e Examine the influence of key design parameters such as the quantity of SMA
cables, length of the cables, frictional force, and pretentioning of SMA cables on
the mechanical behavior of the damper.

e Perform nonlinear time history analysis of a steel moment-resisting frame with and
without SFD and evaluate the efficacy of the damper in mitigating the response of

the structure.

1.3 Organization of the Dissertation

This dissertation is organized as follows:

Chapter 1 provides background information and the motivations of this research. It also

elaborates the research objectives and scope of the work.

Chapter 2 presents a state-of-the-art review and analysis of SMA-based structural control
devices. Since early 2000s, SMAs have been explored for various applications in civil
engineering. Notably, SMAs have been heavily researched for earthquake engineering to
devise various technologies to protect civil structures against earthquake damages.
However, the decades of studies over SMA-based devices are highly scattered throughout
the academic community. This chapter provides a comprehensive review of advancement
(development and application) in the field of SMA-based passive control devices, which
primarily include dampers, braces, and isolation bearings. Moreover, the critical review
summarizes the advantages and limitations of each device and highlights the research gap
for the ease of further studies and generating future research directions. This chapter lays

a foundation for the remaining chapters.

Chapter 3 examines the buckling and post-buckling responses of large diameter SMA bars
experimentally. One of the factors hindering the use of SMA bars is the lack of
experimental data on their compression behavior compared to the tensile behavior. This is
vital for the development and implementation of various types of SMA-based control
devices. The experimental program is carefully designed to cover a wide range of
slenderness ratios. A digital image correlation (DIC) technique is implemented to monitor

full-field surface displacements and strains along with the specimens. The temperature
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field on the surface of the specimens is also recorded by an and Infrared camera. The cyclic
properties of the bars are systematically compared with respect to hysteresis characteristics,
loading rate effect, strain amplitude effect, and slenderness ratio.

Chapter 4 proposes a new SMA-based energy dissipater and characterizes its hysteretic
behavior through comprehensive cyclic tests. The proposed dissipator consists of a fused
superelastic NiTi SMA bar as the functional kernel component encased in grout filled steel
tube. The bar carries the axial load and dissipates energy through axial deformation, while
the steel tube and infill grout restrain the bar and preclude buckling in compression. Global
and local stability criteria are derived for the design of the buckling restraining system.
Response quantities of prime interest for earthquake engineering, such as energy
dissipation, equivalent viscous damping, and self-cantering capability, are evaluated. The
effect of geometric parameters such as fuse diameter and bar length on the hysteretic
parameters as well as failure mechanisms of CSDs are explored. Based on the experimental
results and visual observations of failed specimens, specific recommendations are made to
improve the performance of the CSDs. At the end of the chapter, a numerical case study is
presented to demonstrate the application of CSDs for seismic retrofitting of substandard

reinforced concrete beam-column joints.

Chapter 5 develops an innovative SMA-based hybrid damper that leverages the high
tensile resistance and excellent self-cantering capability of SMA cables and non-sacrificial
energy dissipation of a frictional damping mechanism. The components and basic working
principle of the proposed damper are first described, and the advantages of the proposed
damper compared to the existing SMA-based hybrid dampers are highlighted. The
analytical expressions for the prediction of the load-displacement relationship of the
damper are then derived. A large-scale prototype damper was fabricated, and its
mechanical response under repeated cyclic loading at different loading rates and at
different ambient temperatures are characterized. Following the experimental work, a
simple yet effective numerical model of the damper specimen was developed and validated.
A parametric analysis is conducted to investigate the influence of key design parameters

on the damper performance.
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Chapter 6 evaluates the efficacy of the damper developed in Chapter 5 in controlling the
seismic responses of steel frame building through nonlinear response history analyses.
First, a four-story frame is designed as a conventional moment resisting frame to meet
current seismic design requirements. A numerical model that accounted for strength and
stiffness degradation of the frame elements is created using the OpenSees finite element
framework. Next, a reduced strength version of the fully code-compliant frame, which
satisfied strength requirements but violet story drift limits, is developed. SFDs are designed
and installed in all bays of each floor to satisfy code drift requirements. Then, the seismic
performance of the uncontrolled and controlled frames is evaluated under a suite of 14 far-
field strong ground motion records in terms of peak interstory drift (PID), residual
interstory drift (RID), and peak floor acceleration (PFA). Lastly, a sensitivity analysis study
is carried out to evaluate the effect of SFD design parameters, namely the frictional force,

on the overall performance of the steel frame with SFDs.

Chapter 7 finishes the dissertation by summarizing the work done in the presented study,
highlighting the main conclusions and contributions of the research. Finally, limitations of

the research and some future research directions are suggested.
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2 A STATE-OF-THE-ART REVIEW ON SMA-BASED
STRUCTURAL CONTROL DEVICES

2.1 Overview

One of the promising strategies for a resilient design of civil structures is the using shape
memory alloy (SMA)-based seismic protection systems. SMAs are often the key
component in smart devices that can be incorporated into structures to enable functions
such as self-sensing, energy dissipation, actuation, monitoring, self-adapting, and self-
healing of structures. The use of SMAs as emerging materials for civil engineering
applications dates back to the 1990s. Since then, extensive research advancement has been
made, and SMAs have been considered for various civil engineering applications.
Specifically, their use in seismic response control has been the most widely studied area.

This chapter critically synthesizes the vast body of literature related to the application of
SMAs in passive seismic control systems. Among other compositions of SMAs, nickel-
titanium (NiTi) is the most widely exploited owing to its outstanding properties, such as
excellent superelasticity, modest energy dissipation capacity, and high corrosion
resistance. This chapter emphasizes superelastic SMA dampers or energy dissipating
devices, bracing systems, and isolation bearings proposed during the past decade (2010-
2020). In the following sections, a review of each control device is provided. First, the
fundamental material properties of SMAs are introduced, followed by descriptions of
common SMA products and a summary of basic experimental tests to characterize their
mechanical behavior. Next, SMA-based dampers and energy-dissipators are described,
followed by different types of SMA-based bracing systems. Then, a review of
representative smart isolators is presented. A concise summary of the working principles,
experimental testing (if applicable), and performance assessment for each seismic control
device are discussed. Finally, current challenges, opportunities, and future research needs

are highlighted and discussed.
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2.2 Fundamentals of Shape Memory Alloys (SMAS)
2.2.1 A brief history

The first discovery of SMAS can be traced back to 1932, when Arne Olander identified a
phase transformation phenomenon in cadmium-gold (CdAu) alloy [56]. However, Vernon
[57] introduced the term “shape memory” almost ten years later for his polymetric dental
material. In the 1950s, many other alloys such as CuzZn and CuAl were found exhibited the
shape memory effect. From then on, researchers verified that the phenomenon of shape
memory was associated with reversible martensitic transformation. This metallurgical
characteristic generated considerable attention within the community of material scientists.
Extensive experiments on SMAs pointed out that the deformation of the material could be
recovered at room temperature, a characteristic called superelasticity (also known as
pseudoelasticity), which was discovered by Rachinger [58] in 1958. It refers to the ability

of SMA to regain its original shape upon removal of the applied load.

The significance of shape memory materials (SMMSs) was not recognized until Buehler et
al. [59] at the US Naval Ordnance Laboratory discovered a new class of nickel-titanium
(NiTi) alloy in 1963. It is also commonly referred to as “Nitinol,” derived from a unique
coupling of the material composition (NiTi) and the initials of the invention place (Naval
Ordnance Laboratory). Numerous investigations on potential applications of SMAs have
been perused since its discovery. In 1965, Wang et al. [60] demonstrated that the phase
transformation temperature of NiTi SMA could be altered by adding alloy elements such
as Co or Fe, and this observation advanced the commercialization of SMA in many
industries. In 1969, Melton et al. [61] and Raychem Corporation implemented one of the
earliest practical applications of NiTi SMA in the F-14 fighter project. Couplings made of
NiTi were used for combining aircraft hydraulic air tubes. The popularity of NiTi SMA
began to evolve in the biomedical field in the 1970s. Nevertheless, the actual commercial
breakthrough was made in the 1990s when NiTi SMA stents were made and widely
recognized by the public. Continued research led to the use of NiTi SMA in the military
and civil engineering disciplines. Concurrently, SMAs gained further use in the electrical,

automotive, aerospace, robotics, and oil industries.
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Since the twenty-first century, there has been a dramatic increase in the application of
SMAs in different sectors, as revealed from a vast number of publications. A survey
conducted using Elsevier’s Scopus database indicates that more than 30,000 articles related
to SMASs have been published from 1990 to 2020. Figure 2-1 illustrates the distribution of
publications between different disciplines and by publication type. With searching
keywords limited to “civil engineering” and “shape memory alloy” or “Nitinol”, greater

than 900 pertinent journal and conference papers have been published over the same

period.
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Figure 2-1.The number of SMA-related publications by subject area and type between 1990
to 2020. (Source: Elsevier Scopus)

2.2.2 Basic properties of SMAs

SMAs have two predominant phases: martensite and austenite, with three distinct crystal
structures, i.e., twinned martensite, detwinned martensite, and austenite. The austenite
(also known as the parent phase) is stable at high temperatures and low stress with a body-
centric atomic structure, while the martensite phase is stable at low temperatures and high
stress with a parallelogram structure. The existence of the two distinct martensite crystal
structures is associated with the different orientation directions (variants) of the martensitic
crystal. The martensite can change its position by moving twin boundaries, while the
austenite deforms by the generation of dislocation. As a result, the martensite phase is
weaker and provides lower yield strength than the austenite phase. The unique strain
recovery property of SMASs is due to reversible phase transformations between austenite
and martensite. It is a phenomenon associated with shear lattice distortion instead of

dislocation-based plasticity exhibited by other construction materials such as carbon steel.
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The phase transformation can be either thermally induced, which results in shape memory
effect (SME), or stress-induced, in which case the material exhibits superelastic effect (SE).
If there is no external load (stress), four characteristic temperatures define the
transformation processes. As illustrated in Figure 2-2, the martensite start (Ms) and finish
(Mr) temperatures define the start and finish of the transformation from austenite to
martensite, respectively. On the other hand, the temperatures at which the transformation
from martensite to austenite begins and is complete are defined by As and As, respectively.
The involvement of stress makes the transformation process more complicated. The inner
plot in Figure 2-2 highlights the relationship between transformation temperatures and

applied stress.
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Figure 2-2. The schematic diagram of phase transformations with respect to change in
temperature and the relationship between transformation temperatures and applied stress

When SMA is loaded at a temperature below My, a transformation from the twinned
martensite to the detwinned martensite occurs. This process begins when the stress reaches
a critical level o{" and ends at the end of the loading plateau at of". With a continued
increase in stress, the elastic behavior of the detwinned martensite is displayed until the

permanent yield stress of the martensite is achieved. If the load is removed at a stress level
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below the permanent yield stress, transformation-induced residual strain (er) remains, but

heating the deformed SMA above As can foster strain recovery, i.e., SME.

On the other hand, when the SMA is loaded at its austenite phase (i.e., at a temperature
above Ar), the material holds the strain by transforming from austenite into detwinned
martensite. Upon unloading, a reverse transformation to the austenite phase occurs, which
leads to full shape recovery and a substantial hysteresis loop. This phenomenon is called
SE. The maximum recoverable strain due to phase transformation can be up to 8% to 10%,
depending on the metallic composition. As indicated in Figure 2-3, four characteristic
stresses define a complete stress-strain cycle of SE, namely forward transformation start

(a8™) and finish (g/") stresses and reverse transformation start (g24) and finish (c/"*)

stresses.
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Figure 2-3. Typical stress, strain, and temperature interactions of shape memory effect
(SME) and superelastic effect (SE) in SMAs [62]
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2.2.3 Compositions and mechanical properties

Many types of SMA compositions have been developed and investigated. The three major
types that have been explored the most are nickel-titanium (NiTi)-based, copper (Cu)-
based, and iron (Fe)-based SMA:s.

NiTi SMAs initiated the commercial applications of alloys exhibiting SME owing to their
high percentage shape recovery, among other mechanical properties [63]. These are binary
system alloys containing almost equal amounts of nickel and titanium. Adding more nickel
above 50 atomic percentage (at.%) can lower the transformation temperatures. Thus, by
altering the composition, the extent of phase transformation temperatures can be adjusted.
NiTi SMAs possess high ductility, excellent self-centering capability, good fatigue
resistance, and superior corrosion resistance. As a result, these alloys have been extensively
investigated and employed in different engineering applications. Several factors generally
influence their mechanical behavior, including cyclic loading, loading rate, and ambient
temperature [64—70]. The alloys can be hot, or cold rolled but tended to harden quickly;
hence frequent annealing is needed. In addition, machining and welding parts from the NiTi

alloy require special tools and expertise [71,72].

Other alternative compositions of NiTi SMAs, such as NiTiNb and NiTiHfPd, have been
developed to improve some target material properties. For instance, adding Nb ternary
element to NiTi alloys widens the thermal hysteresis [73], increases the damping capacity,
and vyield strength [74,75]. NiTiNb in an annealed state has been utilized by many
researchers for active confinement and heat-activated prestressing of structural elements
[76]. Besides, it is reported that NiTiHfPd alloys exhibit significantly larger mechanical
hysteresis and damping capacity than many binary and ternary SMAs in a more practical
temperature range [75,77,78]. These improvements are useful for applications with high

damping demand.

In a search for more cost-effective SMAs, numerous researchers have studied Cu-based
SMA s of various compositions. These alloys are considered economical because they can
be easily manufactured using conventional liquid metallurgy and powder metallurgy routes

used for processing traditional Cu-based alloys [79]. Also, they do not have high reactivity,
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which requires special furnace environmental conditions as in the case with the processing
of NiTi SMAs. The most common Cu-based SMAs are the CuzZn and CuAl binary alloys,
with a third alloying element often introduced to alter transformation temperature or
microstructure. The addition of Mn to the CuAl system is reported to have enhanced
ductility, formability, and shape recovery [80]. CuAIMn alloys also exhibit large
superelastic strain comparable to NiTi alloys and other functional properties such as two-
way SME and good damping property. However, they usually have lower strength than
NiTi alloys. CuAlBe possesses excellent heat resistance and also demonstrates superelastic
behavior. Compared with NiTi SMAs, Cu-based SMAs generally have low recoverable
strain, wide transformation temperature range, small hysteresis, and minimal strain rate
effects [81,82]. Thus, even though several compositions of Cu-based SMAs have been
explored, only a few of them have been conceived for earthquake engineering applications
[80,83]. One of the setbacks that hinder their use is that they tend to undergo aging resulting

in phase stabilization and affecting the transformation temperatures [84].

The Fe-based SMAs, also called memory steel, are the third prominent group of SMASs
discovered by Sato et al. [85] in 1982. Some types of Fe-based SMAs, such as FePt, FePd,
and FeNiCo, exhibit the typical thermoelastic martensitic transformations similar to NiTi,
with a narrow thermal hysteresis. However, other compositions such as FeNiC and FeMnSi
have a more significant thermal hysteresis in transformation but still exhibit the SME. In
particular, FeMnSi-based alloys that exhibit the SME effect have been successfully
commercialized for civil engineering applications [86,87]. Several researchers have
employed thermally activated Fe-SMAs for strengthening reinforced concrete structures
and steel members [88-90]. There have also been efforts to develop superelastic Fe-based
SMAs. Tanaka et al. [91] introduced FeNiCoAITaB alloy that shows a recovery strain of
over 13% at room temperature and a very high tensile strength of 1200 MPa. Similarly,
Omori et al. [92] developed FeMnAINi with a 6% or higher superelastic strain. Although
Fe-based superelastic SMAs could have cost benefits over NiTi SMAs due to relatively

cheap alloying constituent and easy fabrication, their development is still in an early stage.

Among the different compositions of SMAs developed to date, NiTi SMASs have been the

most commonly used alloys for earthquake engineering applications because of their
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superior mechanical properties and wide availability. Despite their cost and machinability

benefits, the Cu- and Fe-based alloys are yet to substitute NiTi alloys in numerous

applications where they have to compete for selection. Figure 2-4 summarizes the three

major SMAs and their comparative advantages. Additional information about the SMAs

can be found in references [93,94].
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Figure 2-4. Relative comparison of the three most commonly used SMAs

2.2.4 Most common forms of SMA products and experimental characterization

Besides being available in different material compositions, SMAs exist in different forms

such as wires, cables, bars, or springs. Each type of element has its pros and cons and is
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suited well to a particular type of application. An SMA element chosen for earthquake
engineering application should preferably have (i) high material utilization efficiency from
an economic standpoint, (ii) damage tolerance, and (iii) machinability and ease of

installation. The most common SMA products are summarized in this section.

2.2.4.1 SMA wires and cables

SMA wires have been the most widely used product in previous studies to develop SMA-
based seismic protective systems due to their availability and relatively low cost. Since
SMA wires carry only tensile loads, the material is subjected to uniform deformation and
thus fully utilized. The mechanical behavior of individual wires has been a major research
theme, and it is now well understood [64,95-100]. Available studies in the body of
literature concluded that the response of superelastic SMA wires are affected by
deformation amplitude, the number of repeated loading cycles, temperature, and loading
rate. Some of the practical problems related to the real-life implementation of SMA wires
include low force capacity and difficulty in anchoring or end fixing.

SMA cables are relatively new structural elements comprised of multiple strands laid
helically in one or more layers around a core. The strands themselves have a center wire
around which SMA wires are twined. SMA cables leverage the outstanding mechanical
properties of thin wires to carry relatively large axial loads. The cables generally have more
considerable tensile stiffness and strength, yet they are compliant in bending and torsion,
making them easy to handle. The cables can be manufactured in a large variety of
constructions by changing their geometric quantities, such as the diameter of the wires, the

number of layers, and the helix angles.

Compared to the extensive characterization of SMA wires, only a few researchers carried
out experimental tests to characterize the behavior of SMA cables. Reedlunn et al. [101]
tested SMA cables with different layups and confirmed that the SMA cable with 7 x 7
construction could have mechanical responses comparable with that of SMA wires.
Ozbulut et al. [102] explored the response of a large diameter SMA cable under different
loading amplitudes and rates. Sherif and Ozbulut [103] examined the fatigue behavior of

SMA cables. Carboni et al. [104] established a phenomenological model for SMA cables,
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where the simulations agreed well with the available test result. Biggs and Mas et al. [105]
conducted pull-out tests to examine the bond strength between SMA cables and concrete
in which the cables are employed as reinforcement. Fang et al. [106] also studied the

mechanical behavior of SMA cables with an outer diameter of around 7 mm.

2.2.4.2 SMA bars

Larger size SMA elements such as bars are usually needed to accommodate high force
demands in real-world applications. Although SMA bars have not been studied as widely
as SMA wires, a number of researchers have examined their mechanical behavior.
DesRoches et al. [97] compared the hysteric behavior of SMA bars with different diameters
up to 25.4 mm. Fugazza [99] investigated the size effect in SMAs by testing both wires
and bars. A common finding obtained from these studies is that both SMA wires and bars
can exhibit good SE behavior if properly manufactured and annealed. However, slightly
higher residual deformations were observed in bars at high amplitude loadings. Wang et
al. [107] studied the tensile performance of SMA bars of original diameters ranging from
8 mm to 30 mm with different heat treatment procedures. Speicher et al. [108] and Fang et
al. [109,110] examined the fracture behavior of a series of SMA bars machined into dog-

bone shapes with threaded ends.

Other researchers conducted experimental and numerical studies to characterize the torsion
or coupled tension-torsion behavior of SMA bars [111-117]. Dolce and Cardone [111]
performed torsion tests on bars with round and hexagonal cross-sections. Chung et al. [112]
numerically analyzed the responses of circular rods subjected to coupled tension-torsion
loading. Mirzaeifar et al. [114] provided the exact closed-form solutions of SMA circular
bars under pure torsion. Taheri et al. [115] studied the coupled thermomechanical response
of SMA bars and tubes, analytically and experimentally. Reedlunn et al. [116] investigated
the isothermal responses of SMA tubes under a series of proportional stretch-twist
experiments spanning pure tension to simple torsion to pure compression employing

extensive digital image correlation (DIC) measurements.

The bending behavior of SMAs has received increasing scholarly attention more recently.

Several researchers have explored the flexural properties of SMAs from the material or

20



Chapter 2: A State-of-the-Art Review on SMA-based Structural Control Devices

mechanical viewpoint [118-122]. Apart from the tension, torsion, and bending properties,
there have been also a few studies on the compression and buckling behavior of SMA bars.
Rahman et al. [123] explored the characteristics of 2 mm diameter columns made up of
SMA under a compression loading-unloading cycle. Pereiro-Barcelo and Bonet [124]
experimentally investigated the compression behavior of six 12 mm diameter bars. Watkins
et al. [125] performed column buckling tests on SMA bars and tubes with outer diameters
of 3.15 mm and 3.18 mm, respectively. Asfaw et al. [126] examined buckling and post-
buckling behavior of 12 mm diameter SMA bars by testing a wide range of specimens and

considering loading rate effects.

2.2.4.3 SMA springs

SMA: s in the form of springs have also been studied for seismic applications. These SMA
springs include helical springs, Belleville washer springs, and ring springs. Even though
the seismic-tailored application of SMA helical springs is still at its premature stage, a few
researchers have utilized them as a component to develop damping devices. Like traditional
steel springs, an SMA helical spring can be geometrically described by four key
parameters: wire diameter, spring diameter, pitch angle, and the number of active coils
indicating the ratio of free length to coil distance. SMA springs can be fabricated from
wires or tubes. Annealing, which clearly impacts the mechanical properties of SMA
springs, is likely the essential step in the production process [127-131].

Belleville washer springs are another form of SMA springs that are capable of sustaining
large loads with a small installation space. Load transfer is relatively even and concentric
due to their annular shape, and thus they can have more stable compression behavior than
helical springs. Notably, the various combinations (in parallel or series) of the washers can
diversify their performance and use. The feasibility of superelastic SMA washers for
dampers was first assessed by Speicher et al. [132]. The thermomechanical response of
Belleville washers has been studied through experimental and numerical methods
[133,134]. Fang et al. [135] performed comprehensive tests on washers with different stack
combinations under varying temperature and loading scenarios. SMA ring spring systems
have been developed to enhance the “performance-to-cost” ratio of SMA materials. They

consist of a number of inner and outer rings assembled to complete a spring. Wang et al.
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[136] studied the fundamental load-deformation behavior of individual ring springs. Their
test results revealed that the SMA rings exhibited a flag-shaped response with plump
hysteretic loops. The rings show reasonable repeatability with an increasing number of
cycles, although minor strength degradation accompanied by increasing residual
deformation is observed due to transformation-induced fatigue. Figure 2-5 illustrates a
schematic representation of the relative material utilization efficiency among the different
SMA products.
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Figure 2-5 Material utilization efficiency SMA helical spring, SMA washer spring, SMA
bar/wire, and SMA ring spring [137]

2.3 SMA-based Seismic Dampers

The family of SMA-based dampers and energy dissipators for structural control continues
to grow due to increasing interest in self-centering structural systems. Recent advances
include new strategies to enhance the energy dissipation capacity of SMAs by coupling
them with other supplemental damping elements. Numerous prototypes of SMA dampers
have been proposed, numerically studied, experimentally tested, and currently at various
development stages. The common constitutive material in all of them is various SMA
products: wires/cables, bars, or different springs. In what follows, the literature review on
SMA-based dampers is classified according to the form of SMAs (i.e., wires/cables, bars,

or springs) used in the device.
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2.3.1 Dampers with SMA wires or cables

A number of researchers utilized the inherent damping capacity of SMA wires/cables
solely in different dampers. Parulekar et al. [138] designed a device that consists of two
concentric pipes that move apart when subjected to load and six SMA wires, each of 1.2
mm diameter, attached between studs connected to the inner and outer pipes. Three of the
wires on one side of the device resist tension while the remaining three wires on the other
side are slack or vice versa. The device was tested under a sinusoidal cyclic load at different
rates and amplitudes to characterize its behavior. Besides, an existing multilinear
thermomechanical model was employed to simulate the behavior and validated with the
experimental data. In another study [139], the same researchers performed large-scale
shake table tests of a 1:3 scaled frame structure model equipped with a similar SMA-based
damper installed on a V-bracing configuration. The experimental displacement time
histories revealed that the damper reduced the frame response by 40% and 30% for 0.1g
PGA and 0.2g PGA excitations, respectively. It was observed that the effectiveness of the
damper, as measured by the equivalent damping ratio, decreased as the magnitude of the
excitation increased. This was due to the martensitic hardening of the SMAs at higher

strains.

Qian et al. [140] developed a re-centering shape memory alloy damper (RSMAD) for the
seismic response mitigation of structures. As shown in Figure 2-6, the damper is composed
of SMA wires, outer and inner cylinders, a push-pull rod, and other accessories. The SMA
wires are the kernel elements that provide both damping and self-centering capabilities. A
prototype damper with a stroke of £9.2 mm was fabricated utilizing Nitinol wires with a
diameter of 0.5 mm and length of 115 mm. Different pre-strain levels were applied to the
SMA wires, and the damper was tested under various loading frequencies and displacement
amplitudes. A modified constitutive model, based on the Graesser and Cozzarelli [141]
model that captures the martensitic hardening characteristics of SMA wires was proposed
and validated by test data. The efficacy of the RSMAD in controlling the seismic response
of building structures was assessed through nonlinear time history analysis. A ten-story
steel moment-resisting frame equipped with five or ten SMA dampers in different

configurations was analyzed. It was observed that the RSMADs were capable of
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remarkably reducing structural vibrations, although the location and number of the

dampers had considerable influence on the control efficiency.
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Figure 2-6. Schematics and photograph of RSMAD [140]

Similarly, Soul and Yawny [142] proposed a tension-compression device comprised of
coaxial steel tubes transversely crossed by two pins to which and two SMA wires attached,
one on each side of tubes. Upon application of external load, a relative displacement
between the tubes will occur, and the load is transmitted to the pins at the contact points.
The device mechanism is constructed in such a way that regardless of the direction of the
applied load, the wires are always subjected to tensile loads. A prototype device was
designed using 1.2 mm diameter wires with a nominal member length of 80 mm and tested
under different frequencies and incrementally increasing displacement amplitudes. The
introduction of pre-straining the wires was shown to be highly beneficial without
compromising the self-centering characteristics. Nonlinear time history analysis results
showed the effectiveness of the device in limiting maximum and residual displacements by
acting as a restrained. In another study [143], the same researchers numerically studied the
dynamic response of an idealized structure composed of a mass lying on a PTFE friction

layer connected to the ground by the tension-compression device.
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Figure 2-7. Schematics and photograph of a tension-compression device [142]

Since the equivalent viscous damping was obtained only from SMAs, many researchers
have explored the development of hybrid dampers with SMA wires/cables. In these
dampers, the SMA wires/cables are mainly used for their excellent self-centering
characteristics, while a supplemental damping mechanism is used to increase the damping
capacity of the device. Several researchers attempted to combine the self-centering
capability of SMA wires and the high energy dissipation capacity of metallic yielding
dampers. Yang et al. [144] proposed a hybrid device consisting of a set of SMA wires, an
energy-absorbing strut made of either mild steel or low strength aluminum, and two freely
floating high strength steel tubes, as shown in Figure 2-8. The SMA wires are surrounded
by the freely floating high-strength steel tubes, wound by two cylinder-type blocks inside
the tubes. An optimal proportion of the SMA wires and energy-absorbing struts was
formulated such that the hybrid device exhibits good self-centering capability while
maximizing energy dissipation. The performance of the hybrid device was evaluated
through numerical analysis of a three-story frame. Results demonstrated that the hybrid
braced frame system exhibits comparable energy dissipation capacity to buckling

restrained systems while also having excellent re-centering capabilities.
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Strut

Figure 2-8. A hybrid device proposed by Yang et al. [144]

Jennings et al. [145] explored the effectiveness of a seismic response modification device
that combines SMA wires with a mild steel section by hosting it in a scissor-jack brace,
which is known for its compact footprint and high displacement magnifications factor. The
device was used to develop a seismic retrofit methodology for soft-story wood-frame
buildings. Nonlinear time history analysis and full-scale hybrid testing were performed to
validate the retrofit design. The study concludes that the proposed retrofit using the SMA-
steel device virtually eliminates the soft-story condition and torsional response from the
building while meeting inter-story drift criteria set for two limit states: immediate
occupancy and life safety. Similarly, Cardone and Sofia [146] investigated the use of SMA-
based devices in improving the seismic response of historical buildings equipped with

traditional metallic tie-rods.

Viscous or veisco-elastic dampers have also been considered as additional damping
components in SMA-based dampers. A few researchers integrated SMA wires with
traditional fluid viscous dampers to add self-centering capability and improve their energy
dissipation capacity [147-149]. Liu et al.[147] used a typical silicone oil viscous damper
as the base component in which several sets of SMA wires were installed on the shell of
the damper. Each set is composed of two SMA wires, with one end anchored on the fixed
plate and the other on a fixing screw such that the wires can be pre-tensioned by adjusting
the fixing screw. The cyclic loading test results indicated that the low damping force
produced by the viscous damper alone at low frequency is compensated by the relatively
high energy dissipation capacity of the SMA wires at low frequency. Di Cesare et al. [149]
proposed a visco-recentring (SMA+VD) device that consists of two viscous fluid energy

damping devices and pre-tensioned SMA wires as part of a large research project named
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JetPacs (Joint experimental testing on Passive and semi-active control systems). They
carried out extensive shaking table tests on a 1:1.5 scaled steel frame equipped either with
visco-recentering devices or, for comparison purposes, flexural yielding metallic dampers.
A displacement-based design procedure was proposed and validated to evaluate the
mechanical characteristics of the SMA+VD. The test results highlighted that the seismic
demands on the frame installed with the visco-recentering devices were considerably less
than the bare frame.

Figure 2-9. SMA-fluid viscous damper [147]

Silwal et al. [150] employed a combination of viscoelastic damper and SMA cables to
develop a new energy dissipating device known as the superelastic viscous damper (SVD).
This damper consists of two high damped elastomeric compounds sandwiched between
and bonded to three identical steel plates and installed SMA cables. Each cable forms a
continuous loop; wrapping the loops around the outer two plates improves the compactness
and efficiency. Whether the device itself moves left or right, the configuration ensures that
the SMA elements will remain under tension. They numerically implemented the SVD to
enhance the seismic performance of a six-story steel special moment-resisting frame that
exhibits excessive story drifts. The analysis results showed that the hybrid damper is
effective in reducing the inter-story drift demands and residual drifts without a considerable

increase in peak acceleration demand.

Another mechanism considered for enhancing the energy dissipation capacity of SMA-
based dampers has been the friction between two solid bodies sliding to one another. Qian
et al. [151] introduced a damper called Superelastic SMA Friction Damper (SSMAFD),

which contains pre-tensioned SMA wires and a friction device. The friction device is made
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of two pairs of steel plates bolted together by high-strength bolts. With a proper design of
the friction element and pre-tensioning level of the wires, the device can exhibit
simultaneous re-centering and energy dissipation features. The effectiveness of the damper
was assessed through shaking table tests of a 1:4 scaled three-story steel frame building
with and without SSMAFD under various seismic loading. Their results showed a
reduction for major performance indices, such as story displacements, inter-story drifts,
and story accelerations of the structural model.

Friction device ~ Superelastic SMA wires  Friction device

D I S

Steel plate  Friction plate bolt Steel plate

Sperelastic NiTi wires Recentering bar

Figure 2-10. Superelastic friction damper (SSMAFD) [151]

Another hybrid device proposed by Li et al. [152] combined the SMA wires with a lead
damper. When the proposed Re-centering SMA-Lead Damper (RSLD) is subjected to an
external load, there will be a relative movement between the two ends of the RSLD, which
will induce shear deformation on the lead and elongates the SMA wire. As a result, the lead
under shear and the SMA wire under tension dissipate seismic energy while a compressed
spring generates an elastic restoring force. A prototype RSLD consisting of four 0.55 mm
diameter SMA wires, each 170 mm long, were fabricated and tested to characterize the
hysteretic behavior of the device under different loading rates and displacement amplitude.
The test results indicated that the damper revealed adequate energy dissipation capacity
and stable hysteresis loops. Numerical analysis of a six-story steel frame building installed
with RSLD in five different layouts was conducted to study the influence on structural
control. The results from the numerical study concluded that various damper configurations
led to different control efficiency.
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Figure 2-11. Re-centering SMA-lead damper (RSLD) [152]

Alipour et al. [153] proposed an SMA-based damper composed of SMA wires to offer
energy dissipation, while a bias spring was incorporated to provide the necessary restoring
force. As shown in the figure, the damper employed two damping groups: in which one of
them is activated in tension while the other is activated during compression. Each group
consists of a pair of SMA wires acting in opposite directions with and without some pre-
tensioning. Although SMA wires are tension-only elements, the proposed damper can carry
both tension and compression loads. Characterization of individual components and the
assembled damper were numerically simulated and validated through monotonic tension-
compression tests. The effects of different parameters on the damping ratio of the proposed
damper were studied through parametric analysis. It was shown that larger damping values
could be achieved if the damper is used at temperatures close to the austenite finish
temperature of the wires. Moreover, the damping ratio increases with a decrease in the

stiffness of the bias spring.

SMA wire

(a) Shaft Main body  Helical spring Shaft

Main Body Helical spring

Damping group

Bolts and nuts
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Figure 2-12. Schematic and photograph of the SMA-based damper [153]

Researchers have also employed the concept of deformation amplification to SMA-based

devices. Li et al. [154] proposed a Re-centering Deformation Amplified SMA Damper

29



Development, Testing, and Evaluation of SMA-based Structural Control Devices for Seismic Resilience

(RDASD) that can multiply the relative deformation based on actual demands and amply
exploit the energy dissipation capacity and re-centering feature of SMA wires. When an
external load is applied to the damper, it will cause relative movement between the two
ends of the RDASD. A force-transferring lever mechanism amplifies this displacement,
and then the end of the lever pulls the SMA wire. During this entire cyclic process, the
wires supply both energy dissipation and re-centering capabilities. A prototype RDASD
specimen was fabricated and tested under cyclic loading tests. The damper exhibited steady
hysteretic behavior with double-flag-shaped hysteretic curves. Moreover, nonlinear time
history analysis results revealed that the RDASD could effectively reduce structural

dynamic responses.

Zhang et al. [155] proposed a Deformation-Amplified SMA-Friction Damper
(DASMAFD), which consists of SMA wires combined with a friction component in
parallel. A lever mechanism is implemented to amplify the deformation carried over from
the structure to the SMA wires. Besides, a mechanical system is employed to regulate the
friction force of the damper. A specimen was fabricated and tested to characterize the
behavior of the DASMAFD in two scenarios, i.e., the deformation of the SMA wires was:
(1) equal and (2) double the input deformation. Regarding the ratio between the friction
force and the martensitic transformation starting force of the SMA wires, five different
cases (0,0.25,0.5,0.75, and 1) were considered. Test results indicated that by increasing the
deformation amplification ratio, the self-centering and the energy dissipation capabilities
of the damper were improved. However, an increase in friction ratio further improved the
energy dissipation capacity at the cost of self-centering. The performance of DASMAFD
in mitigating the seismic response of a ten-story RC building and the effects of key design
parameters (namely deformation amplification ratio and friction ratio) on its performance
was evaluated through nonlinear time history analyses. Analysis results revealed the

efficacy of DASMAFD when compared with other dampers.
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Figure 2-13. 3D rendering and photograph of DASMAFD [155]

An innovative Self-Centering Negative Stiffness Damper (SCNSD) made of SMA wires
and prepressed springs arranged in parallel, as shown in Figure 2-14, was invented by Liu
et al. [156]. The passive negative stiffness induced by the pre-pressed springs enhances the
damping capacity of the damper. When the piston travels upward, the lower part of the
SMA wire is pulled to provide a superelastic force while the pre-pressed springs generate
a push force that makes the central connector travel upward, which implies a negative
stiffness behavior. Similarly, when the piston travels downward, the upper part of the SMA
wire provides a self-centering force, and the pre-pressed springs still exhibit negative
stiffness. An analytical model of the damping force was instituted, and verification tests
were performed. The influence of the negative stiffness was studied by parametric analysis.
It was found that an increased equivalent damping ratio can be achieved for a single degree
of freedom (SDOF) system with the SCNSD. Moreover, numerical simulation results of
the system subjected to earthquake excitations demonstrated that the damper remarkably

decreased the peak acceleration and displacement responses.
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Figure 2-14. Self-centering negative stiffness device (SCNSD) [156]

2.3.2 Dampers with SMA bars

Most of the early efforts to develop SMA-based seismic devices mainly utilized SMA wires
due to their better affordability and availability. This led to most of these devices being
developed with SMA wires to remain small scale and exploratory. Nevertheless, there have
also been several studies where SMA bars were used to develop SMA dampers with a

reasonably large force capacity for seismic applications.

Wang and Zhu [157] proposed a device that benefits from the compression behavior of the
SMA bar placed between buckling restraining plates. They examined the cyclic tension-
compression behavior of a prototype specimen fabricated from a dog-bone shape SMA bar
with a reduced segment length of 100 mm and a diameter of 6 mm. An asymmetric stress-
strain curve was observed, wherein the compressive stress was higher than the tensile stress
at the same strain level. It was concluded that the strain rate had minimal effect on the

equivalent viscous damping ratio within a frequency range of 0.1 Hz to 2 Hz.

Qiu et al. [158] employed a group of SMA bars with a buckling restraining plate (BRP) to
design a self-centering damper with symmetrical hysteretic behavior for practical
applications. The proposed damper implemented two sets of SMA bars that act
simultaneously. When one set is subjected to tension, then at the same time, the other set
is in compression. Thus, enable symmetric response. First, they tested four individual SMA
bars with BRPs in which the original bars, which had a diameter of 12 mm, were milled to
two types of cross-sections: 6 mm diameter circular section and 2.4 mm thick flat section.

The BRP was constructed by placing a steel plate, one on each side of the SMA bar’s

32



Chapter 2: A State-of-the-Art Review on SMA-based Structural Control Devices

reduced segment with an approximately 1 mm gap, and firmly joined together via high
strength bolts. Then, they fabricated two small-scale specimens, one with round bars and
the other with flat bars, and tested to validate the design concept. The test results revealed
flag-shaped hysteretic responses with satisfactory self-centering capability, moderate
energy dissipation, and symmetrical tension-compression responses. While the specimen
with flat bars underwent initial bar fracture at the 6% strain cycle, the same failure mode
occurred in the specimen with round bars at a 10% strain cycle. A numerical investigation
was carried out to examine the efficacy of the proposed damper in seismic response

mitigation.

Qiu et al. [159] used combinations of SMA bars and traditional steel yielding energy
dissipators in parallel to develop a new SMA-steel damper. It is comprised of three
elements: self-centering (SC) element enabled by SMA bars, added damping (AD) element
made of bending steel plates, and framing element. Both the SMA bars and the steel plates
are connected to the frame element such that they deform concurrently when the damper is
subjected to external loads. Furthermore, the components are arranged in such a way that
the bars are always in tension when the damper deforms, and the load transferring
mechanism induces out-of-plane flexural deformation by which energy is dissipated
through the yielding of the steel plates. A prototype SMA-steel damper was assembled
utilizing a pair of SMA bars and four steel dissipators. The virgin bars had a diameter of
12 mm and were milled to dog bone-shaped (the reduced section had a diameter of 8 mm)
and threaded ends for bolted connection. Each steel dissipator consisted of a bending plate
with a diamond hole at the center and base plate. The dissipators were made of 5 mm and
10 mm thick bending steel plates to study the effects of altering the share of the AD element
on the overall response of the SMA-steel damper. The test results indicated that the damper
showed stable and symmetrical behavior with no strength or stiffness degradation. The
authors reported that by adding the steel dissipators made of 5 mm and 10 mm thick
bending plates with SMA bars, the equivalent damping ratio has increased by
approximately 10% and 20%, respectively. Approximately 90% and 60% of the applied
deformation were recovered, respectively. It was observed that the damping is increased at
the expense of partially losing the SC capability. A numerical model of the SMA-steel
damper was made in finite element software and experimentally validated. The validated
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model was employed to investigate the influence of some core design parameters, namely
the thickness of the bending steel and the diameter of the SMA bars. The parametric study
results highlighted that the SC capability would be exhausted by increasing the damping;

however, the trend will be stabilized in the end.
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Figure 2-15. SMA-steel damper [159]

Naeem et al. [160] proposed a hybrid energy dissipation device containing conventional
steel slit damper and SMA bars. The bars are assumed to resist tension only; hence, two
bars were placed in an X shape on each side of the slit damper. The effects of the size of
SMA bars on the re-centering behavior of the device were explored through nonlinear time
history analyses of a single-story steel moment frame with a hybrid slit-SMA damper. The
parametric study results showed that the residual displacement and the base shear
decreased as the size of the SMA bar increased. Numerical simulations were also carried
out to validate the seismic performance of the hybrid slit damper and compare it with the
steel slit damper. They found that the hybrid dampers reduced the maximum inter-story
drift and roof displacement by 68% and 48%, respectively, compared to that of the structure
equipped with conventional steel slit dampers. Besides, more than 80% reduction was
identified in the residual roof deformation. Noureldin et al. [161] investigated the seismic
performance of SMA-slit hybrid damper using fragility and life-cycle cost (LCC) analyses
of three prototype ordinary moment-resisting frames, i.e., three, five, and eight stories.
From the fragility curves, it was observed that the frames retrofitted with the hybrid

dampers had the least probability of reaching any limit states (immediate occupancy, life-
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safety, and collapse prevention) compared to the bare frames and frames installed with the
steel slit dampers. Although the initial cost of the frames equipped with hybrid dampers
was higher than those with steel slit dampers due to the added SMA cost, it was reported
that the LCC of the former was the lowest for a 50-year expected service life. Incorporating
SMA bars to the steel slit dampers reduced the LCC of the model structures by 21%-26%
for the three, five, and eight-story frames.

SMA Bar

Slit damper

Figure 2-16. Configuration and installation scheme of steel slit-SMA hybrid damper [161]

Jalaeefar and Asgarian [162] presented a hybrid device that utilizes an SMA bar and steel
bar in parallel to increase the damping capacity of the SMA bar alone while maximizing
the recovery of the inelastic steel deformation. The device is made up of two thick rigid
plates at each end connected using 8 mm diameter bars as the main loading resisting
elements of the device. The space around the bars was filled with high-strength cement
grout encased with a steel tube to prevent the bars from buckling. It is necessary to
determine the right proportion of SMA to steel to get optimum re-centering and energy

dissipation.

Choi et al. [163] studied the hysteretic properties of SMA bars subject to flexure coupled
with tension and compression to open a way of incorporating them in damping devices.
They considered two types of SMA bars in five different layouts: (1) single superelastic,
(2) single martensite, (3) superelastic-superelastic (SS), (4) superelastic-martensite-
superelastic (SMS), and (5) martensite-superelastic-martensite (MSM). A typical SMA bar
had a dumbbell shape with an overall length of 270 mm, such that the middle segment was
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150 mm long with a diameter of 16 mm. Each end of the bar was 50 mm long, with a 20
mm diameter connected to the middle portion through a 10 mm long transition part. The
end parts were placed in a custom-designed clamping device by which the bending and
axial loads were applied. The test results indicated that the MSM exhibited the most
remarkable energy dissipation capacity, while the SMS demonstrated good performance

considering both damping and re-centering capabilities.

2.3.3 Dampers with SMA ring springs

The advantages of SMA ring springs such as high-material utilization efficiency and ease
of installation, have attracted the attention of several researchers for the development of
new seismic devices. Wang et al. [164] introduced a piston-type device that consists of (i)
an outer cylinder, (ii) an inner shaft, (iii) an SMA ring spring system, and (iv) two cover
plates and a tightening nut. The ring spring system is made up of SMA outer rings and high
strength steel inner springs stacked in alternations with mating taper faces. The different
components were designed and strategically assembled such that the SMA ring springs are
always in compression irrespective of the direction of the damper movement. They
conducted quasi-static cyclic tests on individual SMA ring springs to examine their
mechanical behavior. Then, a large-scale prototype damper was fabricated using a total of
eight SMA outer rings and tested. The results highlighted that the damper exhibited a stable
flag-shaped hysteretic response with an equivalent viscous damping ratio that ranges up to

18.5% and no residual displacement.

Overview |

External tube External tube
(Part A) Nut (Part B) Internal shaft

Cover plate
SMA outer ring HSS inner ring

Figure 2-17. SMA damper with ring springs [164]
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Choi et al. [165] investigated the use of SMA rings as an energy dissipating device with
re-centering capability. They conducted cyclic tests on single and dual SMA rings in five
different combinations of martensitic and superelastic rings. A typical ring specimen had a
thickness of 10 mm and an outer and inner diameter of 80 mm and 60 mm, respectively.
The specimens were cut from an SMA plate using a wire-cutting machine with the designed
dimensions. A custom-made T-shaped fixture was fabricated to hold the SMA rings for the
application of cyclic loads. The experimental results showed that the dual ring devices
exhibited almost perfect symmetric behavior under pulling and pushing actions. They
identified that the use of martensitic SMA could increase the damping ratios of the ring
systems while the use of superelastic SMA could enhance the self-centering capacity.
Numerical models of the SMA ring systems were developed in a finite element framework
and validated through experimental test results. The validated models were implemented
to examine the effects of the thickness ratio on the symmetric behavior of the SMA ring

system.

2.3.4 Dampers with SMA plate

Although most of the proposed SMA-based devices utilized the uniaxial behavior of wires,
bars, or springs, a few researchers have explored the potential use of SMAs under other
loading conditions such as the flexural for the development of seismic control devices.
Wang and Zhu [166] conducted numerical and experimental studies on superelastic SMA
U-shaped Damper (SMA-UD), which adopted a similar configuration with conventional
steel U-shaped flexural plates. It is made of a Nitinol plate of desired thickness and width
bent into a U-shape in which the tails of the two straight parts are bolted to top and bottom
cover plates, which in turn can be connected to adjacent structural members. The SMA-
UD dissipates energy by converting the shear deformation between the two parallel legs
into the damper’s flexural deformation under cyclic loading. A specimen consisting of two
groups of SMA-UDs placed symmetrically in a rigid steel frame was fabricated and tested
under quasi-static cyclic loading protocol with an incremental displacement amplitude. The
test results demonstrated stable and nearly symmetrical flag-shaped hysteresis loops with

excellent self-centering capability in several loading cycles. It was found that the strain rate
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had a negligible effect on the cyclic performance of the SMA-UD. The mechanical

behavior of the damper was further examined through finite element simulations.

Hu [167] carried out finite element simulations of SMA slit dampers of various geometric
configurations and compared their cyclic behavior with conventional steel slit dampers.
Wang et al. [168] examined the feasibility of using superelastic SMA angles as a self-
centering device for potential seismic applications. They conducted cyclic loading tests on
an L69 mm x 61 mm x 6 mm SMA angles cut from a 15 mm wide Nitinol plate. A total of
three specimens, each consisting of two SMA angles installed symmetrically in a stiff steel
fixture, were tested under three different loading protocols. The test results highlighted that
SMA angles could offer good self-centering and moderate energy dissipation. It was
observed that the specimen tested under cyclic tensile loading with incremental amplitude
exhibited significant strength degradation in “yield” strength. However, from observation
of other specimens, the authors suggested mitigation strategies such as training the SMA
angles with a few cycles before being used or inclusion of reversed compressive loading.
Thus, the hysteresis loops will stabilize, accompanied by minimal strength degradation and
residual deformations. They also conducted finite element analyses to better understand

the cyclic response of SMA angles.

Adjacent plate

damper

Adjacent plate

Figure 2-18. SMA U-shaped damper (SMA-UD) [166]

2.4 SMA Bracing Systems

There has been no clear distinction between the definitions of SMA-based dampers and
SMA-based bracing systems in the literature. Note that the SMA-based dampers discussed

in previous section can be installed into frame buildings using various rigid braces such as
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chevron or diagonal braces. However, these dampers can also be used in other structural
systems without the need for bracing systems. This section reviews previous studies on
SMA-based braces developed as lateral load resisting systems in frame structures.

2.4.1 Braces with SMA wires or cables

Several studies have employed groups of SMA wires or SMA cables to develop various
types of seismic braces. Qiu and Zhu [169] performed a series of shake table tests on
quarter scaled two-story one-bay steel frame equipped with SMA braces (SMAB) under
incremental seismic intensity levels. The kernel component of the brace is essentially a
device that consists of two sliding steel blocks, two steel rods, and two groups of NiTi wires
with a diameter of 1 mm. The SMA wires were wrapped around the steel rods at each end
that can travel through slots on the steel blocks. When the device is subjected to an external
load, the two sliding blocks tend to move away from each other, causing elongation of the
SMA wires as one steel rod moves with the outer block while the other rod is constrained
by the inner block. The required full length of the brace was achieved by welding a steel
tube at each end of the SMA device such that the brace can be connected to the frame via
gusset plates. Two SMABs of different force capacities were fabricated and cyclically
tested prior to their installation in the braced frame and after completing the shake table
tests. The braces exhibited typical flag-shaped hysteresis loops and provided a damping
ratio of 5% and a large “post-yield” stiffens ratio of 0.15. However, low initial stiffness
was observed due to loose wire loops and the backlash of the assembled SMABSs. Their
shake table tests and numerical analysis results demonstrated that the SMAB could sustain
strong earthquakes without severe damages, performance deterioration, or permanent
deformation of the frame. In another study [170], the same researchers proposed a
performance-based seismic design method for steel braced frames equipped with the
SMAB.

Speicher et al. [171] explored an articulated quadrilateral (AQ) bracing system with the
right balance of re-centering and energy dissipation through a combination of SMA wire
bundles in parallel with steel C-shaped elements. One of this system’s unique features is
that the parts within the AQ can be in tension or compression, while all the parts outside
the AQ are tension-only. To determine the contributions of each component and investigate
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the performance of the bracing systems, they carried out experimental tests on frames
braced with three different components of the bracing system, i.e., SMA wire bundle only,
C-shaped damper only, and combined SMA wires in parallel with C-shaped damper
(PARA). The test results illustrated that the SMA-only bracing system showed excellent
self-centering ability, with residual drifts less than 0.1% after the frame was pushed to a
3% story drift. The PARA system exhibited increased damping with an expense of
complete re-centering capacity. The frame had residual drifts of 0.5% after being pushed
to a 3% story drift. Both SMA-only and the PARA systems had a slight loss in strength
and stiffness after multiple cycles. From the analysis of a seven-story building subjected
to twenty far-field ground motions, the study found that the SMA and PARA systems
performed well in terms of inter-story and residual drifts. Furthermore, the systems
effectively reduce the likelihood of forming a soft story by distributing the drifts more

evenly over the height of the structure.

Anchor block

Figure 2-19. AQ bracing system with SMA and C-shape elements [171]

Kari et al. [172] designed and numerically studied a Self-Centering Buckling Restrained
Brace (SCBRB) by adding sets of pretensioned SMA wires to conventional buckling
restrained brace (BRB). By doing that, the SMA wires overcome the lack of re-centering
capability in the BRB while taking advantage of its significant energy dissipation capacity.
They carried out a nonlinear time history analysis of four steel moment-resisting frames
(two new designs and two retrofits) installed with either SCBRBs or BRBs. Their results
demonstrated that frames equipped with SCBRBs exhibited smaller maximum inter-story
drifts and considerably smaller residual inter-story drifts than frames incorporating BRBs.
Varughese and El-Hacha [173] investigated a tension-only brace that utilizes SMA wires
for seismic retrofit applications. They experimentally compared the seismic performance
of an SMA braced frame (SMA-BF) with a control frame (CBF) in terms of (i) self-

40



Chapter 2: A State-of-the-Art Review on SMA-based Structural Control Devices

centering, (ii) energy dissipation, and (iii) the ability of the system to reach a target drift of
4%. The SMA-BF was fabricated from forty-four SMA wires with a diameter of 2 mm
placed on each face of the steel member and connected to it with a custom-made anchor.
The CBF system was made of a mild-steel fuse-type yielding plate. In both cases, the braces
were arranged in an X-shaped configuration. The specimens were cyclically tested failure.
The test results revealed that the residual strains at 1% drift were 0.41 % and 0.04% in the
CBF and SMA-BF systems, respectively, indicating the latter had a significant self-
centering capability. It was observed that the SMA wires were not fully utilized due to
slippage of the wires inside the anchor; as a result, the amount of energy dissipated in the

SMA-BF was very small compared to that of the CBF.
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Figure 2-20. Schematic and photograph of SMA-reinforced braced frame (SMA-BF) [173]

SMA cables have been recently implemented in seismic braces to meet the large size
demand for practical applications. Shi et al. [174] proposed an SMA-based self-centering
bracing system to enhance the seismic performance of steel frame buildings. It consists of:
(i) an outer member made of steel box section, (ii) steel | section inner member with an
extended web at one end, (iii) SMA cables, (iv) two end plates, (v) a connection plate
welded to one end of the outer member, and (vi) two guide members. The inner member is
laid concentric to the outer tubular member while the SMA cables are connected to the
endplates through a unique anchoring mechanism. The endplates can freely move under
the guidance of the inner member. They designed the bracing system in such a way that
the SMA cables always work in tension even if the brace itself is subjected to pull or push
actions. When it is pushed, the inner member slides to the right and push the right end plate

away while the left end plate is kept in place by the outer member. This induces elongation
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in the SMA cables. Conversely, when the brace is pulled, the reverse will happen. They
evaluated the seismic performance of a four-story steel frame building installed with the
proposed SMA bracing system through a probabilistic framework. It was found that the
SMA bracing system can significantly improve the residual inter-story drift. In a
companion study [175], the authors explored the effects of SMA brace design parameters
and the ultimate state of SMASs on the seismic and collapse performance of SMA braced
steel frame structures. Furthermore, they assessed the seismic collapse performance of steel
moment-resisting frames with and without the SMA bracing system under main-shock-

after-shocks sequences through a probabilistic hazard framework [176].

Dong et al. [177] presented a Self-Centering Energy Dissipative Brace (SMA-SCEB) that
utilizes SMA cables and a friction system. They conducted cyclic loading tests to validate
the hysteretic behavior of the SMA-SCEB. Subsequently, the seismic response of steel
frame, steel frame braced with SMA-SCEB, BRB, and SCEB with Basalt Fiber Reinforced
Polymer (BFRP) cables were compared through numerical analysis. It was highlighted that
the SMA-SCEB could significantly reduce the peak drift ratio and residual drift. Chen et
al. [178] combined pre-tensioned SMA cables with supplemental Variable Friction
Devices (VFDs) to develop a new self-centering brace called as the Variable Friction Self-
Centering Energy Dissipation Brace (VF-SCEB). The friction interface of the VFD is
designed with certain groove angles, as opposed to flat interfaces in traditional friction
devices. The different components of the VF-SCEB, such as inner and outer tubes, are
arranged in a way that relative movement between them leads to elongation of the SMA
cables and concurrently mobilizes the VFDs. Therefore, a symmetric behavior of the brace
was achieved in either tension or compression loading. The shape of the hysteretic curve
could be easily adjusted by tuning the design parameters of the SMA cables and the VFDs.
A proof-of-concept VF-SCEDB specimen was manufactured and tested under an
incremental displacement amplitude of up to 20 mm. The test results showed that the VF-
SCEDB exhibited high energy dissipation efficiency without compromising the self-
centering capability. They carried out a system-level analysis of three-story concentrically
braced steel frames equipped with different types of self-centering braces, including the

VF-SCEDBs. The numerical results highlighted that the proposed brace could more
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effectively reduce the peak deformation and control the residual deformation, and

mitigating inter-story drift concentrations.

o

Figure 2-21. Assembly and photograph of VF-SCEDB [178]

2.4.2 Braces with SMA bars

A high-performance Self-Centering Buckling Restrained Brace (SC-BRB) that couples the
dependable energy dissipation of a BRB with a self-centering mechanism was developed
by Miller et al. [179]. The self-centering mechanism is composed of concentric steel tubes
compressed by freely moving anchorage plates secured together with pretensioned SMA
bars so that the bars stretch when the brace is either in tension or compression. Two large-
scale SC-BRB test specimens with different BRB core dimensions and material properties
were designed, fabricated, and tested under standard cyclic loading procedures. The
experimental results illustrated that the overall performance of the SC-BRB was promising
as quantified by equivalent viscous damping, residual deformation, and cumulative and
maximum deformation demands on the BRB core. It was observed that the BRB and SMA
systems offer built-in redundancy; as such, the brace holds load-carrying capacity even
after one of them failed. The study concluded that the ability of the SC-BRB to fully re-
cover the imposed deformation was related to the ratio of the SMA pre-tension to the BRB

core yield strength. Eatherton et al. [180] conducted comprehensive computational studies
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to propose the SC-BRB design procedure and validate the anticipated performance of
buildings equipped with the brace. An analytical model was created and calibrated to
reproduce the experimental responses of the SMA and BRB components, including a new
material model that captures the accumulation of residual deformation during cyclic
loading. The model was proved to simulate the experimental responses of the tested SC-
BRB. Then, the validated model was implemented to simulate 147 SC-BRB configurations
and conduct an extensive parametric study to examine the effects of key design parameters
on the hysteric behavior of the brace. In the second part of the study, the seismic response
of fifteen prototype buildings with varying stories (3, 6, and 9) designed with SC-BRB
frames was analyzed to provide guidance for the proportioning of SC-BRBs to get suitable

seismic performance.
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Figure 2-22. Components and photograph of SC-BRB [179]

Cortes-Puenters and Palermo [181] proposed a tension-only SMA brace intended to
enhance the seismic performance of sub-standard short RC shear walls by installing
externally in an X-shape configuration. It consists of an SMA bar placed at the brace center
and connected to rigid hollow structural steel elements. The length of the SMA bars is
determined to exploit the range of deformation recovery effectively, and buckling is
inhibited in the brace through a mechanism that frees up compressive stresses.
Experimental tests were carried out on two SMA braces, one with superelastic effect and
the other with shape memory effect, and two companion tension-only steel braces. Finite
element analysis results of short RC walls retrofitted with the proposed braces indicated

that the walls experienced increases in strength, energy dissipation, and re-centering, as

44



Chapter 2: A State-of-the-Art Review on SMA-based Structural Control Devices

well as a decrease in stiffness and strength degradations. Other researchers have explored

similar seismic retrofitting schemes of gravity load designed RC buildings [182].

2.4.3 Braces with SMA ring springs

Building on the bracing system proposed by Speicher et al. [183], Gao et al. [184]
investigated the feasibility of ring-shaped SMAs to a bracing system through both
experimental and analytical studies. They developed a cross-braced system comprised of
an SMA ring at the center and four tension-only cable assemblies anchoring the SMA ring
to a frame, which makes it applicable to both new construction as well as upgrading
existing structures. A prototype bracing system was designed, fabricated, and tested to
evaluate its seismic performance. Compared with two previously developed SMA-based
systems, the cross-braced lateral force resisting system performed better as measured by

the lateral strength, energy dissipation, damping, and self-centering capability.

SMA ring
'

Steel connection

Cable assembly

Figure 2-23. A seismic bracing system based on SMA ring [184]

2.5 SMA-based Smart Isolators

During earthquakes, base isolation systems have proven to be effective in mitigating the
seismic response of civil structures. SMAs have become essential materials in the field of
seismic isolation. SMA-based isolation systems reported in the scientific literature include
many types of devices. Analytical, numerical, and experimental studies have been
conducted to characterize their seismic performance and the isolated structure subjected to

seismic loads. These studies are reviewed in this section. The isolation devices are grouped

45



Development, Testing, and Evaluation of SMA-based Structural Control Devices for Seismic Resilience

by the form of SMA product, i.e., wires or cables, bars, plates, and springs. Since more
than 90% of SMA-based isolation devices are made of SMA wire/cables, for the sake of
discussion, they are further classified into two main categories: elastomeric (based on
rubber-like material flexibility and viscous damping) and sliding (based on friction

properties).

2.5.1 Seismic isolators with SMA wires/cables
2.5.1.1 SMA-based elastomeric isolation bearings

Ozbulut and Hurlebaus [185] numerically investigated the efficacy of an SMA-Rubber-
based (SRB) isolation system to protect highway bridges against near-field earthquakes.
The SRB is composed of a laminated rubber bearing and a supplemental device made of
several loops of SMA wires wrapped around two wheels. The latter provides extra energy
dissipation and self-centering functionality. The sensitivity of the seismic response of a
multi-span bridge isolated by an SRB isolation system was examined considering several
critical design parameters of the SRB, including ambient temperature changes. A neuro-
fuzzy model, developed and experimentally validated by the same researchers in a separate
study [186], was implemented to realistically simulate the temperature and loading rate-
dependent behavior of the SMA wires. The analysis results indicated a trade-off between
displacement and acceleration responses of the deck and the base shear for an increasing
value of the forward transformation strength of the SMA wires. The authors suggested that
ambient temperature change should be considered during the design of the isolation system

as it impacts the response of the isolated bridge considerably.

Bhuiyan and Alam [187] evaluated the seismic performance of a three-span continuous
bridge isolated by two types of isolation bearings: High-Damping Rubber Bearing (HDRB)
and an SMA-based rubber bearing (SRB). The SRB is made of conventional Natural
Rubber Bearing (NRB) wrapped around by SMA wires in the loading direction. Two
alternative forms of SMA wires were considered: Nitinol and Cu-based SMAs. The study
implemented an advanced strain rate-dependent constitutive model to simulate the
mechanical behavior of the HDRB, while simplified analytical models were adopted for

the NRB and SMA wires. The numerical results demonstrated that the SRBs satisfactorily
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control the residual displacement of the deck and the pier displacement for moderate
earthquakes; however, the SRBs were not effective under strong earthquakes. Comparative
analysis revealed that the model fitted with SRBs experienced significantly higher deck
and bearing displacements as well as deck acceleration compared with that of the HDRBs.
The study highlighted that the choice of the type and simulation technique of isolation

bearings has a noticeable influence on the seismic response of the bridges.

Cover plate

Rubber layer
Steel shim

N smAwire

Figure 2-24. Schematics of HDRB and SRB [187]

350mm

The efficacy of SMA-based Rubber Bearing (SMARB) in seismic vibration mitigation of
buildings subjected to near-fault ground motions having long-period velocity pulses was
compared with Lead Rubber Bearing (LRB) by Gur et al. [188]. The SMARB adopted two
alternative configurations: SMA wire wrapped around the rubber bearing along the
direction of ground motions similar to [187] and SMA cable or bar installed in parallel to
the isolator raft and the base on both sides. The isolation efficiency of the SMARB and
LRB was assessed by analyzing the change in peak response quantities under different
ranges of superstructure-isolator parameters and different earthquake intensities and
frequency contents. The analysis results demonstrated that the use of SMARB led to
considerable reductions of superstructure accelerations and significant reductions of both
the peak and residual displacement of the bearings over the application of LRB. It was
noted that the efficiency of the SMARB increased as the earthquake intensities increased
(higher PGAS) as well as for ground motions with long-period pulses. Hence, the SMRB
was more effective in providing protection for frequency-sensitive equipment by
suppressing the transfer of high-frequency components of ground motions. Ghodke and
Jangid [189] examined the influence of high austenite stiffness of SMA used in an isolation
system that combines SMA and elastomeric bearing. They studied the effects of the
isolation period, transformation strength, and the austenite stiffness of SMA on three

structural response parameters: top floor acceleration, isolator displacement, and base
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shear. The results demonstrated that the isolation bearing with high austenite stiffness of
SMA amplified the floor accelerations of the base-isolated building while it did not
considerably affect the base shear and displacement.

Shinozuka et al. [190] presented optimal performance of SMA-based Lead Rubber Bearing
(SMA-LRB) isolated buildings by conducting nonlinear random vibration analysis coupled
with stochastic linearization of SMA behavior. They formulated a bi-objective
optimization problem that minimizes the isolator displacement and maximizes the isolation
efficiency to obtain the optimal combination of the SMA transformation strength and the
LRB yield strength. Zhu and Qiu [191] performed an incremental dynamic analysis (IDA)
of a prototype bridge installed with an isolation system that consists of elastomeric bearings
and SMA cables. They implemented an ad hoc displacement-based design (DBD)
approach proposed by Liu et al. [192] to design the isolators and the piers based on target
pier displacement, isolator displacement, and isolator ductility. The IDA results indicated
that the DBD approach estimates fairly well the target displacement under the DBE levels.
Moreover, the results demonstrated that the SMA isolators could effectively protect the
superstructure by reducing the damage in piers and limiting the total residual displacement

of the bridge, especially under the frequent and design basis earthquake levels.

The majority of existing studies on SMA-based isolation systems employ only a single
level of SMA element along with either rubber or friction-based bearings. Most recently,
Caoetal. [193] introduced a new SMA isolation system that can provide seismic protection
for bridge superstructures under multi-level seismic hazards. The proposed system,
referred to as Multi-Level SMA/Lead Rubber Bearing (ML-SLRB), consists of LRB and
three groups of SMA cables. The cables are adopted to alter the stiffness of the isolation
bearing as the magnitude of seismic event increases and provides additional energy
dissipation capacity and re-centering capability. During a frequent earthquake, the first
group of SMA cables stretched and undergo phase transformation at a pre-determined
displacement level, while the second and third groups are inactive due to available slacks.
The second and third groups of cables are progressively activated and undergo phase
transformation at different design levels of displacements depending on the earthquake

magnitude. A design procedure was proposed to determine key parameters such as the

48



Chapter 2: A State-of-the-Art Review on SMA-based Structural Control Devices

cross-sectional area and slack displacements of each group of SMA cables. The
effectiveness of the proposed ML-SRB was explored through nonlinear dynamic analyses
of a case study bridge subjected to far-fault and near-fault earthquakes scaled to different
seismic hazard levels. The performance of the proposed ML-SLRB was evaluated and
compared with conventional LRB and SMA-LRBs that consist of only a single group of
cables. Their analysis results demonstrated the high isolation efficiency of ML-SLRB at
small or moderate earthquakes while effectively bounds the bridge displacements under

extreme earthquakes.

Figure 2-25. Schematics of multi-level SMA/lead rubber bearing [193]

2.5.1.2 SMA-based sliding isolation bearings

Several researchers have exploited the superelasticity and energy dissipation capability of
various forms of SMA elements to enhance the performance of traditional sliding-type
seismic isolation systems. Ozbulut and Hurlebaus [194] explored the seismic performance
of an SMA-based isolation system under variations of environmental temperature. The
SMA-based isolation system strategically combined a steel-Teflon sliding bearing, which
was employed to dissipate energy through frictional behavior, and SMA wires were used
to offer additional energy-dissipating and re-centering capabilities. They predicted the
forces of the SMA wires using a neuro-fuzzy model that accounted for the effects of
temperature and loading rate. A multi-objective genetic algorithm was employed to find
out the length and cross-sectional area of the SMA wires, which were the primary design
parameters of the device. Then, a sliding bearing with an SMA device was installed in a
multi-span bridge to explore the seismic performance of the isolation system under various
outside temperatures. The result demonstrated that temperature changes have a modest

influence on the performance of isolated bridge structures. Notably, the results highlighted
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that the structural responses of the isolated bridge were affected as follows: a maximum of
13% variation on the displacement response and a maximum of 8% change in acceleration
response when the temperature change was 20 °C from the reference temperature of 20 °C.
The result revealed that that SMA-based sliding isolators effectively controlled the

structural response of the isolated bridges subjected to earthquake events.

Jalali et al. [195] analyzed the feasibility of incorporating superelastic SMA wires into
steel-Teflon flat sliding bearings through nonlinear time history analyses. They reported
that the proposed isolation bearings reduced the maximum base shear more than
conventional friction pendulum systems. Khodaverdian et al. [196] conducted a numerical
study using SMA cables in parallel with steel-PTFE sliding bearings to retrofit an existing
railway bridge. Their sensitivity analyses on the influence of environmental temperature
suggested that the mechanical behavior of the SMA on the lowest likely temperature should
be accounted for during the design of the proposed isolation bearing. Gur and Mishra [197]
implemented a multi-objective optimization model to explore the optimal performance of
pure friction SMA isolation bearing for protecting buildings against random earthquakes.
They conducted nonlinear random vibration analysis through stochastic linearization of the
cyclic force-deformation hysteresis of the frictional and SMA parts. A set of optimal
characteristics were proposed to ensure the best performances of the isolation. The
stochastic response behavior reveals that an optimal combination of the friction coefficient
and SMA’s transformation strength minimizes the floor acceleration, thereby maximizing
the isolation efficiency. However, the isolator displacement reduced monotonically with
increasing values of these two parameters. The effect of parameter variations on the
robustness of the optimal system is demonstrated under variations in the isolator-
superstructure system parameters as well as earthquake loading scenarios. The trends
portrayed by the stochastic responses were further verified under a set of real earthquake

ground motions.

Zheng et al. [198] presented a methodology to evaluate the seismic resilience and life-cycle
loss of traditional and SMA-based isolation bearings. As such, the long-term performance
benefits associated with the application of SMAs can be evaluated. To illustrate the

significance of the proposed methodology, they considered an isolator that consists of one
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frictional sliding bearing with and without two SMA cable components. A nonlinear time
history analysis was conducted to generate fragility curves of both the sliding and SMA-
based bearings. Under the investigated scenarios, life-cycle loss and resilience were
formulated considering the direct and indirect losses and hazard recovery trends. The
proposed method was then implemented on a reinforced concrete bridge installed with the
SMA-based bearings. The applicable performance indices, such as fragility curves, life-
cycle loss, and resilience, were investigated and compared with the same bridge isolated

by a conventional bearing.
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Figure 2-26. Configuration of the modular SMA-cable-based bearing [198]

De Domenico et al. [199] developed an adaptive isolation system that integrates low-
friction curved surface sliders (CSSs), alternatively known as friction pendulum system, in
parallel with two SMA gap dampers (SMAGDs). The SMAGD is a dissipative element
made up of multiple SMA wires grouped together and bounded by a flexible membrane.
The SMAGDs furnish supplemental stiffening and energy dissipation only when the
isolation system passes a threshold or gap displacement while inactive for displacements
less than the threshold. The authors proposed a conceptual model of the system based on a

sliding pin and a slotted ring to realize the “gap damper” feature. Since the anchoring
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system of the left-side SMAGD is symmetrical with the right-side, only one damper is
engaged at a time. Depending on the isolation system direction of motion, one acts like a
“tension-only” element while the other provides zero compression force. A spring is
installed at either anchoring system to generate a restoring force that pushes the sliding pin
back to its initial position when the SMAGD no longer pulls it. A linear displacement-
based procedure for the preliminary design of structures equipped with CSS + SMAGD
system was developed and validated through a series of nonlinear response time-history
analyses. They conclude that the proposed adaptive system efficiently integrates the

inherent benefits of low-friction and high-friction CSS systems in a single unit.
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Figure 2-27. Schematics of the SMAGD (adopted from [199]

The work of Dong Liang et al. [200] is one of the few experimental studies on SMA-based
isolation devices. They used a traditional friction sliding bearing system as the basic unit
and added SMA cables to restrain the bearing when excessive displacement occurs. In
addition, the SMA cables provide supplemental damping and self-centering capacity at
large displacements. As shown in Figure 2-28, the cables are connected to the top and
bottom plates of the friction sliding bearing through spherical hinges. The cables are
mobilized and start to provide additional energy dissipation when the relative displacement
exceeds a pre-determined target value. Some of the unique features of the proposed bearing
compared with other SMA-wire or cable-based bearings are: (1) the cables can work
simultaneously when the bearing moves in any horizontal direction due to the unique
design of the connection between the SMA cables and bearing plates (2) the cables can
control excessive vertical displacements of the bearing under vertical earthquake

excitations. The performance of the proposed bearing was assessed by testing two
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prototype bearings as well as by conducting a numerical case study on a three-span

continuous bridge.
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Figure 2-28. Three-dimensional schematic illustration and photograph of SMA-sliding
bearing [200]

2.5.2 Seismic isolators with SMA bars

Casciati and Faravelli [201] introduced a new isolation device in which a sliding system is
integrated with inclined Cu-based SMA bars that provides damping capacity and self-
centering capability. Hu [202] proposed an isolation device equipped with large diameter
SMA bars arranged radially around traditional LRB. The proposed isolator’s behavior and
seismic performance were examined through extensive parametric analyses of single-
degree-of-freedom spring models. The responses were compared with those of
conventional LRB and LRB with steel bending bars. The study concluded that adding that
the SMA bars to the LRB improved the re-centering capability and effectively reduced the
lateral displacement even though the bars shortened the fundamental period of the
structure. Cardone [203] carried out an extensive parametric study on the self-centering
capability of an isolation system that consists of steel-PTFE flat sliding bearing combined
with SMA-based auxiliary devices. The results indicated that the self-centering capability
is affected by the mechanical behavior of the base isolation system and the characteristics
of the ground motion.

2.5.3 Seismic isolators with SMA plates

In an effort to expand the application of SMAS in seismic base isolators, Wang et al. [204]
developed new self-centering (SC) seismic base isolators using SMA-U-shaped Dampers
(SMA-UDs) proposed by the same researchers [166]. The SC-isolators were designed in
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two different configurations. In the first type, known as SMA-LRB, a traditional LRB is
placed at the center of the isolator, and four pairs of SMA-UDs are symmetrically arranged
around it. In the second type, known as SMA-SRB, it has a similar layout with the first
one, except the lead core is replaced by energy dissipating steel-UDs arranged in parallel
with the SMA-UD. A total of six prototype SC base isolators and two conventional base
isolators were fabricated and tested under an incremental displacement loading protocol.
According to their test results, the SC base isolators showed flag-shaped hysteresis loops
accompanied by significantly reduced residual deformation and sufficient energy
dissipation collectively supplied by the lead core (or steel-UDs) and SMA-UDs. It was
highlighted that some of the advantages of the SC base isolators are: excellent self-
centering capability, adequate energy dissipation, design flexibility, and convenient

inspection and replacement.
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Figure 2-29. Configurations of the SC base isolators and fabricated SMA-SRB [193]

2.5.4 Seismic isolators with SMA springs

Attanasi and Auricchio [205] discussed seismic isolation bearing utilizing eight
superelastic SMA springs. Huang et al. [206] experimentally and numerically studied a
base isolation system that consists of two SMA helical springs and a linear slider. They
implemented a phenomenological model to simulate the complex superelastic behavior of
the SMA springs accurately, and a good agreement between the simulated and
experimental force-displacement hysteresis curves was observed. They tested an
experimental model of a two-story steel frame with two identical SMA helical springs
installed at either side of the base in a mini-shake table under different magnitudes of
excitations. Tests were repeated with a change of the pre-stroke length of the SMA springs.

Besides, the isolated frame with steel springs and fixed base cases were analyzed for
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comparison. The results demonstrated that the proposed base isolation system can
remarkably suppress structural vibrations and has enhanced isolation efficiency compared
with a steel spring system.

Liu et al. [207] compared peak response quantities (such as inter-story drift ratio, floor
acceleration, residual inter-story drift) of a three-story steel frame isolated with SMA
springs against elastic steel springs. Peng and Wenting [208] investigated the feasibility of
a new restorable isolator entitled SMA Spring-Friction Bearing (SFB). The SFB consist of
a flat sliding bearing that decouples the superstructure from horizontal ground motion and
SMA helical springs that provide re-centering mechanism and dissipate energy. A coil
specimen made of a 12 mm diameter superelastic SMA bar was tested to characterize and
validate the analytical model of the helical spring force-displacement curve. A prototype
SFB specimen was fabricated and tested under cyclic loading protocol. Numerical analysis
results of a lattice grid structure isolated with SFB illustrated the potential to serve as a

structural control device.

Figure 2-30. Three-dimensional schematic diagram and photograph of the SFB [208])

2.5.5 Comparison of SMA-based and traditional isolation devices

Laminated rubber bearings and sliding bearings are extensively used in building and bridge
applications; however, they have some weakness, such as limited shear strain capacity,
instability due to large deformations and inadequate self-centering property with
unrecovered residual deformations [209]. Generally, requirements for features for the
effective performance of isolation devices should include (1) adequate energy dissipation

to reduce seismic demand, (2) a good recentering mechanism to avoid excessive bearing
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deformations and instability, (3) no need for bearing replacement even after a strong
earthquake (i.e., no damage on the bearing after excitation), and (4) high durability against
cyclic loads. Based on these, SMA-based isolation devices are superior compared with
traditional counterparts, such as high damping rubber bearings, lead rubber bearings,
friction pendulum bearings. Despite all the advantages that SMA-based isolation bearings
offer, their sensitivity to ambient temperature could be considered a potential drawback.
For instance, in cold region, the temperature can change from -50 °C to +40 °C in some
places. Usually, Nitinol’s austenite finish temperature ranges from -10 °C to 44 °C [210],
which clearly demonstrates its potential of losing its superelasticity if the temperature goes
below Ar where the system will lose its recentering capability. However, for such
applications, SMAs with Ar below -50 °C, such as Cu-Al-Be (Ar of -65 °C), might be a

better choice for outdoor applications [211].

2.6 Summary

Over the past decades, superelastic SMAs have been considered in the development of
various seismic protection systems. The appealing properties of SMAs for the seismic
application includes, high recoverable strain without any plastic (permanent) deformation,
which provides both self-centering ability with large deformation capabilities and allows
the reuse of the seismic protection system after repetitive load cycles; non-sacrificial and
repeatable energy dissipation capability; and high fatigue resistance. This chapter provides
an integrated and holistic review of SMA-based control devices including dampers, braces,
and isolation systems. As discussed in this chapter, various compositions (such as NiTi and
Cu- or Fe- based alloys) and forms (such as wires, cables, bars, and springs) of SMAs are
available and have been explored for use in structural control systems. However, a
judicious design that considers performance, cost, and practicality is needed to expedite
real-world applications of SMA-based response mitigation systems. The technical review
presented in this chapter highlighted important information for the ease of further studies

and generated future research directions for researchers working in this field.

Although several SMA-based seismic control devices have been proposed and tested, the
SMA elements used in these studies have been mostly small-diameter wires. On the other

hand, there have been very limited experimental studies on SMA-based devices with high
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axial force and deformation capacities. Despite all of the promising features of SMA-based
seismic protection systems, the lack of large-scale and practical SMA-based devices has
become an impediment to the real-world implementation of such systems. Future research
should focus more such realistic devices rather than small-scale laboratory devices to

expedite the implementation of SMA-based systems into full-scale structures.

Since the earlier explorations of SMAs for civil engineering applications in the mid-1990s,
the cost of SMASs has been cited as one of the major barriers to their adoption. Over the
past decades, although the cost of NiTi alloy wires has considerably reduced, high material
cost is still a challenge for most of the civil engineering applications of SMAs. One reason
for this fact is that the manufacturing cost of large diameter bars compared to wires is still
higher as the demand for superlastic NiTi SMAs is driven by medical applications where
only small-diameter wires are used. Large-diameter SMA cables made out of individual
small diameter wires may bring the cost of large-size SMA elements down — once a high

demand for such large size cables is available.

Another possibility for low-cost, commercially available SMAs for large-scale structural
applications is Cu-based alloys. In particular, superelastic CUAIMn SMASs are promising
memory materials as they possess advantages such as a large operating temperature range,
low temperature- and rate-dependency, and good workability and machinability. However,
the strength and energy dissipation capabilities of CuAIMn SMAs are limited. Since
superelastic behavior in Fe-based SMAS reported in 2011 [92], they have been considered
as ideal candidates for civil applications as a low-cost SMA material with excellent
mechanical properties. However, these Fe-SMAs have their own obstacles for industrial
applications, such as the need to grow large grains in the microstructure for good
recoverability. Given the recent accomplishment in developing Fe-based SMAs by several
other material science research groups [212-214], it is realistic to expect these ferrous

superelastic alloys to be commercialized in the near future.

Despite the concerns on the cost of SMAs, when the SMAs are used in the seismic
protection devices such as dampers and isolators, the material cost should not be a deciding

factor. Since the SMAs are effectively used in these systems for self-centering and energy
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dissipation, SMA-based devices could have comparable costs with more commonly used
seismic protection systems. In addition, it should be noted that SMA-based devices can be

non-sacrificial and can serve effectively even after an earthquake event.
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3 BUCKLING AND POST-BUCKLING BEHAVIOR OF SMA
BARS

3.1 Overview

Towards the development of SMA-based devices, larger size SMA elements are usually
needed to accommodate high force demands in real-world applications. However, lack of
more in-depth understanding of SMA’s buckling behavior inevitably brings uncertainties
when they are used in damping devices and other applications that will be subjected to
compression load. To fill this knowledge gap, this chapter discusses the buckling and post-
buckling behavior of large diameter superelastic NiTi SMA bars based on information
obtained from comprehensive experimental test results. To the best of the author’s
knowledge, the effects of loading rate on the buckling response of SMAs and their
thermomechanical behavior have not been reported in the literature. The tensile and
compression responses of NiTi bar characterized under monotonic loading tests up to
failure. Digital image correlation (DIC) technique was implemented in all experiments to
monitor full-field surface displacements and strains along the specimen length. The
temperature field on the surface of the specimens was recorded by an Infrared camera. The
load-displacement curves for various slenderness ratios are provided. The interaction
between material nonlinearity due to phase transformation and geometric nonlinearity was
explored. Data obtained from the DIC measurement system was further analyzed to
identify the onset of buckling and to extract experimental critical buckling loads. The effect
of loading rate on buckling response of SMAs was investigated by conducting additional
testing at higher loading rates on the specimens with three selected slenderness ratios.
Furthermore, the thermomechanical behavior of the SMA bars was investigated. At the end
of the chapter, comparison of analytical and experimental critical buckling loads is

presented.
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3.2 Experimental Details
3.2.1 Materials

In this study, commercially available 12 mm diameter superelastic NiTi SMA bars with a
chemical composition of 50.7 wt.% Ni and a 49.3 wt.% Ti were used. The as-received bars
were heat treated using an electrical furnace at 400°C for 30 min and then water quenched.
The forward and reverse transformation temperatures were determined using a differential
scanning calorimetry (DSC). As shown in Figure 3-1, the forward transformation
temperatures are -45°C and -56°C for martensite start (Ms) and martensite finish (M),
respectively. The reverse transformation temperatures are -32°C and -19°C for austenite
start (As) and austenite finish (As), respectively. The result confirms that the material is
superelastic at room temperature.
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Figure 3-1. Differential scanning calorimetry (DSC) test result

3.2.2 Test matrix

Before the buckling tests, monotonic tensile and compression tests were performed to
characterize the material properties of NiTi bar. Two specimens with a total length of 178

mm and 30 mm were prepared for the tensile and compression tests, respectively. The
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specimens were tested following the ASTM F2516-14 [215] standard. Although the
procedure outlined in this standard is for tension test only, it was implemented for the
compression test as well as for the sake of comparing the test results under the same loading

protocol.

To evaluate the buckling behavior of NiTi SMA bars, a total of 15 specimens with a wide
range of unsupported length were tested. The unsupported length of SMA bars ranged from
45 mm to 345 mm, which corresponds to a slenderness ratio of 25 to 115, respectively. The
slenderness ratio (1) is calculated as Lu/r, where Lu is the unsupported length and r is the
radius of gyration. A summary of the main test parameters is reported in Table 3-1. The
total length of the specimens is designated as L and L. represents the virtual gauge length
used in the computations of strain fields using the DIC technique. The variables are

schematically shown in Figure 3-2(a).

The experimental tests were conducted in two stages. First, specimens with slenderness
ratio ranging from 25 to 115 were subjected to compressive loads at a quasi-static loading
rate of 0.0002 mm/sec per mm and unloaded at the same rate. Then, specimens with three
slenderness ratios of 35, 60 and 80, representing short, intermediate, and slender columns,
were tested at higher loading rates of 0.005 mm/sec per mm and 0.01 mm/sec per mm,
respectively. The goal of these tests was to assess the effect of strain rate on the buckling
and post-buckling behavior of NiTi bars. Note that care shall be exercised in selecting the
loading frequencies as it can lead to a catastrophic failure at high strain rates.
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Table 3-1. Test specimens

Crosshead speed

Specimen ID L (mm) Ly (mm) A (mm/sec per

mm)

SR25a 135 75 25 0.0002

SR35a 165 105 35

SR40a 180 120 40

SR45a 195 135 45

SR60a 240 180 60

SR80a 300 240 80

SR95a 345 285 95

SR105a 375 315 105

SR115a 405 345 115

SR35b 165 105 35 0.005

SR60b 240 180 60

SR80b 300 240 80

SR35¢ 165 105 35 0.01

SR60c 240 180 60

SR80c 300 240 80

3.2.3 Test setup, procedures, and instrumentations

A test setup that facilitates testing of a broad range of specimens was designed by

employing an end condition somewhere in between a true fixed-fixed and pinned-pinned

end conditions as this provided a convenient way of specimen mounting operation. Custom

fixtures were fabricated from steel plates to hold the specimens in place. They were bolted

to the moving and fixed heads of the loading frame. Figure 3-2(a) illustrates the schematic

representation of the test setup. The fixtures had a 13.5 mm diameter and a 30 mm deep

bottomed holes at the center of the plates, which ensured uniform distribution of the applied

load throughout the specimen cross-section at each end. Because the buckling response of

a structure is susceptible to geometric imperfections and loading eccentricity, the
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dimension of the holes was kept to be the same so that all the specimens were precisely
inserted into the custom fabricated fixtures at the planned nominal length. This avoided
unwanted variation in the specimen’s unsupported length, i.e., Lu and hence, variation in
critical buckling loads that could happen if the specimens would have been gripped directly
to the load frame. Additionally, the fixtures were carefully aligned to plumb, and once set,
were remain undisturbed throughout the test. As shown in Figure 3-2(b), the specimen was
allowed to freely move in the axial direction while restrained laterally at each end.

Specimen

(a) (b)

Figure 3-2. Schematics of the (a) buckling fixture setup and (b) specimen undergoing
compressive deformation

All buckling tests were conducted using an MTS 810 servo-hydraulic machine equipped
with a 250 kN capacity load cell. In all experiments, displacement-controlled loading and
force-controlled unloading procedure were adopted. The displacement of the moving head
was commanded at a prescribed rate while the MTS data acquisition system recorded the

applied displacement and load.

A digital image correlation (DIC) system was employed to monitor the surface

displacement fields throughout the specimen length from which strain fields were
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computed afterward. Before each test, a base coat of white paint was applied at the gauge
section of the specimen succeeded by a dusting of black speckles. A series of images were
captured during the test to track the speckle patterns applied to the specimen. Since
buckling of the specimen could occur in any plane, two cameras were systematically
positioned to capture the deformation of the bar in a three-dimensional space. Standard
resolution and high-speed imaging devices were used for the quasi-static and high loading
rate tests, respectively. Sequential images were post-processed using a commercial
software Vic-3D [216]. In all experiments, the strains are reported using a DIC “virtual”
extensometer as a measure of the average strain along the specimen gauge length. A gauge
length Le for the extensometer was chosen along the specimen centerline in the reference
configuration as close as possible to the end. The use of DIC extensometer is particularly
beneficial for buckling experiments where neither conventional nor laser extensometers
would have been practical. In fact, in some of the tests, a laser extensometer was used to
measure the axial shortening only up to the onset of buckling. Once the specimen buckled
and started to deform out of a plane, the laser infrared signal was lost due to the lateral
deformations. The data obtained from the laser extensometer were used only for validating
DIC extensometer measurements. A FLIR A655sc (from FLIR system AB Inc., Sweden)
infrared camera was employed to record the temperature map on the surface of the
specimens. The FLIR A665sc has a high resolution of 460 x 480, which can cover the
whole front surface of the specimens. Figure 3-3 shows the buckling test setup with DIC

and laser extensometer.

Figure 3-3. Buckling test setup with laser extensometer and DIC system
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3.3 Analysis of Experimental Results
3.3.1 Tensile and com pressive behavior under monotonic loading

To illustrate baseline material behavior under pure tensile and compression loading prior
to studying second-order effects (i.e., geometric nonlinearity) on material response, Figure
3-4 provides the tensile and compression response of two short specimens loaded up to
failure. It can be seen that the stress-strain curve for the tensile behavior depicts a flat stress
plateau (i.e., constant stress) due to stress-induced transformations followed by stiff
segment. In contrast, the compression stress-strain curve shown in the lower left quadrant
of Figure 3-4 did not exhibit flat stress-plateau; instead, it is characterized by a clear-cut

slope.

An in-depth understanding of the various forms of deformations linked with the tensile and
compressive loading can be achieved through a careful analysis of the DIC surface strain
fields presented in the inner plot. In tension, it can be seen from image (3) (just before the
stress plateau in the stress-strain curve) that a distinct martensite band was constituted and
then disseminated through the gauge length of the specimen (image (4)) as the elongation
continued the stress plateau. It can be clearly distinguished that the strain field was uniform
before stress-induced martensitic transformations (SIMT), i.e. up to (2); and became
distinctly heterogeneous between (3) and (4) with a single propagating front as the
specimen elongated on the stress plateau. Finally, it turned again to almost uniform at (5)
after the end of the plateau. On the other hand, under compression, the material did not
reveal strain localized propagation, which was confirmed by the absence of clear flat stress-
plateau. Rather, the surface strain fields seem to be soundly uniform with only modest
wavering, particularly towards the end of the loading. This inhomogeneity might be related

to bending of the specimen due to transient buckling.
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Figure 3-4. Tensile and compression response of NiTi bar: stress-strain curve along with
axial strain field contours. Numbers below each image correspond to marks on the stress-
strain curve

The NiTi material examined in this study attested the well-established lack of symmetry in
tension and compression responses regarding to the stress level at which the martensite
transformation begins. The compressive transformation stress and strain values of 600 MPa
and 2.1%, respectively, were approximated by reading from the stress-strain curve that
corresponds to the end of the linear elastic region. Compared to the tensile transformation
stress and strains, it was found that the compressive values are higher by 30% and 50%,
respectively. The prime causes of this asymmetric behavior are given as a low
crystallographic symmetry of the martensite phase and textures induced during materials
processing [217,218]. In general, the observations made in this section are in line with
previous investigations on NiTi tubes and coupons [121,217-219]. Therefore, in
subsequent discussions, the result shown in the bottom left quadrant of Figure 3-4 is
referred to as “pure” compression behavior. Note that this behavior does not represent the

true compression response of the material since it is inevitable to completely avoid
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buckling in a compression test. Although the custom fabricated grips were effective in
suppressing the buckling effect, still there might be slight bending of the specimens that
could contribute to the total compression response.

3.3.2 Global load-displacement behavior

In this section, an overview of the buckling and post-buckling responses of all specimens
ranging from the very short to the slender ones are presented. Owing to the nonuniform
local stress and strains in a typical buckling test, in this study results are plotted in terms
of the normalized load and normalized axial displacement to differentiate from the
macroscopic stress and strain. The applied load (P) was normalized by the cross-section
area (Ao), and the DIC axial displacement (o) was normalized by the virtual extensometer
(Le). The ends of the DIC virtual extensometer (Le) were strategically selected close to the
ends of the specimen as such rotations due to bending of the specimen were small. For the
sake of simplicity, the normalized load and normalized axial displacement from now on

are referred to as load and displacement, respectively.

Figure 3-5 illustrates the load-displacement curves of NiTi bars with slenderness ratio 25,
35, 40, 45, 60, 80, 95, 105, and 115 tested at a strain rate of 2x10* s, As shown in Figure
3-5(a), the load of the stocky bar, A=25, increased and experienced phase transformation at
600 MPa. Unlike other conventional elasto-plastic materials such as steel, the sustained
load did not decrease with an increase of axial displacement beyond the first instability
point. The post-buckling loading response of the bar stiffened to almost a linear response
after the 3% displacement and until a peak load of 800 MPa. Upon unloading, an abrupt
elastic drop in load parallel to the pre-buckling response was observed.

As can be seen from figure 5b, the short bars (A=35, A=40, and A=45) displayed a peak load
and buckled near the onset of phase transformation. In the case of the slenderness ratio of
35, the load undulated during the loading portion of the post-buckling branch. It can be
also seen that with increasing slenderness ratio, there were larger decreases in post-
buckling load levels. However, upon unloading, all the specimens recovered most of their
deformations by exhibiting near typical superelastic behavior. It can be seen that the

buckling load for A=35 is slightly lower than for A=40. This is contrary to the general trend
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that buckling load decreases as the slenderness ratio increases. The authors considered the

result of A =40 as an outlier.

When the buckling response of the long (A=60 and A=80) and slender (A=90, A=105, and
A=115) bars are examined in Figure 3-5(c) and 5d, it can be seen that the critical buckling
load decreases in a steep manner with increasing slenderness ratio. Bending of the
specimens due to P-A effect caused the load falls off monotonously beyond the peak value
up to the final point of loading. During unloading plateau, the load levels remained almost
constant up to 0.8% displacement but exhibited a slight increase in all long and slender
specimens with the exception of A=60 specimen. Subsequently, the load decrease along a
line parallel to the initial elastic (austenite) branch to a zero load with almost no residual
displacement.
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Figure 3-5. Normalized load-axial displacement responses for NiTi bars with slenderness
ratios of (a) A=25, (b) A=35, A=40 and A=45, (c) A=60 and A=80, and (d) A=95, A=105 and
A=115
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The buckling responses of all specimens are plotted in Figure 3-6 for better comparison.
As can be seen, all specimens exhibited superelastic responses despite being buckled far
into the post-buckling regime with a maximum axial displacement of 7%. Most of the
specimens returned to almost zero displacement upon the removal of the load. As expected,
the critical buckling load decreases as the slenderness ratio increases. The slender
specimens buckled considerably below the forward phase transformation stress level of the
pure compression response i.e., 600 MPa, while shorter bars buckled near the

transformation stress level.
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Figure 3-6. Normalized compressive load-axial displacement curves for all slenderness
ratios

3.3.3 Axial strain fields

By implementing the DIC technique, axial compression deformation responses of all
specimens and the corresponding strain filed contours were obtained and discussed in this
section. The axial strain field contours of the specimens with slenderness ratio of 25 are
shown in Figure 3-7. Strain field images confirms the fact that there is no strain localization
due to transformation. This observation is consistent with the pure compression test result.

A close assessment of the mechanical response of A=25 specimen revealed that there are
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two peak loads, which are instability points on the equilibrium configuration path (i.e.,
load-displacement curve) of the bar. At the first peak load, the specimen instability
occurred because of the decrease in the tangent modulus of elasticity as the material entered
the martensitic transformation phase. However, in contradiction with the general trend that
load falls off unvaryingly upon further increase in compression load beyond the first peak
load, the bar sustained significantly higher load after the first peak load. When the
specimen bent, the innermost fibers of the cross-section were compressed more than the
outermost fibers. As a result, the innermost fibers completed their phase transformation
into martensite first. The volume fraction of martensite increases as more fibers underwent
stress induced phase transformation, this led to a complex movement of the neutral axis of
the bar cross-section. Since the modulus of elasticity of martensite is higher than the
transformation elasticity modulus as can be deduced from Figure 3-4, the bar stiffened,
which in turn increase the resisting moment of the bent bar. Therefore, the bending moment
due to the applied load (i.e., the P-A moment) was exceeded by the bent bar resisting
moment. Thus, because of SMAs unique material properties, the specimen was able to
acquire a highly stable post-buckling configuration after the first point of instability. This
suggests that the stress-induced martensite transformation coupled with the P-A effect may

have caused the load to vary non-monotonically with the axial displacement.
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Figure 3-7. Mechanical responses and axial strain fields of A=25
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Figure 3-8 illustrates the axial strain filed contours of specimens with a slenderness ratio
of 35 and 45. As can be seen from images (3), (@), and (5) higher magnitude concentrated
deformation bands were developed at the mid-length of the specimen. Unlike the bar with
A=25, the load after the instability point did not increase even if the material entered into
the martensite transformation phase. Since the slenderness was higher, a point on the post-
buckling branch of the loading segment was unable to overcome the previously attained
maximum load. In other words, the material stiffness after SIMT did not increase enough
to resist the bending moment due to P-A effect. This might be due to small volume fractions
of nucleated martensite that could contribute to the stiffness. It could be speculated that the
overall stiffness of the custom fabricated grips contributes to the post buckling stiffness of
the specimen. It could be inferred therefore that the influence of the pure compression

behavior of NiTi moved away as the slenderness ratio increased.
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Figure 3-8. Mechanical responses and axial strain fields for (a) A=35 and (c) A=45

Figure 3-9 presents the axial strain field contours of specimens with slenderness ratios of
60, 80, 95, 105, and 115. Note that for the bar with A=60, the buckling occurred in a plane
where the DIC cameras could not capture the buckling shape. The strain field contours
have confirmed that formation and growth of distinct martensite bands in a localized
manner was less prevailing in NiTi bar buckling tests even though higher magnitude

concentrated strain regions arose due to inelastic post-buckling behavior.
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3.3.4 Lateral deflections

The buckling and post-buckling behavior of superelastic NiTi bars can also be
characterized by the lateral deflections of points along the centerline of the specimens
under axial load. Figure 3-10 illustrates the lateral deflection profile of each specimen near
the end of maximum axial displacement, which is at the end of loading as a function of
normalized unsupported length. The normalized unsupported length is computed as the
height of the specimen at a given section (z) divided by the unsupported length (Lu). In
addition, the lateral deflection contours of the specimens with A=25 and A=115 are
illustrated in Figure 3-11(a) and 3-11(b), respectively. Both the lateral deflection contour
and centerline profile were calculated at a single point along the centerline of the
specimens.
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Figure 3-10. Centerline lateral deflection normalized by unsupported length
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Figure 3-11. Representative lateral deflection contours for slenderness ratios of (a) A=25
and (b) =115

As expected, the maximum lateral deflection for all specimens occurred at the mid-length.
The shortest specimen experienced displacement primarily in the axial direction with
minimal out of plan deformation. All other specimens, initially straight, started to deflect
laterally at their respective buckling load. It is apparent that in all cases the post-buckling
response had a deformation profile similar to a cosine wave. This concurs well with the
end conditions in this experimental set up and expectations for classical column buckling.
It can be observed from Figure 3-10 that the abscissa of the normalized profiles at the
specimen’s ends were not quite zero. Its noteworthy to mention that the specimens were
not completely speckled from one end of the custom fabricated fixture to the other end. A
small section of the bars at each end was intentionally left un-speckled. As a result, the
lateral deflections were not necessarily zero at the ends of the DIC gauge length. The kink
in the lateral deflection of the A=25 specimen at the ends may be due to this un-speckled
region and the custom fabricated grips overshadow the ends of the specimen.
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3.3.5 Effects of loading rate on the buckling and post-buckling behavior of SMA bars

To explore strain rate effects on the buckling and post-buckling responses of SMA bars,
six additional specimens were tested at loading rates of 5x10° mm/sec per mm and 1x10°
2 mm/sec per mm. Figure 3-12 presents the normalized load-displacement curves of the
specimens with slenderness ratios of 35, 60, and 80 subjected to loading rates of 2x10,
5x10%and 1x102 mm/sec per mm. It can be observed that the specimens with a slenderness
ratio of 35 and 80 reached higher load values when they were tested at faster rates. On the
other hand, the loading rate had no noticeable effect on the critical buckling load of the
specimen with A=60. However, comparing the quasi-static and the faster rate tests, the post-
buckling branches of the later showed considerable upward shift for the specimens with all

slenderness ratios.

Although majority of the specimens tested in this study buckled at the stress level below
the forward transformation stress, the observed higher loads at higher strain rates could be
attributed to the nature of phase transformations. In superelastic SMAs, atoms move
collaboratively by a shear-like mechanism to initiate a diffusion-less solid to solid
transformation. The stress values that correspond to this transformation increase with the

increasing loading rate [103].

It can be also seen that the residual deformation response of NiTi bars subjected to buckling
is affected by loading rate. For the specimen with A= 35, the residual deformations
increased from 0.47% at quasi-static loading up to 1.15% at faster loading rates. This could
be attributed the fact that when the strain rate is high there is limited time for the phase
transformations to occur. For the specimens with higher slenderness ratios (i.e., A=60 and
2=80), a somewhat increase in residual deformations was also observed but the residual

deformations were below 0.42% for all considered loading rates.
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Figure 3-12. Buckling response at different strain rates for specimens with (a) A=35, (b)
A=60, and (c) A=80

Figure 3-13 illustrates the evolution of the maximum temperature recorded and temperature
contours for the specimens with slenderness ratio of 35, 60 and 80 subjected to loading
rates of 2x10%, 5x1073, and 1x102 mm/sec per mm. For the specimens subjected to a
loading rate of 2x10™* mm/sec per mm, the maximum temperature increases up to the point
of buckling. Once the critical buckling load is reached, the temperature slightly increases
or remains constant until the end of the loading protocol. In the unloading phase the
temperature decreases as expected however, as the SMA bar returns to the normal position
(i.e., recovers the lateral displacements), the temperature decreases below the initial

temperature. This might be attributed to the reverse transformation. After the completion
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of the reverse transformation, an increase in temperature to reach the initial temperature

(room temperature) is observed.

Figure 3-13(c) and 3-13(d) display the maximum temperature profile and temperature
contours for specimens subjected to a loading rate of 510 mm/sec per mm, respectively.
It is observed that with the increased loading rate, the maximum temperature increases up
to the end of the loading cycle. The specimen with slenderness ratio of 35 experienced a
slight increase in the maximum temperature in the early stages of the unloading protocol.
This can be attributed to the inelastic buckling behavior of the specimens with low
slenderness ratio, and the sudden change in stress fields at the buckled region as the SMA
bar recovers the original shape. During the unloading stage, the maximum recorded
temperature decreases for all specimens. However, due to the relatively higher loading
frequency, the specimen’s temperature remains above room temperature until the end of
the reverse transformation. At the end of the testing protocol, the SMA maximum

temperature reaches room temperature.

Figure 3-13(e) and 3-13(f) illustrate the recorded maximum temperature history and
temperature contours for the specimens subjected to a loading rate of 1x102 mm/sec per
mm, respectively. It is observed that the temperature increases rapidly up to the critical
buckling point and remains constant until the SMA bar returns to its original shape (i.e.,
up to the completion of the reverse transformation) for slender specimens.

In general, the thermomechanical behavior of SMA bars under compressive loading is
highly nonlinear. Multiple factors such as nonlinear strain distributions across the height
of the bar and the cross-sectional area at a specific height, forward and reverse
transformations and loading frequency contribute to the nonlinearities of the thermal
response. Specimens with small slenderness ratio (i.e., A= 35), experience high strains
along the length of the bar, resulting in an increase in temperature in all regions of the bar.
For the slender specimens (i.e., A=60 and A=80), the temperature increases at the middle-
buckled area. This region experiences high strains, however intermediate regions (i.e.,
between the top grip and buckled area and between the bottom grip and buckled area),

experience small strains. It is suspected based on the strain contour plots presented in
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Figure 3-13 that intermediate regions do not experience transformations. Further
investigations are required to completely understand the thermomechanical behavior of

SMA bars subjected to compressive loads.
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3.3.6 Buckling onset and determination of experimental critical buckling load

The onset of buckling is an important aspect to characterize since the load at which
buckling initiated is an essential design parameter for practical applications of SMA bars.
Commonly, the onset of buckling is identified by a substantial increase in the deformation
for very small increase in the load parameter. A structure that satisfies conditions such as
perfect initial geometry, uniform constitutive properties, rigid boundary conditions, and
loaded with perfectly concentric compressive load is considered as ideal structure. In such
cases, buckling takes place because of the presence of an inherent bifurcation on the
primary equilibrium path to a secondary path [220]. To identify the onset of buckling and
determine the critical buckling load, additional response parameters such as normalized
lateral displacement and velocity (i.e., 1 time derivative of lateral displacement) were
determined from the measured responses. The derivative was calculated by dividing the

change in lateral displacement by the time step.

Figure 3-14(a) plots the normalized lateral deflection (A/L) against normalized axial
displacement (6/Le). It can be seen that the normalized lateral deflection gradually changes
to a nonzero value close to the onset of buckling. Short and long bars (i.e., A< 80) buckled
at normalized axial displacement of 1-2%, by contrast the slender bars (i.e., A> 80) buckled
at lower value. The variation of P/A. and time rate of change of A/L (lateral velocity) as
functions of d/Le are shown in Figure 3-14(b) and 3-14(c), respectively. It is apparent that
the maximum velocity tended to lie at the same axial displacement level at which the
maximum load occurred. Figure 3-15(a) and 3-15(b) show the velocity heat maps of
specimens with slenderness ratio of 60 and 115, respectively. The heat maps reinforce the
phenomenon that slender bars buckled instantaneously at lower axial displacements

compared with short or long bars.
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Chapter 3: Buckling and Post-Buckling Behavior of SMA Bars

Two methods were considered to determine the experimental buckling loads for each
specimen. In the first approach, the normalized load was plotted against normalized axial
displacement. In the second approach, the normalized lateral velocity versus the
normalized axial displacement was plotted. As illustrated in Figure 3-16(a) for short bars,
the peak normalized load occurred at a normalized axial displacement at which the
maximum lateral velocity was observed. The good correlation between the peak lateral
velocity and the critical load seems plausible because the minimum slope (zero) of the
load-deflection curve of a perfect system occurs at the instant of buckling. On the other
hand, as shown in Figure 3-16(b), in the case of slender bars, the peak lateral velocity was
observed at 85% of the normalized axial displacement at which the peak normalized load
occurred. For the sake of uniformity, the experimental buckling loads were determined
using the peak normalized load except for the specimen with slenderness ratio of 25 in

which the buckling load was reported using peak lateral velocity plot.
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Figure 3-16. Procedure for extracting experimental critical buckling loads: (a) A= 40, and
(b) =60

3.4 Analytical Prediction of Critical Buckling Loads

The theoretical buckling load of an ideal column was analytically predicted for each
buckling experiment to assess if experimental errors were introduced in measuring the
critical buckling loads. The analytical analysis was carried out using Euler’s elastic

buckling theory for slender columns and following Shenley’s theory of inelastic column
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buckling for short columns [220]. For Euler’s theory, the critical buckling stress is

calculated using:

kz’E
12

o: = (3.2)
where E is the austenite modulus of elasticity, analogous to the Young’s modulus in
conventional elasto-plastic materials and k is a correction factor that accounts for boundary
conditions in the experimental test setup. A k value of 0.6 was used to calibrate flexibilities
in the test setup and adjust critical buckling stress calculated based on a true fixed-fixed

end condition.

According to the inelastic column buckling theory, the critical buckling stress (o) of a

fixed-fixed column is given by:

(3.2)

Where E_is the material uniaxial compressive tangent modulus at the critical buckling
stress. The tangent modulus is same as the Young’s modulus E! = E_in the linear elastic
region, and the above equation should converge to the classical Euler buckling load within

that range. However, in the inelastic range, the tangent modulus ( E' :a%g during
loading) varies with the applied load, so equation (3.2) is an inexplicit equation with
respect to a loading parameter. Here, A = %e , the axial displacement divided by the DIC
gauge length, is chosen as the loading parameter. Thus, it can be inferred from equation

(3.2) that buckling resistance of a column depends on the material stiffness (E') and the

column slenderness ratio (4). To aid in the determination of o, the following functions

are defined as:

P(Ik)
o(A)=—"2 3.3
( ) A ( )
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A7*E'(A)

o (AA) = 7

(3.4)

where P is the axial load and. 4, is cross sectional area.

By plotting the experimentally measured pure compression response P/A against the

function given by equation (3.4), the theoretical critical buckling stress o, was determined
as the value that corresponds to the intersection of the two lines. This calculation procedure
is illustrated in Figure 3-17. Note that the tangent modulus was obtained by taking the
derivatives of experimental results after making necessary filtration and curve smoothening

to minimize apparent noise effects.
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Figure 3-17. Procedure for analytical prediction of critical buckling stresses

The analytically predicted critical buckling loads for all specimens over the range of
slenderness ratio examined in this study are shown in Figure 3-18 together with the
corresponding experimental values. The compressive forward martensite transformation
stress, extracted from the pure compression test, is marked with a red horizontal line. The

specimens with slenderness ratios ranging from 60 to 115 buckled elastically in the
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austenite phase. On the other hand, the specimens with slenderness ratio of 25 and 35
experienced SIMT prior to the onset of buckling. The specimens with slenderness ratio of
45 buckled when the transformation phase began. Therefore, the results suggest that the
threshold slenderness ratio for the influence of SIMT on the buckling behavior can be taken
as 45. For NiTi SMA bars with A <45 (the light gray shaded region in figure 16), the pure
compression behavior dominates the buckling and post-buckling behaviors. Whereas,
flexural buckling due to secondary moment (i.e., P-A effect) governs the buckling and post-
buckling responses of slender bars (the unshaded region in Figure 3-18). The theoretical
buckling stresses of those specimens that buckled in the elastic region were found to
correspond very well with the experimental buckling loads. However, as anticipated, for
the specimens with slenderness ratios between 25 and 45, the Euler’s elastic buckling
model over-predicted the critical buckling loads. For that slenderness ratio range, tangent
modulus theory was used to predict the buckling load. For slenderness ratios of 25 and 35,
the difference between experimental and analytical buckling loads were 0.1% and 13%,
respectively, indicating satisfactory results. However, for the slenderness ratio of 45, the
analytical buckling load predicted by tangent modulus theory was 28% lower than the

experimental result.
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Figure 3-18. Experimentally measured and analytically predicted critical buckling loads
for different slenderness ratios

84



Chapter 3: Buckling and Post-Buckling Behavior of SMA Bars

3.5 Summary

In this chapter, the buckling and post-buckling responses of large diameter superelastic
NiTi bars were investigated. First, the transformation temperatures were determined using
a digital scanning calorimetry. Then, the uniaxial tensile and compression responses were
characterized. Next, to explore the effects of material and geometric nonlinearities (i.e.,
phase transformations and P-A effects, respectively) on buckling behavior of SMA bars,
fifteen 12 mm diameter bar specimens with slenderness ratios ranging from 25 to 115 were
tested under axial compression loading. A digital image correlation system was used to
monitor the full field surface displacements. This enabled to observe any interaction
between phase transformation and second order effects. The normalized load-axial
displacement curves were plotted to illustrate buckling response of superelastic SMA bars.
The lateral deflections and rate of change of lateral deflections were analyzed to identify
the onset of buckling. Six additional specimens were tested at a strain loading rates of 5x10°
3 mm/sec per mm, and 1x102 mm/sec per mm to assess the effect of loading rate on the
buckling response of SMA bars. Finally, a comparison between experimental and
theoretical buckling loads was presented. The main findings are summarized hereafter:

e Well-known asymmetry in tension and compression response of SMAs were
observed in the tested NiTi bars. While stress induced transformation localization
was observed in the tensile response, the compression behavior was characterized
by homogenous deformation with the absence of flat-stress plateau.

e Slender bars recovered nearly all of the post-buckling deformation upon unloading.
This implies that buckling of SMAs may not be considered as failure, which is
generally concluded for elastoplastic materials.

e Within the range of slenderness ratio examined in this study, short bars (A<=45)
were found to buckle inelastically due to the onset of phase transformation induced
softening, whereas slender bars (A=>60) buckled elastically.

e Geometric nonlinearity due to P-A effect has a dominant effect than material
nonlinearity on the buckling behavior of slender bars. Therefore, A=45 was
considered as the threshold slenderness ratio for the transition from inelastic to

elastic buckling modes.
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Higher critical buckling loads were observed on specimens with a slenderness ratio
of 35 and 80 tested at higher strain loading rates. However, for specimens A=60, the
loading rate does not noticeably affect the critical buckling load, but the post-
buckling branches showed a considerably upward shift compared with the quasi-
static counterpart. In addition, the residual deformations increased with increasing
loading rate.

Surface temperature variations of specimens tested at various loading rates
indicated that that the buckling behavior of NiTi SMA bars is sensitive to the
loading rate and slenderness ratio due to the interaction of the heat induced from
the phase transformation and the applied load.

Analytical predictions of the critical buckling loads were performed using the Euler
and tangent modulus theories. The Euler’s elastic buckling model provided good
results for slender specimens buckled elastically at the austenite phase. For
inelastically buckled bars, the tangent modulus theory provided reasonable results.
However, a more refined analytical model is needed to describe the critical buckling
load of these SMA bars.
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4 CHARACTERIZATION OF CONFINED SUPERELASTIC
DISSIPATORS (CSD)

4.1 Overview

Past studies on seismic applications of SMAs have mainly focused on the utilization of
uniaxial tensile behavior of SMAs because of undesirable compression-induced buckling
and lack of knowledge on compression behavior. The most commonly adopted solution to
this issue is to elaborately design a configuration that converts compression into tension in
SMA bars. This obviously discount the SMA contribution under compression and leads to
inefficient material utilization in addition to the complex mechanical configuration to

realize the function.

Building on the knowledge gained from Chapter 3 on the buckling and post-buckling
behavior of SMA bars, this chapter proposes an alternative type of SMA-based damping
device named as Confined Superelastic Dissipator (CSD). The proposed dissipator consists
of a necked-down superelastic NiTi SMA round bar as the functional kernel component
encased in grout filled steel tube. The bar carries tension and compression loads and
dissipates energy through axial deformation while the steel tube and infill grout restrain

the bar and precludes buckling in compression.

Considering the merits of SMAs, a few studies have been explored the use of SMA bars in
buckling restrained energy dissipators [157,158,221]. However, in these earlier efforts,
either one or only a few specimens were tested, and the effects of geometric design
parameters on the performance of device has not been studied. Furthermore, fuse type
dissipators can be fabricated in two ways, “wet” and “dry”, depending on whether an
initially liquid filling material is used or not as a part of the buckling restraining
mechanism. Each method has its own advantages and disadvantages. For instance, anti-
buckling system made of grout filled steel tubes provides continuous lateral support to the
SMA bar such that local buckling is inhibited. On the other hand, a dry-type dissipater
avoids the need of extra effort for the filling material placement. In the above noted efforts
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on the SMA-based dissipaters, the buckling restrained mechanism consisted of bolted

metal plates.

Firstly, the different components of the CSD and its working principles are discussed,
followed by brief summary on the theoretical background on global and local stability
criteria for the design of the CSDs. Subsequently, details about fabrication and testing of
eight specimens under incrementally increasing cyclic loading are presented. To provide a
comprehensive understanding of the dissipators’ structural behaviour, several specimens,
accounting for different geometric properties, were tested under quasi-static cyclic
protocol. The chapter provides detailed discussion on the observed test results of the
different specimens interms of overall force-displacement response, the effects of
geometric parameters on their failure mechanism and response quantities that are prime
interest for earthquake engineering such as energy dissipation, equivalent viscous damping,
and self-centering capability. In the final part of the chapter, a numerical case study is
conducted to demonstrate one application of the CSDs in seismic retrofitting of non-ductile

beam-column connection.

4.2 Description and Potential Applications of CSDs
4.2.1 Description

The CSD is composed of a superelastic NiTi SMA bar placed inside a round steel tube.
Figure 4-1displays the component parts and assembled views of the proposed dissipator. It
can be seen from Figure 4-1(b) that the SMA bar has a central reduced portion (referred as
“fuse”) formed by milling down the original rod. By contrast, the ends have a full cross-
section and can be threaded to provide a connection of the dissipator to other structural
members. The interim space between the SMA bar and steel tube is filled with cement
grout. A thin layer of debonding material is employed to prevent shear transfer at the bar-
grout interface. The carefully chosen debonding material has the capability of preventing
friction between the bar and the restrainer, thus allowing axial independence. It also
accommodates lateral expansion of the bar during compression. When the dissipator is
loaded in tension or compression, the bar carries the axial load while the steel tube, via the

infill grout, restrain it and precludes global buckling in compression. As it moves back and
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forth inside the steel tube, the axial deformation causes the SMA bar to undergo a phase
transformation process. This mechanism allows the dissipation of seismic energy by
converting kinetic energy into strain energy. Besides, due to the inherent flag-shaped

hysteretic behavior of SMAs, the CSD possesses self-centering capability.

SMA bar
PTFE Teflon

Steel tube

Cement grout

(@) (b) (c)

Figure 4-1. Proposed CSD: (a) component parts; (b) machined NiTi SMA bar; (c)
assembled view

Compared with conventional axial dissipators available in the literature, the CSDs have the

following additional advantages:

1. Self-centering: Although steel-based buckling-restrained dissipators can provide good

energy dissipation and limit deformations, they lack self-centering mechanism and cannot
prevent residual displacement following an earthquake. On the other hand, CSDs offer self-
centering capability to the structure, which reduces or even eliminates permanent structural

deformations.

2. Reusable: Low damage design philosophies [55,222], which more recently have gained
increasing attention, commonly employ supplemental energy dissipating devices to limit
damages to structural members. Often, these conventional dissipators are left with
significant damage aftermath of earthquakes and need to be replaced. However, the use of
CSDs in that regard, is advantageous since they are damage tolerant and are reusable

dissipators.

3. Corrosion-free: Corrosion significantly degrades the dissipating energy capacity of

commonly used conventional metallic dissipators [223]. Typically, the dissipators are
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installed externally to structural member and are exposed to corrosive environments.
Owing to high corrosion resistance of NiTi SMAs, with the use of tubes made up of
corrosion resistant materials such as stainless steel and fiber reinforced polymer, CSDs are

best suited for applications in harsh environments.

4. Self-sensing: Superleastic SMAs change their crystallographic structures through phase

transformation as well as electrical resistance during the loading-unloading process [224].
By studying the relationship between strain and electrical resistance measurements, it is
possible to determine the deformation or stress state of an SMA-based dissipators without
separate sensors. In that perspective, CSDs have the potential to be implemented for both
structural control and health monitoring purposes. This aspect of CSDs is not studied in
the current work but can be subject of a future study.

4.2.2 Potential applications

Predictable energy dissipation, inherent self-centering capability, and compact size make
CSDs competent candidate for several applications where those features are needed in a
single device. As illustrated in Figure 4-2, the CSDs the mini plug and play type CSDs
offer a wide range of applications. They can be leveraged for earthquake protection of
structural components such as beam-column joints, walls or columns, and non-structural
components such as computer servers, merchandizing pallet racks, standby power
generators, transformers, and other expensive medical equipment. Given the simple
installation of the device in a variety of structures, they can be referred to as “plug and
play” devices. It is envisioned that the CSD will find many potential applications in bridges
as well. They may be implemented as restrainers to avoid unseating or pounding, as a
component of ductile end cross frames (or diaphragms) to resist transverse earthquake

loading, or as external energy dissipators in rocking piers and bents.

It is also worth noting that CSDs could have great potential to be part of connections
between precast bridge elements, thus promoting accelerated bridge construction (ABC) in
moderate to high seismic zones. ABC has been embraced worldwide as a way of reducing
on-site construction time, traffic disruptions, environmental impacts, and improving work-

zone safety and construction quality. Although many ABC techniques have been
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successfully implemented in low seismic areas, the application is very limited in regions
of moderate-to-high seismic activity. Connection details are the most critical issue facing
the use of precast elements in seismic regions, especially if they are located where inelastic
deformations occur. They must not only be easy to construct but also must be robust enough
to maintain the integrity of component elements under seismic loading. In this regard, as
shown in Figure 4-2(b), the CSDs can be installed across the column-footing or column-
bent cap interfaces of precast concrete piers to form dissipative controlled rocking (DCR)
system. The bridge can rock and re-center to plumb after an earthquake while the input

seismic energy is dissipated through the CSDs.

4.2.3 Design considerations

The design steps of the CSD are inspired by the BRB design procedure [225]. It primarily
involves an examination of the potential global and local instabilities of the dissipator when
it is subjected to compressive forces. Figure 4-2 illustrates the deformation behavior of the
CSD when subjected to elongation and shortening. For reference, the undeformed

configuration and nomenclature of various parameters are shown in Figure 4-2(a).
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Figure 4-2. Potential applications of CSDs for seismic protection of various structural and
non-structural components

For the sake of simplicity, the load applied to the dissipator, P is assumed to be known

from structural analysis. The CSD factored design strength, @P, must satisfy the

relationship given in equation (4.1).
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P >P 4.1
The factored design strength can be determined based on equation (4.2).
P, = @(ASMAO_SAM) (42)

where A, is the area of the SMA bar at the reduced section, ¢=0.9 is a strength

reduction factor, and " is forward transformation start stress of SMA bar, and P, is the

CSD nominal strength. The superelastic strain amplitude (maximum recoverable strain),

&, 1s another key parameter in the seismic design of SMAs. In this study, a value of 6% is
conservatively taken. Given the cross-sectional area ( A, ) calculated from equation (4.2),

the reduced diameter of the SMA bar, d, can be easily determined.
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Figure 4-3. Working principle of the CSD: (a) equilibrium; (b) tension; (c) compression
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As stated before, the cross-section of the SMA bar gradually increases at the ends to ensure
that the phase transformation occurs over a specified length of the fuse. The transformation
could be forced to occur within the fused portion by ensuring that when the fuse reaches
the forward transformation finish stress, the stress on the virgin bar ends should be below

the transformation start stress. This is mathematically expressed in equation (3) as follows:

AM
O

y 4.3
= 43)

d; <d, x

where o™ is austenite to martensite forward transformation finish stress, d,and d, are the

SMA bar diameters at the fuse and unreduced sections, respectively. Two possible details
are recommended to transition from the full section of the bar to the fuse portion. As shown
in Figure 4-4(a), both a circular tapered transition from d, to d, with a taper radius of
I, =d; and a 4:1 slopped transition will inhibit stress concentrations. A gap between the

taper and the grout fill shall be provided to prevent direct bearing and undesirable
overstrength when the dissipator is in compression. The required gap bearing may be

estimated by equation (4.4) as:
A, =1.25(L, x &) (4.4)

where A, is gap bearing, & _is maximum recoverable strain, and L, is length of fuse

portion. As illustrated in Figure 4-4(b), an Ethylene vinyl polystyrene foam could be
employed to form the gap.

Depending on the intended application of the SMA-based dissipator, the required stroke
and/or stiffness can be obtained from structural analysis. Then, the required fuse length of
SMA bars can be determined from either equation (4.5) or (4.6) as follows:

EsuaAs
L, = s (4.5)
A
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where K and Ap are given stiffness and stroke, respectively, Eg,, is the modulus of

elasticity of SMA at the full austenite state.

N N

dy

,
" —
Ll B

(a) (b)

Figure 4-4. CSD details: (a) recommended taper details to transition from virgin SMA bar.
end to dog-bone milled section; (b) dissipator transition area with gap bearing

Once the necessary geometric parameters of the SMA bar are proportioned, the next step
is the design of the buckling restraining system. It should be designed such that it ensures
the global and local stability of the SMA bar. The global stability of the CSD may be
estimated directly from the Euler theory of buckling. Figure 4-5(a) shows the schematic of
the CSD in compression, while Figure 4-5(b) and 4-5(c) show the distributed load on the
SMA bar and the encasing grout/steel tube in the deformed configuration. The unknown

distributed load W(x) shown in Figure 4-5(b), is the transverse reaction of the confining
tube/encasing grout along the SMA bar. The equilibrium of the SMA bar in its deformed

configuration is given by equation (4.7) using the system of axes shown in Figure 4-5(a)

as:

d'y(x d?y(x
ESMAISMA dX(4 )+P dX(2 )

=—-w(x) 4.7

where y(x) is the transverse deflection, P is the axial load, and I, is the moment of

inertia of the SMA bar. The negative sign on the right-hand side of equation (4.7) results
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from the fact that w(x) acts in the direction opposite to the deflection y(x). The equal and

opposite distributed load W(x) is loading the encasing grout/steel tube, as shown in Figure

4-5(c). The equilibrium equation of the tube when it is bend is given as:

e.1, 9509y (4.8)

where y(x) is the same transverse deflection appearing in equation (4.7), and E(l is the

flexural rigidity of the encasing grout/steel tube. Eliminating the unknown W(x) in

equations (4.7) and (4.8) and rearranging the terms gives the following equation:

4
dy(x) P -0 (4.9)
dX (ESMAISMA+ESIS)

For a CSD with an unsupported length of L, , the following equation yields the critical

un?

buckling load of the dissipator:

2
T

Pcr :Pe:(K—L)z(ESMAISMA+EsIs) (4.10)

where KL is the effective (equivalent) length (K =1for a pinned end condition and K =2

for a fixed end condition).

Note that those K values are for theoretical cases. However, the actual boundary conditions
for a real-world implementation or a laboratory test setup are somewhere in between pinned

and fixed. Hence, it is important to adjust the K value accordingly. Neglecting the bending

rigidity of the SMA bar, Eg,, s » Which is two or three orders of magnitude smaller than

the bending rigidity of the encasing grout/steel tube E.l, equation (4.10) simplifies to:

P=p~xZ=ss (4.11)
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Therefore, equation (4.11) indicates that the critical buckling load of the CSD is merely the
Euler buckling load of the steel tube. Accordingly, the global stability of the dissipator is
ensured when the Euler buckling load of the tube exceeds the austenite to martensite

transformation finish load of the SMA bar, i.e., A,,.07" .

The effectiveness of the dissipator can be increased when the local buckling of the SMA
bar along the restrained length does not occur. Assuming that the reaction of the confining

grout can be approximated by an elastic foundation, the distributed load q(x) exerted

along the SMA bar, as depicted in Figure 4-5(c), can be expressed as q(x) = Sy(x) , where

£ is a distributed spring constant with dimension of [%sz and y(x)is the transverse

deflection of the SMA bar. With this assumption, equation (4.7) is rewritten as:

d'y(x)  ,d%y(x)
Ee il P X 412
SMA " SMA dx4 + dXz +ﬂy( ) ( )
Y dﬁ?
B —~A p
P—> X }(— P i
e N — oD
IBqJ Ly LsA I Section A-A Section B-B
(@
P VN
[ ] [ ]
q(x/
(b)
q(x)
P — T e
(c)

Figure 4-5. (a) The CSD under axial compression load; (b) distributed load along SMA bar
in the deformed configuration; (c) distributed load along the encasing grout/steel tube
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The solution of the homogeneous equation (4.12) can be obtained by following either an
energy method approach or direct integration. Thus, the critical load due to buckling of the
SMA bar in higher modes is given by:

P, = Z\IIBEt lspa (4.13)

where E, is tangent elongation modulus. The equation (4.13) has a format similar to the

equation developed for the steel core unbonded BRBs as provided in Wada et al. [226],
among others. Therefore, to avoid high order local buckling of the SMA bar, the following

criterion must be satisfied:

O
P, =2 BElgu > Ayuoi” 352( = (4.14)

B-E, — 17V (4.15)
A+v)@-2v)

where Eis the Young’s modulus and , is the Poisson’s ratio of the encasing grout. As

given in equation (4.15), the value of the distributed spring constant £ can be estimated by
computing the one-dimensional compression modulus of grout confined by the steel tube
and longitudinally by its neighbouring grout assuming plain strain conditions. It is crucial
to ensure that adequate grout exists between the SMA bar and the inner wall of the
restraining tube. There may be a possibility of local buckling where the grout cover is thin.

In general, care should be exercised in sizing the different components of the dissipator.

4.3 Experimental Testing
4.3.1 Materials

In this work, 12 mm diameter superelastic NiTi SMA bars with a chemical composition of
50.7 wt.% Ni and a 49.3 wt.% Ti were procured from Baoji Seabird Metal Material CO.
LTD. The as-received bars were heat-treated using an electrical furnace at 400°C for 30
min, and then water quenched. The forward and reverse transformation temperatures were

determined using a differential scanning calorimetry (DSC). As can be seen in Figure 4-6,
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after the heat treatment, the forward transformation temperatures are -45°C and -56°C for
martensite start (Ms) and martensite finish (M), respectively. The reverse transformation
temperatures are -32°C and -19°C for austenite start (As) and austenite finish (Ar),

respectively. The result implies that the material is superelastic at room temperature.

1.6+
15
141
1.3}
12}
11} N
pob ool _=srd _la=-we o
09 M;
0.8 }—56°C

-80 —éO - IU —éU (I) 2IU 4IU 6I0

Temperature (°C)

Heat Flow (mW/mg)

Figure 4-6. Differential scanning calorimetry (DSC) test result

For the confining tubes, 4130 Alloy steel circular hollow sections were used as readily
available materials. A general-purpose non-shrink cementitious grout SikaGrout®-212 was
employed to fill the gap between the SMA bar and steel tube. Table 4-1presents the

mechanical properties of the grout as provided by the manufacturer.

Table 4-1 Mechanical properties of SikaGrout®-212 grout.

Plastic Flowable Fluid
Compressive strength (MPa) 51.7 42.7 40
Flexural strength (MPa) 9.6 8.2 6.8
Splitting tensile strength (MPa) 4.1 3.9 3.4
Tensile adhesion strength (MPa) 13.7 13.1 13.1
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4.3.2 Test matrix

The experiments were designed in a way that important geometric parameters that could
influence the failure mechanism of dissipator were strategically evaluated. Among the
parameters to be considered were the fuse diameter, length, and the strength and stiffness

of the buckling restraining system. The variations in fuse diameter (dr) and length (Lr)

were collectively accounted for by a slenderness ratio, defined as 1 = 4% . These were
R

accomplished by testing a total of eight specimens. Four different specimens were
fabricated for a fuse slenderness ratio of 60. The fuse lengths for those specimens were 20
mm, 135 mm, 150 mm, and 180 mm, while the diameters were 8 mm, 9 mm, 10 mm, and
12 mm, respectively. A variation in fuse slenderness ratio (60, 75, and 90) was considered
for the largest fuse diameter of 15 mm. Thus, the fuse lengths of last three specimens were
225 mm, 281 mm, and 338 mm, respectively. Two specimens having the same slenderness
ratio of 75 but different diameters of 12 mm and 14 mm were tested to identify the effect
of the fuse diameter on the hysteretic behavior of the dissipator. Overall, a constant
difference between fuse and external diameter that ranges from 2 mm to 5 mm was taken

into account. The summary of the testing schedule is reported in

Table 4-2. In the table, OD, ID, and Ltwbe refer to the outer diameter, inner diameter and
length of the steel tube as depicted on Figure 4-3(a) The nomenclature of specimens is based
on fuse diameter and length; for instance, D8L120 refers to a specimen with a fuse diameter
of 8 mm and length 120 mm.

Table 4-2. Test parameters.

SpeC| men dV dR Lext Lr Ltotal )\, OD I D Ltube
ID (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

D8L120 12 8 90 120 300 60 286 191 250
DI9L135 12 9 107.5 135 350 60 286 191 298
D10L150 12 10 1125 150 375 60 286 191 322
D12L225 16 12 1025 225 430 75 222 318 369
D14L262 16 14 1188 2625 500 75 222 318 436
D15L225 20 15 725 225 370 60 286 381 309
D15L281 20 15 784 2813 438 75 286 381 372
D15L337 20 15 8375 3375 505 90 286 38.1 433
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4.3.3 Specimen fabrication

Figure 4-7 illustrates the steps in the CSD fabrication. First, the SMA bars were machined
to dog-bone shape and then heat-treated. Small pieces of ethylene vinyl polystyrene foam
were attached at both ends of the tapered sections to form a pocket that will allow the
shortening of the SMA bar without compressing the grout. Wrapping the polystyrene with
tape will ensure that the gap gearing will be located at the correct place after the grout is
set. The SMA bar was then covered with a 0.8 mm thick adhesive-backed
polytetrafluoroethylene (PTFE) sheet followed by a layer of 0.09 mm thick adhesive PTFE
tape. The PTFE tape was used to cover over the seams and edges of the PTFE sheet such
that the grout will not get under the sheet. The tape and the sheet act as a debonding layer
between the grout and the SMA bar. This enables the bar to slide relatively free inside the
restraining tube while also allowing (through the compressibility of the tape/sheet layer) a
small amount of transverse expansion of the bar associated with Poisson’s effect. The
debonding layer thickness was estimated by correlating the axial deformation and change
in diameter of the fuse section using a Poisson ratio of 0.2. The space between the
restraining tube and the SMA bar was filled with SikaGrout®-212 grout. The grout was
mixed by adding a necessary amount of water to get a flowable consistency. Pouring was
performed by sealing or covering one end of the tube, holding the other end in an upright
position. As such, gravity ensured an even distribution of the grout through the inner tube.
The SMA bars must be centered as accurately as possible within the confining steel tube
when the grout is poured. Finally, the specimens were left for a couple of days for the grout

to harden.
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Figure 4-7. A general fabrication process for the CSDs: (a) as-received SMA bars; (b) bars
machined to dong-bone shape and heat-treated afterward; (b) adhesive-backed Teflon tape
used as the debonding material; (c) SMA bars inserted into the restraining tubes and one
end of the CSDs completely blocked with stopper to prevent the grout from pouring out;
(d) SikaGrout® poured from the top end of the CSDs; (e) final view of a CSD.

4.3.4 Test setup and loading protocol

All tests were performed using an MTS 810 servo-hydraulic universal testing machine
equipped with a 250 kN capacity load cell. The specimens were gripped by MTS 647
hydraulic wedge grips with semi-circular grooves at the center. Figure 4-8 shows a
photograph of the test setup.

During a typical test, an incrementally increasing deformation loading pattern was applied
to each specimen. In particular, the deformations corresponding to 1% strain in SMA bar
up to failure with a 1% increment were applied. The specimens were subjected to two
cycles of each loading amplitude. The loading pattern was controlled by the cross-head
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displacement, which was derived from the nominal axial strain of the central fuse section
multiplied by the fuse length, L. This was commanded at a prescribed rate while the MTS
built-in data acquisition system recorded the axial deformation and applied load. Since a
slip between the specimen and the grips was inevitable, a laser extensometer was utilized
to quantify the slip value. All tests were conducted at room temperature with a constant

rate of 0.05%/s in the loading and unloading paths.

-

n /[

Hydraulic
Wedge
Grip

Lo .

Figure 4-8. Photograph of test setup

4.4 Test Results and Discussions
4.4.1 Force-displacement hysteresis behavior

The axial force-displacement hysteretic loops are presented in Figure 4-9 and 4-10. The
tensile state of the specimens is plotted in the positive direction. The nominal axial strains,
defined as the axial deformation divided by the SMA bar fuse length, are shown in the
second abscissa. Importantly, all specimens exhibit stable flag-shaped hysteretic behavior
with and excellent self-centering characteristics. As evident in the figures, they reveal an
asymmetric tension-compression force-displacement relationships. The lack of symmetry
can be attributed to the well-established asymmetric NiTi material behavior, which is
caused by the low crystallographic symmetry of the martensite phase [227] and textures
induced during the material processing [218]. Aside from the inherent asymmetric material
behavior, it would be reasonable to suppose that the grout-tube confining system took part
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in resisting some part of the compression load. The larger forces observed in compression,
especially in more slender specimens, are likely due to increased friction forces between

the SMA bar and the surrounding restraining apparatus resulting from Poisson’s effect.

Comparison of Figure 4-9(a), 4-9(b), and 4-9(c) indicates that the ratio of SMA bar
diameter at the ends (dv) to that of the reduced section (dr) has marked influence on the
behavior of the CSDs. Specimens D8L120, D9L135, and D10L150 have the same
slenderness ratio, which is 60, and the same outer diameter of 12 mm. Since one of the
main objectives of this work was to investigate the behavior and failure mechanisms of
CSDs, dr was varied from 8 mm to 10 mm keeping constant slenderness ratio. Specimen
D8L120 failed relatively earlier than the other two. It is conceivable that the reduction of
the original SMA bar cross-section by 33% (i.e. from 12 mm to 8 mm) caused the early
failure. This suggests that there should be an upper threshold on the dv to dr ratio to avoid
low cycle fatigue failure. The force-displacement diagram of specimen D9L 135 displayed
slight fluctuation in the loading portion of the compression phase. This may have been
related to the presence of localized voids during the grouting process. Since clearance
between the SMA bar and the steel tube was tight, the grout must be flowable to fill the
space around without an external vibrator. As illustrated in Figure 4-9(c), specimen
D10L150 experienced strength degradation during the last three cycles of compression
loading while the tension excursion exhibits a typical SMA behavior. The strength
degradation is likely attributed to grout crushing. Although there was no visible external
damage on the CSD, based on subsequent visual inspection of the failed specimen, it was
concluded that this degradation in compressive strength likely occurred as the grout started
to crush in a localized region adjacent to the neck zone. As a result, the local buckling of
the SMA bar occurred, and subsequently, fracture ensued.

When the responses of the specimens with a slenderness ratio of 75 and the same SMA bar
outer diameter of 16 mm are examined in Figure 4-9(d) and 4-9(e), the specimens revealed
fairly similar behavior. Both specimens D12L.225 and D14L.262 failed at a compression
deformation of about 13.5 mm. Three specimens with the same diameter (both dv and dr)
were tested and compared to evaluate the effects of the different lengths of the SMA bar
fuse portion. It can be observed from Figure 4-10(f), 4-10(g), and Figure 4-10(h) that the
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displacement capacities of specimens D15L225, D15L.281, and D15L.337 increased with
an increase in the fuse length. The specimens with a slenderness ratio of 60, 75, and 90
experienced failures during the tensile cycles at loading amplitudes of 6% (13.5 mm), 6.5%

(19 mm), and 7% (23.6 mm), respectively.

It is worth noting that no global instability was observed in any of the test specimens. This
suggests that the stability criteria used in the design of the buckling restraining system
successfully inhibit buckling. Furthermore, the comparison of the buckling responses of
unrestrained SMA bars presented in Chapter 3 with Figure 4-10 of similar slenderness

ratios also reinforces this observation.
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Figure 4-9. Experimental force-displacement cyclic response for specimens: (a) D8L120;
(b) D9L135; (c) D10L150; (d) D12L225
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Figure 4-10. Experimental force-displacement cyclic response for specimens: (e)
D14L262; (f) D15L225; (g) D15L282; (h) D15L337

Figure 4-11 shows the variation of peak tension and compression forces with loading
amplitudes. For all specimens except D10L150 in compression, the maximum axial tension
and compression forces increase with increased loading amplitude. The peak compression
load of specimen D10L150 decreased after the 4% loading cycle due to local buckling.
Comparing the changes in the maximum tension load between specimens having the same
original SMA bar diameter but different fuse diameter, one can observe that the fuse
diameter controls the CSD force capacity as expected. In the majority of the cases, the peak
tension load increased moderately with increasing loading amplitude with the exception of
some cases in which it remained almost constant. On the other hand, the peak compression
force kept increasing consistently, especially for the D15 series specimens. It is also worth

noting that the ratio of the first cycle force to the last cycle ranged from 1.87 to 2.68 in
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tension whereas in compression it varied from 1.60 to 4.29. In addition, the ratio of the
peak compressive force to the peak tension force was calculated for each specimen for each
cycle. The specimens produced maximum values of the ratio of the peak compressive force
to the peak tension force between 1.11 and 2.98. These observations highlight the
asymmetric response of the CSDs in tension and compression. It should be noted that for
practical applications where asymmetric hysteretic behavior are not suitable, combining
two or more CSDs can provide a symmetrical hysteretic behavior. For instance, a pair of
CSDs can be installed in an X-shape configuration such that while one of them is in tension
and the other is concurrently in compression in compression, resulting in the combined

tension-compression response to be symmetrical.

(a) (b)
Figure 4-11. Variation of peak force with strain amplitude; (a) tension and (b) compression

4.4.2 Energy dissipation and equivalent viscous damping

Since the CSDs are designed as supplemental energy dissipating elements to prevent
damage to the primary structure and provide self-centering capability, the energy
dissipation capacity and residual deformation of these devices are an essential benchmark
of their performance. The energy dissipated per cycle (Ep) and the cumulative energy
dissipated are analyzed in this subsection. The dissipated energy is calculated by computing
the area between the loading and unloading force-displacement curves of both tension and
compression loops. Figure 4-12 shows the energy dissipated per cycle of each loading
amplitude for all specimens tested to failure. To enable easier comparison of the results,
the specimens with the same external diameter and/or slenderness ratios are grouped
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together. It can be seen that the energy dissipated by the specimens increases rapidly with
the increasing loading amplitude. Note that for specimen D10L150, the energy dissipated
at the 5%, and 6% strains were about the same and increased only slightly at the 7% strain
cycle. This can be attributed to strength degradation due to local buckling. The cumulative
energy dissipated at each strain cycle for all specimens can be seen in Figure 4-13. It can
be also seen that at lower loading cycles, each specimen exhibits similar rate of increase in
cumulative energy dissipation. However, at higher loading amplitudes, specimens
D15L337, D15L.281, and D15L.225 exhibited an exponential increase in energy dissipation,

while the rest of the specimens did not show such performance.
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Figure 4-12. Energy dissipation plot for specimens with slenderness ratio of: (a) 60; (b) 75;
(c) 60, 75, and 90
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Figure 4-13. Cumulative energy dissipated for all specimens

For each specimen, the equivalent viscous damping ratio ¢, is computed using the
equation provided below:

ED

S = 27(E. +E2)

(4.16)
where Ej energy dissipated per cycle (hysteresis area), E_, and E_ are elastic strain

energies for the same cycle calculated as the energy absorbed in a linear system as
illustrated in Figure 4-14. Given the stable hysteresis loops under the same loading

amplitude, the variation between the first and second cycle was minimal. The average

hysteresis area of both cycles at each amplitude was employed in the E; calculation.
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Figure 4-14. Illustration of equivalent viscous damping (EVD) calculation

Figure 4-15 shows the variation of equivalent viscous damping ratio with loading
amplitude. It can be observed that the equivalent viscous damping ratio ranges up to 11.6%,
which indicates that the CSDs can be good source of supplemental energy dissipation for
seismic protection of structural systems. Note that the equivalent viscous damping ratio
(and residual strain, and relative self-centering efficiency in the next subsection) of
specimen D10L150 for 6% and 7% loading amplitudes are considered as outliers and are

omitted from Figure 4-15 and Figure 4-16 since the local buckling was observed in this

specimen.
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Figure 4-15. Equivalent viscous damping ratio versus loading amplitude
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4.4.3 Self-centering capability

To evaluate the self-centering behavior of the CSDs, the residual strains, computed as the
displacement of the loading point at the zero-force per loading cycle divided by the length
of the reduced section of each specimen, at the end of each loading cycle are analyzed.
Figure 4-16(a) shows the variation of the residual strain with the maximum strain amplitude
in each cycle for all specimens. It is evident that the residual strain for all specimens at the
5% loading cycle is less than 0.8%. It is worth noting that maximum residual strain
exhibited by the longest specimen, i.e., D15L337 for the last 7% strain cycle, is 1.3%,
which is still very small.

To more quantitatively assess the self-centering capability of the tested specimens, a
parameter called relative self-centering efficiency (RSE) and given by the equation below
[228] is computed:

+ u-

RSE =1——ts e (4.17)
Upes T Upes

res

where U, and U are the tension and compression residual displacements, respectively,

as illustrated in Figure 4-14.

RSE can be employed to evaluate the capacity of the CSDs to self-center after cyclic
loading as well as to assess the percentage of the recoverable peak displacement. An RSE
value corresponding to a perfectly self-centering device with zero residual deformation is
equal to one, while an RSE value of zero corresponds to a device without any re-centering
capacity. The relationship between the relative self-centering efficiency versus the strain
amplitude for all of the tested specimens is provided in Figure 4-16(b). For all specimens,
the RSE values were above 92% when the loading amplitude was 2% or above, indicating
a very good self-centering capability. There was a decrease in RSE value when the loading
amplitude increased beyond 4% due to increased residual deformations as shown in Figure
4-16(a).
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Figure 4-16. (a) Residual strain; (b) relative self-centering efficiency of the CSDs

4.4.4 Failure modes

Figure 4-17 shows photographs of selected failed specimens. In general, all specimens
failed in three modes: (1) the SMA bar ruptured at the transition (neck) region from the full
section to the reduced portion, (2) the SMA bar fractured near the ends where it was
gripped, and (3) specimens slipped against the hydraulic wedge grips. Based on these
classifications, specimens D8L120, and D15L225 can be categorized under failure mode
1, whereas specimens D9L135, D10L150, D15L.281, and D15L.337 failed in mode 2. The
other two specimens, D12L.225 and D14L.262, experienced the third failure mode. In all
cases, no out of plane bending or sway of the restraining tube was observed. The failure
mode 1 observed here was very similar to the results obtained in [157,158,221,229]. It was
also consistent with other related studies [110,230] where dog-bone shape SMA bars with
threads at both ends were employed in beam-column or column base connections.
Although in the later studies the rupture occurred over the threaded area and was caused
by insufficient ratios of the net threaded-to-shank cross section diameter, in general, SMA
bars are more susceptible to fracture when they are machined. In view of this point, special
attention should be given to the neck region which is potentially a vulnerable zone. A closer
inspection of Figure 4-17(b) indicates that it is essential to provide sufficient insertion
length i.e., distance from the beginning of the transition zone to the end of the restraining

tube. Although the test matrix in this work did not consider the insertion length as a separate
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test parameter, it was between 10% to 42% of the SMA bar length at the reduced section

for the tested specimens.

(c) (d)
Figure 4-17. Photographs of selected failed specimens: (a) D8L120; (b) D10L150; (c)
DI9L135; (d) D15L225, D15L.281 & D15L.337

While all the specimens exhibited satisfactory results, it is believed that the performance
of the CSDs can be effectively enhanced by suppressing failure modes 2 and 3 as these are

test setup related issues. Future work should therefore consider custom-made grips.

4.5 A Case Study on Application of CSD for Seismic Retrofitting of
Substandard RC Beam-Column Joints

Seismic vulnerability of non-ductile reinforced concrete (RC) buildings constructed prior
to the1970s is a major concern worldwide. Past earthquake reconnaissance showed that

strong earthquakes could significantly damage non-ductile RC buildings, particularly to
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their beam-column joints [231,232]. These structures were designed to carry gravity and
wind loads and may have critical structural deficiencies. Therefore, they are not modern-
code compliant and can be considered as substandard. Non-seismically designed structures
are mainly characterized by inadequate reinforcement details, such as lack of joint
transverse reinforcement, insufficient transverse reinforcement in columns, column lap
splice located in potential plastic hinge regions, and inadequate anchorage detailing [233].
Several retrofitting techniques for beam-column joints such as increasing section areas,
wrapping with FRP, installing steel haunches, post-tensioned SMA bars, etc have been
studied and some of them implemented in practical applications [234,235]. Given the
considerably high number of existing substandard RC buildings in the inventory [236,237],
this section proposes practically viable seismic retrofit strategy using the CSDs. A
numerical case study on representative substandard RC beam-column subassemblies was

conducted to assess the effectiveness of the proposed retrofit solution.

4.5.1 Numerical modeling and validation

Numerical models of substandard RC interior and exterior joint assemblages were created
in the OpenSees finite element program. As illustrated in Figure 4-18, the beams and
columns in the joint assemblage are modeled using the force-based BeamColumn element
with fiber sections, divided into the unconfined and confined concrete zones to incorporate
the effect of hoops. The uniaxial Concrete02 material model in OpenSees is used as the
constitutive model for the confined and unconfined concretes. The corresponding stress
and strain values at the peak and the crushing points of confined concrete are calculated
using the Chang and Mander model [238]. Longitudinal reinforcement is represented using
the steel02 material model while a zero-length slip spring is adopted to model the bar-slip
effect at the interface of the beam-column joint. The joint rotation spring is modeled using
pinching4 material. The joint size is represented by the rigid links, as shown in Figure 4-18.
To describe the nonlinear shear behavior in the joint, model proposed by Altah and
Kunnath [239] was employed.
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Figure 4-18. Modelling details of substandard reinforced concrete beam-column joint
assemblage

The effectiveness of the numerical model is validated by comparing with experimental
results described in Lehman et al. [240] and Kuang and Wong [241]. Figure 4-19 shows
the geometric properties and reinforcement details of exterior and interior joints.
Comparisons of the force-displacement hysteric relationship reported in Lehman et al. and
Kuang and Wong versus the numerical results in this study are presented in Figure 4-20.
As can be seen, a reasonable match of between the experimental and numerical predictions
was achieved. The numerical model satisfactorily captures the measured global cyclic
response, including the stiffness and pinch hysteretic behavior.
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Figure 4-20. Comparison of the force-displacement relationships between the experimental
and numerical results of substandard RC beam-column joints: (a) exterior and (b) interior

4.5.2 CSD retrofit schemes and mechanics of joints

Figure 4-21 shows the proposed retrofit schemes for different joint typologies in which
CSDs are installed in the vicinity of the beam-column joints. The underlying principle of
adding the CSDs is to protect the vulnerable panel zone from excessive damage by
redirecting the stress flow around the joint area and forcing the development of a plastic
hinge in the beam. As such, the damage could be eliminated or minimized to spalling of
cover in columns or minor cracks in joints while enhancing the global response. The CSDs
can be considered as stiffening elements and also sources of supplemental damping to the

system.
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(c)
Figure 4-21. Proposed CSD retrofit configurations for (a) interior, (b) exterior, and (c)
corner beam-column joints

In order to achieve the above performance goal, it is important to understand the behavior
of the beam-column joints retrofitted with CSDs and identify the effect of adding CSDs in
redistributing the shear forces and moments in the joints. First, consider an as-built beam-
column joint subassembly formed by the assumed points of inflection at mid height of

columns and midspan of beams. Figure 4-22 shows the mechanics of the joint when

subjected to an interstory shear force applied at the top of the column, i.e., V. which leads

to bending moments M, and M, in the column and beam at the faces of the joint,
respectively. Based on equilibrium of the joint and applying simple statics, the horizontal

joint shear force induced by the applied load V, is given by:
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d
M L L+ A
V., =—X_V =V — 4.18

C

where ]d, is the lever arm of internal forces in the beam at the column face, d, and d_ are

the depths of the beam and column, respectively. Other symbols are shown in Figure 4-22.
This shear force is the major cause of failure in the joint panel zone. Now, consider the

same joint sub-assembly retrofitted with two CSDs as shown in Figure 4-23. As seen, under
the applied beam end load, V, , the maximum bending moment in the beam occurs at a point

of connectivity of the CSDs, M, ..., given by:
My e = Vo (Ly — L) (4.19)

where L is the horizontal projected length of the CSD. Beyond the point of connectivity of
the CSD, the bending moment in the beam gradually reduces. The rate of reduction depends

on the relative stiffness of the CSD and the beam. Thus, at the face of the column, the

moment in the beam M, is less than the moment M Similarly, the bending moment

b,max *

was reduced in the column at the face of the beam M, and the reduced shear forces in the

beam Vv, and column Vv, beyond the CSD. The reduced joint horizontal shear force for the

CSD retrofitted joint Vj' can now be obtained as:

. M. .
V, =—2%-V 4.20
jh Jdb c ( )

where jd, is the lever arm of the internal forces in the beam at the face of the column.
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Figure 4-23. Mechanics of joint retrofitted with CSDs

Based on the aforementioned mechanics, it can be observed that the effect of the CSD in
reducing the joint horizontal shear force is essentially two-fold: 1) modifying the critical
section for flexure and thereby reducing the maximum bending moment in the beam for a
given applied load (effects of geometry); and (2) further reducing the bending moment at
the face of the column due to redistribution of forces (effects of stiffness). Therefore, by
designing the CSD appropriately, the horizontal joint shear stress can be significantly
reduced compared with the as-built joint. However, it should be noted that at the point of

connectivity of the CSDs with the beam and column, the shear force suddenly rises.
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Therefore, for cases where the members are or may become shear critical due to the
addition of the CSDs, the proposed retrofit solution should be combined with other shear
strengthening techniques such as wrapping with FRPs.

The design of CSD retrofit includes proper selection of key design parameters such as the

distance from the column interface L, inclination angle 0, and force capacity of the CSD

F.so - These parameters should be carefully selected such that undesirable brittle failure

mechanisms within the joint panel zone can be inhibited. Furthermore, the reversal of the
strength hierarchy must be assured during the design process by forcing the flexural plastic

hinge in the beam close to the damper connection points.

Based on acceptable performance target, the three parameters can be selected using the

following procedure:

e The joint shear stress should not exceed the allowable shear stress defined by
ACI318 [242]

(4.21)

e For the plastic hinges to form in beams, the maximum moment M at the

b, max

intersection of the CSD with the beam should reach the yielding moment M, _

while the corresponding shear force Vb' should not exceed the shear strength of the

beam based on ACI 318

. M, .
Vb _ Lb b}]yleld San (422)
o __c_L
2 2

e Toavoid plastic hinge and shear failure in columns, the maximum moment M ..

at the intersection of the CSD with the column should not reach the yielding

121



Development, Testing, and Evaluation of SMA-based Structural Control Devices for Seismic Resilience

moment M__ ., . The corresponding shear force, V.or Vi, should not exceed the

shear strength of column based on ASCE/SEI 41-06 [243]

IRV I\/Ic—yield c
VeVe =T <V (4.23)
% — % —Ltané
Lb(l‘%—h%— L tan 9)
M;; Mt; = Mb—yield <M (4.24)

Following the above design procedure, the CSDs were designed with the intention of
protecting the joint region from excessive damage while forcing a plastic hinge in the beam
outside from the column interface. Beam and column members must also be protected
against excessive shear demand and brittle failure by controlling the damper’s design
parameters. Previously validated numerical models of the two joints were used with the
addition of the CSDs. The CSDs were modeled as pin-connected truss elements using a

self-centering material model in which the parameters were calibrated with experimental

results presented in section 4.4. The three parameters (i.e., L,6, and F.,; ) were adjusted

iteratively until equations 4.21 to 4.24 are satisfied. Table 4-3 summarizes the final design

iteration output and SMA properties used for simulation.

Table 4-3: Parameters used for CSD modelling

Exterior Joint Interior Joint SMA mechanical properties
L 140 mm 180 mm Esva 27579 Mpa
o 50° 45° oS 414 MPa
Lsma  466.46 mm 565.69 mm oS 550 MPa
Asva 798 mm? 548 mm? oA 390 Mpa
oA 200 Mpa
EL 3.5 %

The hysteretic behavior of the original and CSD retrofitted joints are shown in Figure 4-24.
It can be seen that the CSDs exhibited promising behavior for relocating the plastic hinge

in the beam and protecting the joint panel zone from brittle shear failure. It is also observed
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that dampers provide re-centering capacity to the joint and increase the energy dissipation

capacity of the joint.
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Figure 4-24. Force-displacement hysteretic responses of RC beam joints with CSDs: (a)
exterior and (b) interior

4.6 Summary

This chapter explored mechanical response of a shape memory alloy-based energy
dissipator, fabricated from a machined superelastic NiTi SMA bar and steel tube filled with
grout. The SMA bar dissipates the energy through superelastic deformation both in tension
and compression, while the grout-filled steel tube serves as a buckling restraining system
and prevents the SMA bar from buckling in compression. The theoretical derivations for
the design of the buckling restraining system were described. An experimental program
was conducted where eight CSD specimens with varying fuse diameter (8 mm to 15 mm)
and fuse length (120 mm to 337.5 mm) were tested under cyclic loading. The main findings

can be summarized as follows:

e Most of CSD specimens sustained peak deformation corresponding to at least 5%
strain of SMA bars. Only one specimen, which had an original and fuse diameter
of 12 mm and 8 mm, respectively, failed at 4% strain. This specimen was
intentionally designed with a higher ratio of original to reduced cross-section
diameter.

e Although the specimen with a fuse diameter and length of 9 mm and 135 mm,

respectively, showed the typical SMA behavior up to 6% strain in tension, it
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experienced strength degradation after the 3% strain cycle in compression. This
was due to the local crushing of the grout followed by the SMA bar fracture towards
the end.

In the design of the buckling restraining system, the stability criteria used to ensure
stable behavior of the CSDs mainly depends on the design parameters such as the
reduced cross-section and neck zone cross-section of SMA bar, restraining tube
properties, and insertion length. It was shown that the proposed criteria successfully
prevent premature failure due to global and local buckling of the SMA bars.
However, sufficient grout should be present between the SMA bar and the inner
wall of the restraining tube to avoid local buckling, which may occur in regions
where the grout cover is thin due to poor workmanship.

All specimens showed good energy dissipation capacity with an equivalent viscous
damping ratio of up to 11.6%. The specimens with a fuse diameter of 15 mm
performed better compared to the other specimens. The maximum force in these
specimens reached up to 125 kN in tension and 372 kN in compression.

An excellent self-centering capability was observed in all devices. The maximum
residual deformation exhibited by the specimen with a fuse length of 337 mm (the
longest of all specimens) was 1.3% of the applied peak displacement of 23.6 mm.

It was found that the ratio of fuse diameter to original SMA bar diameter has a
considerable influence on the failure modes of the CSD. It was concluded that the
CSD designs with smaller ratios performed better and sustained higher levels of
deformation before failure.

Numerical analyses of two CSD retrofitted substandard RC beam-column joints
were conducted and the responses of the joints with, and without CSDs were
examined. The results indicate that CSDs can effectively improve the response of
RC joints.
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5 DEVELOPMENT AND TESTING OF SUPERELASTIC
FRICTION DAMPER (SFD)

5.1 Overview

SMA s can be produced in different forms such as wires, cables, bars, or springs. However,
as noted in Chapter 2, most of existing SMA-based seismic devices available in the
literature have employed the SMA wires as they are more widely available. This led to
development of devices with low force capacity. Other forms of SMA such as helical
springs, Bellville washers [164], and plates [166,168] have been shown promising results
to increase the capacity of dampers or braces. However, these products are not readily
available in the market and usually their cost is considerably higher. Moreover, the
fabrication process of devices equipped with helical springs or Bellville washers is more

complicated and sensitive on construction precisions.

SMA cables have recently been suggested as a more convenient form of SMAs that can
accommodate high force demands of structural applications [102,105] An SMA cable is
composed of multiple strands. Each strand has a core wire around which other SMA wires
are twined. The strands can be laid in various configurations to form a cable. SMA cables
leverage the outstanding mechanical properties of wires to carry relatively high tensile
loads. Previous experimental studies have shown that SMA cables possess large levels of
recoverable strain and high fatigue life [23-25]. They are less sensitive to initial
imperfections and exhibit redundant failure mode. Given these advantages, there is a
growing interest in using SMA cables for seismic applications, specifically in
braces/dampers [150,175,177,178] and isolation bearings [193,200]. In addition, more
recently, Shi et al. [244] developed and experimentally validated the performance of an
anchorage system for end connections of SMA cables, which is critical to foster their

practical applications.

Another challenge for SMA-based seismic control systems is the limited damping capacity
of SMAs. The inherent energy dissipation capacity of SMAs is usually inadequate to render
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their use as the sole damping source in seismic applications. When SMA-only dampers are
used in a building, it can effectively control peak and residual displacement response.
However, they could lead to an increase in floor acceleration response, consequently,
damage to acceleration sensitive non-structural components. Note that damage to non-
structural components often accounts for the majority of economic losses in an earthquake
[6]. In addition, a detrimental high-mode effect could be induced due to limited damping
[245]. Several hybrid devices have been proposed by combining different forms of SMAs
with other supplemental energy dissipating elements such as metallic yielding elements,
viscoelastic material, lead block or friction between two solid sliding bodies to augment
their damping capacity. Despite their simplicity, metallic yielding dampers are susceptible
for low cycle fatigue failure and, hence, require replacements after an earthquake event.
The studies reviewed in Chapter 2 revealed the enhanced seismic performance of SMA-
based hybrid dampers compared to SMA only dampers. However, some of those studies
have only considered conceptual development and assessment of the damper response
through numerical simulations without actual fabrication and testing, while some others
have tested small-scale dampers with SMA wires. In addition, there is a lack of
experimental test data on the temperature sensitivity of SMA-based dampers, which is an

important consideration for the real-world implementation of such systems [246].

The main objective of this chapter is to address the above two issues, i.e., limited force
capacity and inadequate damping, by proposing a new damper called Superelastic Friction
Damper (SFD). The proposed damper leverages the high tensile resistance and superior SC
capability of SMA cables and the prominent damping capacity of a friction device. A
detailed description of the fundamental working principle of the SFD is first presented,
followed by a theoretical analysis of its hysteretic behavior. The chapter then focuses on
the fabrication process and extensive experimental testing of a large-scale prototype
damper. The effects of loading rate and ambient temperature on the damper characteristics
such as hysteretic curves, energy dissipation, self-centering capability, and stiffness are
evaluated. Lastly, a parametric study that investigates the influence of key design

parameters on the hysteretic behavior of the proposed SFD is presented.
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5.2 Superelastic Friction Damper
5.2.1 Damper description

Figure 5-1 shows an isometric view of the SFD. The damper comprises SMA cables, inner
and outer steel members, friction pads, slotted end plates, and connection plates. The outer
member consists of a pair of steel channels with bonded friction pads on the outside face
of the web. The inner member is made up of I-shaped steel, in which the web serves as a
sliding interface for the friction pads. The selection of appropriate friction interface
material is vital to achieve long-term stable sliding behavior. Several types of friction
interfaces have been tested by different researchers [247,248]. Past studies showed that
mild steel against mild steel interface is susceptible to severe stick-slip behavior and
exhibited significant hardening behavior and abrupt softening [249,250]. In this study,
friction pads made out of metal-free brake and clutch lining (also termed non-metallic
melded strip) were used. The use of a brake lining pad against stainless steel (BL-SS)
makes the sliding interface self-lubricate. As a result, the stick-slip phenomenon decreases,
and a constant coefficient of friction is obtained independent of the loading rate.
Furthermore, the sliding interface is resistant to rust and can provide long-term stable
behavior. Also, non-metallic pads have high-temperature resistance, high friction

coefficient, and generally excellent wear resistance [251].

End pla

te End plate
s Cables Inner member
Outer member /
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Figure 5-1. Three-dimensional rendering of superelastic friction damper (SFD)
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Figure 5-2. Superelastic friction damper: plan, elevation, and section views

Highly polished (mirror finish) stainless-steel sheets are welded to both sides of the I-
shaped web, which is realized with a slotted hole that allows sliding of the outer members.
The inner and outer members are connected by high-strength bolts, which are used to
provide a normal pressure that generates pre-determined friction force between the
members. The top and bottom flanges of the I-section are copped at one end, while a portion
of the web is cut out at the opposite end. The end plates have vertical slotted holes that
allow the connection plates to pass through and bolted to the inner member at one end and
the outer members on the opposite end. The SMA cables are anchored to the end plates

such that they axially clamp both the inner and outer members at both ends.

5.2.2 Advantages of proposed SFD

Compared with many of the existing seismic protective technologies, the SFD offers the

following advantages:

1. Adaptable hysteretic response: The proposed damper integrates both self-centering and

energy absorption capabilities into one compact device. By adjusting the proportions of
SMA cables and friction, the device can meet various desired performance targets in terms

of self-centering and energy dissipation. The self-centering capability of the device helps
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minimize residual drifts and hence make post-event recovery more rapid, while additional

damping provided by the frictional component can minimize acceleration response.

2. Scalability for real-world application: The force and stroke capacity of the device can

easily be adjusted by changing the length and cross-sectional area of SMA cables.
Compared to limited deformability of self-centering devices that rely on post-tensioning of
steel or FRP strands, the proposed damper can easily achieve large deformations due to
considerably higher tensile strain capacity of SMA cables.

3. Reusability: As both the energy dissipation offered by both SMA cables and frictional
component of the SFD is non-sacrificial, there is no need to replace any component after a
design level event. The SFD can provide reliable and repeatable hysteretic response after
several earthquakes. As confirmed by many tests, the friction dampers can offer damage-
free performance after series of large excitations, which suggests that the post-earthquake
inspection and repair work may not be needed at all in the proposed SFD system. Some of
the merits of the use of friction devices as supplemental energy dissipation systems for
seismic protection of structures are: (i) reliable and repeatable hysteretic behavior of
damper which is almost independent of velocity and displacement amplitude; (ii) close-to-
rectangle force-displacement hysteresis loops that provide significant energy dissipation
capacity; (iii) high initial stiffness that causes the damper slip in early loading and, as a
result, the energy dissipation begins in small lateral displacements.

4. Multifunctionality: given the self-sensing potential of SMAs, the SFD can be leveraged

to develop simultaneous control and condition assessment device. The data collected from
the damper can be used to assess the remaining capacity of a structure subjected to a major
earthquake event to make decisions related to post-earthquake serviceability and
repairability. Note that this behavior is not studied in the research reported herein.

5. Easy of fabrication and installation: the proposed damper is characterized by a

straightforward structural layout and a clear working mechanism (described below). It can
be easily assembled in the factory or on-site without requiring unique fabrication process
or equipment. The only tool needed during assembling the different components is a torque

wrench to tighten the friction bolts, making the SFD outperform other self-centering
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devices based on post-tensioned tendons or springs. The latter has some drawbacks

associated with post-tensioning. For instance, the re-centering materials need to be

pretensioned in advance, pretension loss is inevitable, and it further decreases the

elongation capacity of the re-centering material.

6. Versatility: the SFD is suited not only for new construction but also for retrofitting

existing buildings. It can be utilized in different ways; just like any other type of damper,

it can be mounted on chevron braces. Alternatively, for framed buildings, it can also be

placed in the brace to the gusset plate connection illustrated in Figure 5-3. Moreover, the

SFD can be combined with isolating devices to reach higher energy dissipation capacity in

the case of base-isolated buildings. From the designer’s point of view, the friction force

can be readily tuned to achieve different hysteretic shapes and meet design requirements.

e

>

——

u ——

Figure 5-3. Sample SFD installation schemes

The above advantages of the SFD are qualitatively compared with other existing seismic

protective systems in Table 5-1.
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Table 5-1 Qualitative comparison of existing seismic protection technologies with SFD.

Criteria Friction Viscous  pon. SCED  SMA-only
Dampers Dampers Bracing Devices SFD
Systems
Force capacity ® (] o ® ® ®
Stroke ® O O O O @
Self-centering capability O @ [ ] ® O ®
Reusability O O O O O O
Multifunctionality o @) (@] @ @ ®
Longevity O O O O O O
Easy of fabrication O O O O O O
Maintenance/repairability ® ® ® ™Y ® o
Cost O O O O O O
® -Low @ —Moderate @ =High

5.2.3 Working mechanism

Figure 5-4 illustrates the operating principle of the damper. The left connection plate (based
on the orientation of the figure) is bolted to the outer members while the web of the inner
member is extended out for attachment with structural elements. For the sake of discussion,
assume the left end of the damper is fixed while the right end is connected to a loading
apparatus. However, it should be noted that for real-world application, either end of the
damper can move. First, consider that the damper is under axial tension load. No relative
movement between the inner and outer members occurs when the applied load (F) is less
than the static friction force. Under this condition, the axial deformation of the SFD is
caused by the elastic deformation of the members. When the tension load exceeds the slip
load, the inner member pulls the right end plate and move together; however, the left end
plate remains stationary because it is constrained by the outer member. Hence, the
separation of the two end plates stretches the SMA cables. An external gap opens between
the right end of the outer member and the right end plate. Internally, a gap of nominally

the same magnitude opens on the left-hand side.
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Figure 5-4. Working principle of the proposed damper, and (b) free body diagrams

When the damper is subjected to compression load, the opposite case occurs: this time, the

left endplate moves leftwards as it is pushed by the inner member. The right endplate is

constrained by the outer member and, therefore, cannot be moved. An external gap opens

between the left end of the outer member and the left endplate. Thus, both compression

and tension loads cause the endplates to move apart, resulting in elongation in the SMA

cables. In other words, the cables are always in tension regardless of the direction of

movement of the damper. Consequently, due to the inherent SC capability of SMAs, the

cables provide a restoring force that continually pulls all of the elements back to their initial

positions upon the removal of the load. As a result, a bi-directionally functioned damper is

realized.
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5.2.4 Theoretical analysis of the SFD hysteretic behavior
5.2.4.1 Mechanical properties of superelastic SMAs

The unique strain recovery property of an SMA material is due to reversible phase
transformations between its austenite and martensite phases. For superelastic SMAs, these
phase transformations are stress induced. The stress-strain relationship of superelastic
SMA s can be represented by a simplified piecewise-linear model as shown in Figure 5-5
[252,253]. In the figure, o and ¢ denote the stress and strain, respectively, wherein the
subscripts M and A denote the martensite and austenite phases, while s and f denote the
starting and ending points of the phase transformation, respectively. The model is
characterized by the following parameters: (1) four transformation stresses

Ows'Owm OasOnr 5 (2) the corresponding transformation strains &y, EysrEns1€as 3 (3)
moduli of elasticity for austenite state E, / E,, ; forward and reverse transformation states
E,v/Eua , and martensite state E,, /E,, ; (4) maximum stress o, and strain &, : (5)

residual strain &

When a superelastic SMA is subjected to a load, it initially exhibits linear elastic behavior,
with the slope of the stress-strain curve being equal to the elastic modulus of the austenite
phase (Ea) as shown in Figure 5-5. The forward phase transformation from austenite to
martensite begins when the stress reaches at a stress level o;,, (similar to “yield” stress).
During the phase transformations, the slope of stress-strain curve decreases to Eav and
material transforms from austenite to martensite The subsequent strain hardening
represents the elastic loading behavior of martensite. Upon unloading, the stress decreases
linearly, and the onset of reverse transformation is marked by an evident change of the
unloading slope on the stress-strain curve. An unloading phase transformation plateau with
a slope of Ema and nearly the same length as the loading phase transformation plateau is
observed during the reverse phase transformations. Once the material completely
transforms austenite, the slope of unloading path changes to £, and the stresses decreases
to zero with negligible residual strain upon the removal of the load. In particular, if ¢, is

less than 6-8% (depending on the composition of the material), then there would be almost
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no residual strains upon unloading, while larger residual strains would be present if the

material is loaded for higher values of ¢,,,,,.

Loading:
o o=E4¢
e o=oMsTE4Mle—eNs)

Bongs © o EnrEvderyEre

Omax

Unloading:

R
e g=g_4_f_:E_\M (E‘EAJ{)

e o=E, ¢

EMf e45 &

Figure 5-5. Simplified piecewise-linear model of superelastic SMA

During the whole loading-unloading process, SMA exhibits a flag-shaped hysteresis loop
accompanied by moderate energy dissipation. Moreover, unlike the yielding behavior of
steel, the stress plateau of SMA is due to the phase transformation by shear lattice distortion
and is not associated with any induced damage in the SMA. Finally, note that pre-straining

of SMAs could eliminate potential residual strains. The applied prestrain (g,..) will lead to

pre
a rightward shift of the abscissa in Figure 5-5. Note that after a loading and unloading
cycle, the actual prestress level may decrease by a magnitude that can be represented by
the distance between the intersection points of the abscissa and the loading and unloading

branches as indicated with o, in Figure 5-5.

5.2.4.2 Prediction of damper response through analytical expressions

Since the SFD combines SMA cables and a friction device in parallel, the hysteretic
behavior of the damper can be obtained by linear superposition of the two response
mechanisms as illustrated in Figure 5-6. As discussed above, superelastic behavior of SMA
cables can be idealized using a piece-wise self-centering model. The work done internally

by the frictional forces on the displacement at the interface between the sliding friction

134



Chapter 5: Development and Testing of Superelastic Friction Damper (SFD)

pads and the inner member provides additional energy dissipation to the damper. The
frictional forces depend on dry Coulomb friction between materials and the magnitude of
the normal force at the sliding interface and can be simulated by a rectangular hysteresis

loop.

The force-deformation constitutive relation of the damper can be characterized by defining
eight critical points as labelled in Figure 5-6. Owing to the symmetrical response of the
damper, only the first quadrant response is labelled in the figure and described below.

F F
F;naln_‘_‘—‘—-—. _________________
Fppp b 7
Fas Tus| 7 o F;
Fas iﬁmafl_ 1 S S [ — .
/5Ms Sas Opyf © < < 0
Sar F

Figure 5-6. Idealized force-deformation response of the proposed damper (not to scale)

In the initial stage of loading, i.e., from the origin point O to @, the axial load is less than

the activation force F;, which is the sum of the pre-tension force of SMA cables (if
applicable) and the static friction force. When the applied load exceeds F, the relative
movement of the inner and outer members occurs and the stiffness of the damper changes

to the stiffness of the SMA cables. Since SMA cables are still in austenite phase during

stage M-®, the stiffness of the damper can be expressed as:

K, , = £aft (5.1)

where A and L are the area and length of SMA cables, respectively. As the applied load

increases, the SMA cables reach to a “yield-like” state as signified by point @ in Figure

5-6 and begin experiencing the austenite-to-martensite phase transformation. The stiffness

is controlled by the SMA cables and they are within the austenite-to-martensite phase
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transformation stage. The damper “yield” strength F, and damper deformation o, at point

@ as well as damper stiffness K, , between points @ and @ are given as:

I:2 = FMS + Ff + I:ini = (O-Ms + EAgpre)A+ Ff (52)
o, :(EMS —gpre)L (5.3)
e (5.4)

where F is the initial pretension force induced by the prestrain e and F; is the friction

force.

As the loading increases, the SMAs complete the martensite transformation at point @ and

the corresponding force, deformation and stiffness of the damper is given as:

F,=Fy+F +F, :(O‘Mf + EAgpre)A+ F; (5.5)
3, = — 0 ) 50)
K374 — E'\I/_|A (5.7)

Further loading leads to a distinct increase in the slope, which corresponds to the elastic

loading of the martensite phase (branch ®-®) and the damper force and displacement is

calculated as:

F,=F+F +F

ini

= (O + Enlpre ) A+ F (5.8)

5, :(gmax —gpre)L (5.9)

Once the displacement is reversed after reaching its maximum value, the friction force

changes direction, prompting the axial load to immediately drop by twice as much as the
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friction force plus pretension force (2|:f + |:) The instant drop is identified by branch
@-®. Here, a parameter s defined as the energy dissipation ratio, is given by equation

(5.11).

Fy = Froc— Fr = Fii = (O — Enire ) A—F, (5.10)

ni

_ 2Ff +Fini _ 2Ff +Fini
- FZ - FMS +Ff + I:ini

B (5.11)

At stage ®-®, the SMA cables are recovering elastic deformations and the unloading
stiffness is assumed to be similar to that of branch ®-®. As unloading continues, the SMA
cables start reverting to austenite phase from martensite phase at point ® and completes
these transformations at point @. The force continues gradually decrease along branch ®
-@, whose slope is close to that of branch @-®. The forces and displacements at points

® and @ are given by equations (5.12) to (5.15).

R =Fu—F; —Fy = (04 —Exgpe) A—F, (5.12)
Sy = (& — e ) L (5.13)
F=Fy —F —F,=(04 —E.&p ) A—F, (5.14)
S, =(&x — e )L (5.15)

Upon complete unloading, although the residual deformations of the SMA cables are
expected to be negligible, the added frictional energy dissipation mechanism may lead to

a residual deformation. This residual deformation can be estimated as:
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F,L
Sy =———¢,L (5.16)
E,A

Note that if no or very minimum residual displacement is desired, this can be achieved by
adjusting the prestrain on the SMA cables in equation (5.16) such that it overcomes the
residual deformations due to frictional force. However, the amount of prestrain must be

determined carefully. As indicated in Figure 5-5, if ¢

ore 1S greater than e, there will be

large the prestress loss after a loading-unloading cycle. In contrast, when ¢,,,, is smaller
than ¢, the prestress loss can be ignored because of the minimal difference between the
loading and unloading branches of the austenite phase. Therefore, it is recommended to

keep the prestrain level of the SMA cables within the range of 0< Epre S Eny .

5.3 Experimental Program
5.3.1 Fabrication of prototype SFD

A proof-of-concept damper was designed and fabricated. While the specimen was not
scaled from a particular prototype building, it can be considered as approximately half-
scale related to a typical mid-rise office building in a high seismic region. Initially, the
specimen was designed to have a target ultimate load capacity of 150 kN at a maximum
deformation of 30 mm. This was achieved using a total of eight SMA cables, contributing
about 120 kN and friction slip force of 30 kN. However, later on the force capacity was
reduced to 90 kN by removing four cables and reducing the friction force proportionally

due to limitations of the available hydraulic actuator at the testing facility.

The geometric details of the specimen are given in Figure 5-7. The sizes of the main parts
were determined according to the following basic rules: (1) the strengths of the inner
member, outer member, and other accessories are significantly larger than the maximum
possible load resistance of the SMA cables plus the frictional force; (2) the length of the
outer and inner members, as well as the distance between the end plates, was dictated by
the length of SMA cables, which was determined by the stroke. Thus, for the prototype

damper in the present study, the inner member is a W6x25 I-shaped cross-section, while a
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couple of C4x7 channels are used for the outer member. Both members were made up of

low carbon steel (nominal yield strength of 248 MPa).
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Figure 5-7. Damper specimen geometric details (unit: mm)

The surface between the web of the I-shaped member and the C-channels forms a friction
interface activated by the relative motion between the two structural members. These
interfaces comprise the energy dissipation mechanism of the system in addition to the
inherent contribution of the SMA cables. A 1.5 mm thick sheet of highly polished (mirror-
finish) Type 304 stainless steel was welded on either side of the I-shaped member web.
Both the stainless-steel plate and the web were detailed with a long-slotted hole whose
length was chosen to accommodate a stroke of 30 mm. Four nonmetallic brake and clutch
lining friction pads with dimensions of 70 x 30 x 5 mm were attached to each C-channel
to form the outer side of the friction interface. The supplier’s specification sheet lists a
maximum coefficient of friction of 0.47 and an operating temperature up to 480°C. 1.5 mm

deep. Recesses of 1.5 mm deep were machined on the outer surface of the C-channels, and
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the pads were embedded in recesses to avoid potential debonding of the friction pads during
cyclic loading. A small amount of epoxy glue was used around the pads to stabilize them
in the recess. It is also thought that the recess provides confinement for the friction pads
and minimizes distortion in the material during sliding. The inner and outer members were
clamped together using two 25.4 mm (1 in.) diameter ASTM A490 [254] high-strength
structural bolts. The normal pressure was applied by tightening the bolts using a calibrated
torque wrench to the required clamping force, which was controlled by washer load cells.
A sufficient number of Belleville washers were placed under the nut to maintain a constant
level of normal force on the friction interfaces during sliding and prevent loss of the damper

slip load under cyclic loading.

The end plates fitted at each end of the damper are made up of steel plates with dimensions
of 229 x 305 x 25.4 mm. Both plates had vertical slots cut using water jet technology. On
the right-hand side (based on Figure 5-4 orientation), the flanges of the I-shaped member
were copped so that the web extended out and protrude through the end plate slot to be
bolted to a clevis. This connection design allowed the axial load to be transferred directly
into the flanges and web. On the opposite side, a connection plate was fitted through the
slot of the end plate and bolted to the C-channels. It should be noted that a piece of the web
was cut out to reserve a gap of 30 mm (equivalent to the stroke) between the left connection
plate and the web such that when the damper is subjected to compression load, the inner

member will not jam against the connection plate.

5.3.2 SMA cable anchoring system

Superelastic NiTi SMA cables were utilized as the core component of the SFD. According
to the material supplier, the chemical composition of the SMA is approximately 50.8%
atomic percentage of nickel with the balance contributed by titanium. The austenite finish
temperature for the NiTi cables is -22 °C. Each cable was in a 7x7 configuration, where
each cable is made of seven helically wrapped strands and each strand consists of seven
monofilament wires laid in left-handed helix. Therefore, the cable is composed of 49 wires
with a diameter of 0.885 mm. The nominal outer diameter of the cable is 8 mm and the

cross-sectional area is 30.13 mm?. The cable length was determined based on the objective
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to limit the SMA strain to 6% at the design deformation capacity of the damper. Hence, the

overall length of each cable, including connection hardware, is 500 mm.

Four SMA cables were anchored to the end plates symmetrically at the top and bottom of
the damper. It is of paramount importance to ensure that the cables are effectively anchored
while fabricating and testing the SFD. Therefore, a custom anchorage system that consists
of sleeve, anchor barrel, and hexagonal nut was designed and implemented. The sleeve is
a short hollow cylindrical element that houses the SMA cables tightly when it is squeezed
by a machine. The anchor barrel is a threaded rod with stepped holes inside which the SMA
cable with the sleeve is placed and constrained. The hexagonal nut is used for tightening
the anchor barrel. The outer surface of the anchor barrel has two cut-off edges to prevent
it from rotating when the nut is tightened. Key dimensions of these hardware are shown in

Figure 5-7.

As illustrated in Figure 5-8, the assembly procedure of the anchorage system consists of
three steps. The SMA cable is first inserted into the anchor barrel; then the sleeve is placed
at the ends of the cable (Step 1). Mechanical pressure is applied using a crimping machine
to squeeze the sleeve uniformly and grip the cable tightly (Step 2). It is crucial to monitor
the applied pressure to avoid damaging the cable as well as prevent slippage. Compressing
the outer diameter of the sleeves from 17 mm to 14 mm was selected as it enabled the
anchorage systems to perform well. Finally, the anchor barrel is then pulled up and
subsequently passed through the holes on the end plates and the tightening nuts are screwed
(step 3). Although the SMA cables were installed snug tight in the current study, pre-
tension load can be applied by directly tightening the nuts if needed.
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Figure 5-8. SMA cable anchorage system assembly procedure
5.3.3 Test setup, instrumentation, and loading protocol

The cyclic loading tests were conducted in two phases: loading rate characterization tests
and temperature sensitivity tests. Photographs of the test setup for each phase are shown in
Figure 5-9. The SFD specimen was connected to an MTS 244 hydraulic actuator, which
enables a maximum force of 98 kN and a maximum velocity of 381 mm/sec. The damper
force and deformation were measured using built-in load cell and LVDT of the actuator.
Two LCWD load washer and compression load cells were used to measure the compression

force generated from two friction bolts.
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Figure 5-9. Photographs of test setup: (a) loading rate tests and (b) temperature dependent
tests

In the first phase, all the tests were conducted at room temperature of approximately 25°C.
The response of the damper with and without SMA cables under different loading
frequencies was investigated. In the present study, three different loading patterns
illustrated in Figure 5-10 were applied to the SFD. For the friction only tests, a quasi-static
loading test at incrementally increasing displacement amplitudes up to 30 mm was
performed in the first round. Then, a pre-defined harmonic displacement inputs that
includes two ramp-up cycles in the beginning, three full cycles with 25 mm amplitude in
the middle and three ramp-down cycles at the end was applied at loading frequencies of
0.05 Hz, 0.1 Hz, 0.5 Hz, and 1 Hz. The complete damper, i.e., SMA cables and frictional
component, was also subjected to the same loading protocol but the maximum

displacement amplitude was kept at 20 mm instead of 25 mm due to the limitations in force
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capacity of the actuators. Note that the response of the same SMA cables at different
loading rates was reported in Ozbulut et al. [102], and therefore no additional rate-
dependency tests were conducted on SMA cables only.
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Figure 5-10. Loading patterns: (a) quasi-static increasing displacement amplitude; (b)
constant amplitude at different loading rates, and (c) response history of SMA-based brace
under Northridge earthquake

The second phase of the experimental program consisted of temperature-dependency tests.
In particular, the responses of the frictional component, SMA cables, and complete damper
at varying temperatures of 25, 30, 40, and 50°C were studied. A shown in Figure 5-9(b),
one tube-type heater was uniformly taped on two friction plates and four ultra-flexible
wire-type heaters were wrapped on four SMA cables. These heaters could provide a
maximum heat output of 65°C. Two programmable thermostats were connected to the
tube-type heater and ultra-flexible wire-type heaters. Temperatures of friction plates and
SMA cables were regulated by two thermostats individually. Due to difficulties in
modifying the test set up for tests at temperatures below room temperature, the response of

the damper at temperatures lower than 25°C was not pursued in this study. The harmonic
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tests during the second phase were conducted at a loading frequency of 0.1 Hz and
consisted of three loading cycles. The testing for the sub-components of the damper was
carried out at 10 mm and 20 mm displacement amplitudes, whereas the combined damper
was tested only at 10 mm displacement amplitude due to limitations in force capacity of
the actuator. In addition, a displacement response history of a self-centering brace obtained
from numerical simulation of a four-story building subjected to the 1994 Northridge
earthquake was also applied to the SFD. The purpose of this test was to characterize the
behavior of the SFD under a realistic earthquake loading condition. The displacement
history is shown in Figure 5-10(c) and was applied to the SFD during the tests under various

temperatures.

5.4 Test Results and Discussions
5.4.1 Responses of frictional component

Figure 5-11 shows the force-displacement response of the damper in the absence of the
SMA cables, i.e., frictional component only. In Figure 5-11(a), the response of the
frictional component is shown under a quasi-static loading with a displacement amplitude
incrementally increasing up to 30 mm. In Figure 5-11(b) through 5-11(f), the hysteresis
curves are plotted separately for four loading frequencies, namely, 0.05, 0.1, 0.5, and 1 Hz,
at a constant amplitude of 25 mm. In general, the damper displayed a completely stable,
repeatable, and reliable behavior with insignificant dependence on the frequency for the
range considered in this study. The relative movement between the external member
(together with the friction pads) and the internal member led to the friction action and hence
absorbed kinetic energy. It is evident from the results that the force-displacement behavior
of the damper is elastic perfectly plastic without hardening and the hysteresis curves are
close to rectangle. It is also noticed that the hysteretic curves are not perfectly symmetrical
in terms of load resistance, especially at the 0.05 Hz frequency. In particular, when the
damper is loaded in the push direction, the load resistance was slightly smaller than when
it is loaded in the pull direction. This can be attributed to unexpected friction between the
connection plate and the inner member, in which the latter was supposed to move freely
within the slot at the end plate. Nevertheless, the difference in the peak force when the

damper was loaded in the push or pull directions was less than 2%. The maximum static
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friction force is virtually identical to the sliding friction force. It is noted that loading
frequency had very little influence on the sliding friction force. The frictional resistance
was kept almost constant with no noticeable fading under repetitive sliding motions
throughout the experiment. The slipping motion was uniformly smooth, chatter-free, and
without any stick-slip behavior based on test observations. At the end of the tests, the
damper was dismantled, and the friction pads were inspected. The pads were all kept in
one piece; no signs of damage or breakage were observed.
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Figure 5-11. Friction only damper force-displacement hysteresis curves under different
loading frequencies: (a) quasistatic, (b) 0.05 Hz, (c) 0.1 Hz, (d) 0.5 Hz, (e) 1 Hz, and (f)
dynamic test results combined together
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Even though the force-displacement relationships displayed highly repeatable frictional
behavior, the bolt clamping forces were somewhat fluctuating during the sliding motions.
Figure 5-12 illustrates the time history of clamping force ratio (CFR) for the quasistatic
loading case, in which CFR is defined as the ratio of the real-time clamping force to the
initial clamping force. It can be seen that CFR of the right bolt (based on Figure 5-9
orientation) ranged from 0.91 to 1.09, while for the left bolt, it ranged from 0.97 to 1.02.
However, this minor fluctuation seems to have insignificant influence on the overall
frictional force. The inconsistent bolt force, particularly the right bolt, might be attributed
to the slightly bending behavior of the high-strength bolts when subjected to load reversal,
and/or extra friction was unexpectedly induced between the left connection plate and the
inner member when the specimen was in compression. It is believed that the extra friction
and asymmetric behavior can be eliminated if the void between the connection plate and

inner member is appropriately enlarged.

The variation in the slip load was within a permissible tolerance of + 10%. This indicates
that the Belleville washers played an essential role in maintaining the clamping force of
bolts. A typical Belleville washer is a high resistance cone-shaped annular disc spring that
flattens when compressed and returns to its original shape when the load is released. In this
way, if the bolt had to lose the preloading level due to the wearing of the friction material,
the disc spring would restore the force by keeping the bolt shaft in tension. As such, the
use of Belleville washers is suggested to prevent partial loss of bolt preloading and,
therefore, the degradation of the slip force during the lifetime of the damper.
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Figure 5-12. Time history of (a) clamping force ratio and (b) coefficient of friction

Figure 5-12(b) shows the variation of the friction coefficient of the sliding interfaces,
derived by dividing the frictional force (considering double shear) by the clamping force.
In this study, the average coefficient of friction associated with the quasi-static loading rate

was considered as the static coefficient of friction, while the one obtained from a high
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loading rate (i.e., f = 1Hz) was considered as the kinetic coefficient of friction. Based on
the experimental results, the static and kinetic friction coefficients were calculated to be
about 0.22 and 0.21, respectively.

5.4.2 SFD cyclic force-displacement responses

In this section, the results of the experimental tests on the overall damper, i.e., SMA cables
and frictional component, are discussed. Figure 5-13 shows the force-displacement
response of the SFD under different loading frequencies. The overall response of the
damper was consistent with the intended working principle. The behavior of the damper in
the two loading directions look symmetrical. As can be inferred from Figure 5-13, the
damper first exhibited considerably high initial stiffness before the relative motion of the
friction interface is triggered. The forward phase transformation of the SMA material was
initiated at approximately 8 mm deformation, leading to the “yield”-like behavior followed
by a transformation loading plateau with a particular hardening slope beyond the “yield”
point. The observed hardening slope is essentially the stiffness of the SMA cables during
phase transformations. A larger hysteresis was observed in the SFD compared to a typical
SMA behavior due to the frictional contributions in the SFD. Note that the tests at quasi-
static loading and at different loading frequencies consisted of three loading cycles at given
loading amplitude. There was no visible difference in the damper response under different
loading cycles, indicating a stable response for the damper. As can be seen from Figure
5-13(f), there was also no significant effect of loading frequency on the damper response.
This will be evaluated more quantitatively in the next subsection. Finally, the damper
response at higher displacement amplitudes could not be characterized as the maximum
force of the damper would be above the capacity of the load cell of the actuator used in the
tests. The strain on the SMA cables is estimated to be approximately 4.2% strain

considering the 480 mm anchor-to-anchor length of SMA cables.
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5.4.3 Energy dissipation capacity, self-centering capability, and secant stiffness

To further assess the cyclic performance of the SFD, the hysteretic parameters of prime
interest for earthquake engineering applications such as dissipated energy, equivalent
viscous damping ratio, recentering capability, and effective stiffness were evaluated for the
tests conducted at different loading frequencies. The dissipated energy was calculated as
the area under the hysteretic response of the SFD. The equivalent viscous damping (EVD),

is calculated based on the following equation:

ED

Az (E, +Ey) 40

geq =

where Ebp is the total energy dissipated per cycle and Eg, and Eg, are the elastic strain
energy embodied by an equivalent linear system at the same peak displacement and force

as illustrated in Figure 5-14(a).

Self-centering capability is one of the most important properties for the damper, which is
expected to control the residual deformation of the structures after earthquakes effectively.
The damper is also supposed to have tolerable residual deformation during the service life
such that it is reusable. The self-centering capability of the damper is provided by the
restoring force of the SMA cables, while it is also largely influenced by the frictional force.
To quantitatively evaluate self-centering capability of the SFDs, a parameter called relative
self-centering efficiency (RSE) is computed as follows [255]:

RSE =1 s Y (5.18)

uma>< - umalx

where uj, and up are the residual displacements along pull and push loading directions,
respectively. The RSE quantifies the percentage of the recoverable peak displacement. An
RSE value corresponding to a perfectly self-centering device with zero residual
deformation is equal to one, while a value of zero corresponds to a device without any

recentering capacity. Finally, the secant stiffness is computed using the equation below:
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K = I:max — I:max

S + —

u u

max  “'max

(5.19)

where E; 1 U ax s Fmax » and U4, are the maximum force and displacement along pull

and push loading directions, respectively, as illustrated in Figure 5-14(a).

The energy dissipation properties of the damper are shown in Figure 5-14(a) and 5-14(b)
in terms of dissipated energy and EVD, respectively. The energy dissipation per cycle was
about 1.6 kJ and remained almost constant as the loading rate increased. The SFD provided
a minimum of 14% EVD throughout the tests. It can be seen from Figure 5-14(b) that the
EVD slightly decreased as the loading frequency increased except at 1 Hz. This tendency
can be attributed to the fact that the SMA cables exhibits slightly higher force levels at
increasing loading frequencies as shown in an earlier study [102] . Therefore, the secant
stiffness of the overall damper increases with increasing loading frequencies as shown in

Figure 5-14(c). This, in return, increases the elastic strain energy, and decreases the EVD.
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Figure 5-14. Variation of cyclic properties of the SFD with loading frequency: (a)
dissipated energy, (b) EVD, (c) RSE, (d) secant stiffness

Self-centering capability of a damper is an important parameter to effectively control the
residual drifts in a structure after an earthquake. In the developed SFD, the self-centering
capability is provided by the restoring force of the SMA cables, while it is negatively
influenced by almost perfectly plastic behavior of the frictional component after the slip.
As shown in Figure 5-14(d), the RSE values ranges from 82% to 84% for the tests
conducted at different loading, frequencies which indicates a very good self-centering
capability for the developed damper. In other words, for an applied displacement of 20
mm, the maximum residual deformation was just 3.6 mm. As can be seen from Figure
5-13(a), the residual deformations did not increase with increasing displacement amplitude
since they were mainly due to frictional force that remained constant. No further residual

deformations would occur in the device if the tests could continue up to about 30 mm since
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the SMA cables can fully recover their strains up to 6-7%. Overall, the results presented in
Figure 5-14 clearly show that the loading frequency has a negligible effect on the hysteretic
properties of the damper.

5.4.4 Effects of temperature

The response of both SMA cables and friction devices is sensitive to changes in
environmental temperature. The force-displacement response of each subcomponent of the
SFD, i.e., friction and SMA cables, at four different temperatures are presented in Figure
5-15(a)-(d) for displacement loading amplitudes of 10 mm and 20 mm. Note that there was
a problem in data acquisition during the SMA cables only test at 10 mm amplitude and
50°C and no results presented for this case in Figure 5-15(c). Also, during the SFD test at
the 50°C, the test was terminated at 18 mm since it reached the force capacity of the
actuator. It can be seen that the hysteresis loops (force levels) of the SMA cables slightly
shifted upward with increasing temperature. This is because temperature affects the stress-
induced phase transformations in SMAs. In particular, the stress levels that initiate phase
transformations increase with increasing temperature. Note that in the developed hybrid
damper, the force contribution of the SMA cables was six times larger than the friction
force. Therefore, as evident in Figure 5-15(e), the temperature dependency of the damper

response was dominated by the SMA cables.
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The variation of dissipated energy, EVD, secant stiffness, and RSE with temperature is
shown in Figure 5-16. As the damper reached at higher force levels at higher temperatures,
both the dissipated energy and secant stiffness increased slightly with increasing
temperature. As a result, the EVD has remained almost constant at increasing temperatures.
On the other hand, the RSE is increased from 63% to 70% when the temperature is
increased from 25°C to 50°C. This is due to the fact that the frictional force remains almost
constant while the forces in the SMA cables increases with the temperature as shown in
Figure 5-15.
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Figure 5-16. Variation of cyclic properties of the SFD with temperature for (a) dissipated
energy, (b) EVD, (c) secant stiffness, and (d) RSE

Finally, the response of the SFD under a displacement history obtained from earthquake
loading at different temperatures is shown in Figure 5-17. The damper exhibited its

characteristic behavior without any problem under this random dynamic loading. The
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response of the damper was consistent for the tests conducted at different temperatures,

while the damper reached at a higher force level at higher temperatures.
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5.5 Parametric Study
5.5.1 Modeling of damper and validation

To enable further understanding of the cyclic behavior of the proposed damper, a simple
yet effective numerical model was developed in the nonlinear finite element program
OpenSees software [256]. The damper is represented by a parallel combination of five
springs, as illustrated in Figure 5-18(a). The model implements three SelfCentering and an
ElasticMultiLinear material behaviors to capture the flag-shape hysteretic curve of the
SMA cable. Although the stress-strain relationship of SMAs can be simulated by a single
SelfCentering material, which is a multi-linear constitutive model, it is evident that
experimental stress-strain curves exhibit round corners. Thus, certain discrepancies
between the experimental curves and a multi-linear model are unavoidable at those corners.
Therefore, to minimize the discrepancies and enable a smooth transition, combination of
three SelfCentering, and one elasticmultilinear material behaviors was adopted in this
study. The hysteretic response of the friction subcomponent of the SFD was simulated
using the Steel01 material with very high initial elastic stiffness and zero hardening
properties. The parameters selected for each material model are summarized in Table 5-2.
The model was calibrated to reflect the actual test results through proper tuning of the
parameters. Figure 5-18(b) compares the experimental results of the quasi-static loading
test at room temperature with model prediction. It can be seen that the numerical model
can successfully reproduce the experimental response of the SFD. Note that the effect of
temperature change is not considered in this model but the model parameters can be

adjusted for simulating the response of the damper at different temperatures as needed.
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Figure 5-18. (a) Schematic representation for SFD model; and (b) comparison between
experimental result and proposed model prediction.

Table 5-2. Parameters for proposed SFD model.

Parameters
Self-Centering Material Spring1 Spring 2 Spring 3
Initial stiffness (k1) (kN/mm) 2.63 1.75 1.23
Post-transformation stiffness (k2) (kN/mm 0.53 0.53 0.18
Forward transformation force (kN) 8.90 0.61 0.61
Ratio of forward to reverse activation force (5) 1 1 0.6
Elastic-Multi Linear Material
Displacement (mm) and force (kN) at different [-45.72 -7.12], [-7.11 -8.01],
points of the envelope [00], [7.118.01], [45.72 7.12]
Elastic Perfectly Plastic Material
Yield strength (Fy) (kN 13.34
Initial elastic tangent (Eo) (kKN) 1000
Strain hardening ratio (o) 0

5.5.2 Selected design parameters and analysis results

A parametric study was conducted to examine the influences of some key design
parameters on the hysteretic response of the developed SFD by employing the validated
numerical model. In particular, the design parameters varied in the parametric study
include the cross-sectional area (A), length (L), and prestrain (&,,.) of SMA cables as well
as frictional force (Fr). The prototype damper that was physically tested in the laboratory
served as a baseline, and the identified parameters were systematically varied. The values
for the design parameters in the experimental tests were A = 120.56 mm?, L = 500 mm,
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&pre = 0% and Fr= 13 kN. In the parametric study, the length and area of the SMA cables
are increased 50% and 100% compared to their experimental values. The frictional force
was varied to be zero,1 x Fror 2 x Fr. The prestrain was selected as 0%, 0.5% and 1%. The
considered parameters are summarized in Table 5-3. In all cases, one parameter varied

while the others remained constant.

Table 5-3. Range of parameters selected in the parametric study.

Parameter Range of values
Friction force, Fr (KN) 0, 13", 26
Area of SMA cables A, mm? 120.56, 180.84, 241.12
Length of SMA cables, L (mm) 500, 750, 1000
Prestrain of SMA cables, ¢,,,. (%) 0,05,1

“Bold values refer to the baseline (reference case).

Figure 5-19 compares the hysteretic response of the SFD with different design parameters.
As can be seen from the figure, with an increase in friction force, the hysteresis loops
become considerably wider, and energy dissipation and maximum damper force increases.
However, this comes with a penalty of increased residual displacements. When the cross-
sectional area of the SMA cables is increased, the force capacity of the damper together
with its initial stiffness increases considerably as shown in Figure 5-19(b). On the other
hand, an increase in the SMA cable length leads to a decrease in the initial stiffness.
However, the deformability of the damper increases significantly as shown in Figure
5-19(c). Finally, applying modest amounts of prestrain into SMA cables can limit or
completely eliminate the residual deformations as shown in Figure 5-19(d). The initial

stiffness of the damper also increases with the applied prestrain.
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Figure 5-19. Parametric study results: influence of (a) friction force, (b) area of SMA
cables, (c) length of SMA cables, and (d) pretensioning of SMA cables

For the SFDs with different design parameters, the amount of energy dissipated per unit
deformation by individual subcomponents and the entire damper is computed and the
results are shown in Figure 5-20. The energy dissipation efficiency of an SFD increases
with increasing friction force (due to higher frictional energy dissipation) and the area of
SMA cables (due to higher energy dissipation in SMA cables). On the other hand, the
length of SMA cables and prestrain on SMA cables have minimal effect on energy
dissipated per unit deformation. Nevertheless, applying a prestrain of 1% on SMA cables
leads to 11% increase in energy dissipation. Also, despite the frictional component
provides higher energy dissipation than SMA cables for most design cases, the contribution
of SMA cables to the total energy dissipation is considerable. For example, for the

reference design case, the SMA cables provides 37% of total energy dissipation.
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Figure 5-21 illustrates the variation of the EVD, secant stiffness, and RSE of the SFD with
different design parameters. Although the dissipated energy per unit displacement
increases with both frictional forces and area of SMA cables, increasing the frictional
forces leads to higher EVD values while an increase in the area of the SMA cables
somewhat decreases the EVD. This can be attributed to the fact that the secant stiffness,
i.e., elastic strain energy, increases at a higher rate for increasing values of SMA cable area.
Note that a change in SMA cable length does not have any effect on the EVD, while the
presence of prestrain on SMA cables slightly improves the EVD. In addition, the
parameters that significantly affect the RSE are the frictional force and prestrain of SMA
cables. Note that increasing frictional force rapidly deteriorates the RSE, while increasing
prestrain improves the self-centering capability of the damper.
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Figure 5-21. Influence of friction, area, length, and prestrain of SMA cables on hysteretic
parameters: (a) EVD, (b) secant stiffness, and (c) RSE

In the second part of the parametric study, the influence of force distribution between the
SMA cables and friction force was investigated since it determines the energy dissipation
capacity and self-centering capability of the SFD. To quantify the proportion of SMA

cables and friction, it is convenient to define a relationship between the friction force F,and

the damper “yield” resistance F), as given by equation 12.
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F, =yF, (5.20)

where y denotes the ratio between F,and F,,, which can be termed as friction ratio. As
given in equation 2(a), the “yield” resistance of the SFD is the summation of F, and F
when there is no prestrain on the SMA cables. Thus, the contribution of the SMA cables to

the damper “yield” resistance is (1—y)F,. That means if y equals 0, the damper utilizes

entirely SMA cables to resist the force demand and it exhibits a complete self-centering
behavior with no additional energy dissipation from friction. If y equals 1, the SFD will be
a pure friction damper with elastic perfectly plastic behavior and no re-centering capability.
In the parametric study, y is varied from 0 to 0.5 while the other parameters are kept
constant, i.e., L=500 mmand &,,, = 0 %. Note that for the prototype damper, the y value
was 0.23.

As can be seen in Figure 5-22, the hysteretic loop is significantly widened as y increases,
and the energy dissipation increases about 150% when y changes from 0 to 0.5. However,
the increase in energy dissipation is realized at the cost of reduced self-centering capability.
It can be clearly seen that a larger y results in a larger residual displacement. Therefore, it
recommended to select a y within the range of 0.20 <y < 0.33 to have good balance

between energy dissipation and self-centering capacities.
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5.5.3 Optimal proportion of the SMA cables and friction force

As increasing energy dissipation and self-centering capability are contradictory objectives,
the performance of the SFD depends on the participation ratio of the SMA cables and
friction device. Indeed, as the participation of the friction force increases, the energy
dissipation increases with an expense of increased residual displacement. A trade-off
between energy dissipation and self-centering capability should be made when designing
the SFD and achieve a resilient structure, one that has the performance with the possible
highest energy dissipation, lowest cost, and small residual drift. For the current prototype
damper, an optimal design of the damper may be obtained through parametric analysis. To
quantitatively assess the friction contribution, an energy dissipation ratio (EDR) parameter
is introduced. It is the ratio of energy dissipated by the friction mechanism to the total

energy dissipation of the SFD.

Figure 5-23 plots the solution space to determine optimal design between self-centering
and energy dissipation for various combinations of SMA and friction. The plot exhibits
that as soon as the friction force contribution exceeds 33.3%, the RES degrades rapidly
while the EDR continues to be steady without a fast upward tendency. The paths of these
two ratios interest at approximately » =0.46. This implies that a damper designed with
31.5% contribution from friction force and the remaining 68.5% by SMA cables makes the
best use of physical correlation characteristics between recentering and energy dissipation.
Compared to pure SMA cables case, the total damping significantly increased to over 68%
when a 31.5% friction was added to the damper. The self-centering capability was lost by
less than 36%. Therefore, based on these observations, an optimal design of the SFD can
be achieved if the friction contribution is kept within in £20% from the ideal point (shaded
region in Figure 5-23).

In practice, the design of a lateral load resisting system equipped with the proposed damper
should begin with determining the required load resistance and deformation demand of the
damper. Based on desired performance target, an initial energy dissipation factor () can
be set, and then the area of SMA cables and the magnitude of friction can be calculated.

Appropriate friction should be determined to provide the necessary friction force. Different
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combinations of the friction material, bolt torque, number, and diameter of bolts can be
adopted as long as the reliability of the friction device is ascertained by either field test or
other quality control procedures. Subsequently, the length of the cables can be determined

based on allowable residual drifts for different structural damage levels.
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Figure 5-23. Solution space for the determination of optimal design between self-centering
capability and energy dissipation

For instance, according to FEMA P-58 suggestions, the residual drift has to be limited to
0.5% to ensure economical repair of a structure [257]. If the drift is limited to 0.2%, the
repair will be further narrowed to non-structural members. With less SMA material
consumption in the SFD than the solely SMA-based lateral load resisting system, the flag-
shaped hysteresis curve of a system equipped with the SFD could substantially become
fatter by maintaing a small target residual displacement. Therefore, reaching the residual
drift thresholds corresponding to repairability could be easily achieved. Once the
arrangement of the SMA cables and friction pads are determined, the seismic performance
of the designed structure should be checked. If the response fails to satisfy the performance
target, the shape of the damper hysteresis curve could be readily tuned by changing the
proportions of the SMA cables and the preload of the high-strength bolts in the friction
device. Finally, all other capacity-protected components such as the internal and external
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members, connection plates, and end plates should be designed to remain elastic and have

negligible bending deformation.

5.6 Summary

This chapter developed a novel shape memory alloy-based hybrid damper consisting of
SMA cables and a friction device. The proposed damper offers an improved energy
dissipation capacity compared to SMA-only dampers while maintaining good self-
centering capability. Additionally, the proposed hybrid damper possesses advantages such
as scalability for real-world application, reusability, ease of fabrication, and adaptability of
its hysteretic response. The working mechanics and fabrication process of a prototype
damper were first introduced, followed by a detailed experimental investigation on a large-
scale prototype damper. Moreover, a simple yet effective numerical model was established
to replicate the hysteretic response of the experimental specimen and further evaluate its
performance through a parametric study. The major findings can be summarized as

follows:

e The friction interface of the brake lining pad against stainless steel exhibited an
elastic-perfectly plastic slip behavior without hardening, and the hysteresis loop for
frictional component were close to rectangle. The slippage motion was smooth,
chatter-free, and without any stick-slip behavior. Moreover, the variation in slip
load was within permissible tolerance, indicating that the Belleville washers played
an essential role in preventing partial loss of bolt preloading and, therefore, the
degradation of the slip force during cyclic loading.

e Throughout the entire experimental program, the proposed damper exhibited a
completely stable, repeatable, predictable, and reliable flag-shaped behavior
without strength and stiffness degradation and negligible dependence on the
loading frequency. No damage was observed to any of the damper components,
highlighting that a damper installed in a structure and subjected to an earthquake
loading would perform well during subsequent earthquakes without the need for

the replacement or substantial repair.
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The damper provided a minimum of 14% equivalent viscous and 82% recovery of
the peak displacement damping throughout the experimental program. It was found
that temperature change from 25°C to 50°C has a negligible effect on the damping
and self-centering capacity of the damper.

Since the material models for both SMAs and frictional dampers are already
available, a mechanical model to accurately simulate the response of the hybrid
damper can easily be developed. The parametric studies conducted using a reliable
and validated numerical model of the proposed damper indicates that varying
different design parameters such as frictional force, area of SMA cables, or length
of SMA cables, the hysteretic response of the hybrid damper including initial
stiffness, damping capacity, and self-centering ability can be tuned into a desired
target behavior.

It is possible to eliminate or decrease residual deformations of the damper by
applying slight prestrain on SMA cables. Note that this prestrain can be applied by
directly tightening the nuts of the SMA cable anchorage system without the need
of any external device.

To maintain a good energy dissipation capacity with robust self-centering
capabilities, it is recommended to keep the ratio of slip resistance provided by
frictional damper to “yield” resistance provided by SMA-friction hybrid damper to
within a range of 0.20 to 0.33.
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6 SEISMIC PERFORMANCE ASSESSMENT OF STEEL
SPECIAL MOMENT FRAME WITH SFDS

6.1 Overview

In Chapter 5, the test results revealed that the proposed superelastic friction damper (SFD)
has excellent self-centering capability accompanied by enhanced energy dissipation
capacity. Following the experimental study, the efficacy of the SFD in seismic hazard
mitigation of steel frame buildings is further examined through nonlinear response history
analysis. First, numerical model of a four-story moment resisting frame building is
developed using the OpenSees finite element framework. Next, a nonlinear response
history procedure is utilized to design the steel frame equipped with SFDs in accordance
with ANSI/AISC 360-16 and ASCE 7-16 design codes. The seismic performance of the
frame installed with SFDs is compared with the bare frame concerning response parameters
of interest, which include, peak interstory drift, residual interstory drift, and peak absolute
floor acceleration. Finally, the analysis is extended to investigate influences of varying the
SFD design parameters on the control efficiency of the damper.

6.2 Numerical Modeling
6.2.1 Description and modeling of prototype building

A four-story archetype steel-framed office building used in NIST technical note 2084 [258]
for the application of FEMA P-695 methodology is adopted in this study. It is presumed
that the building will be constructed in a high seismic area (e.g., somewhere along the west
coast of the United States). Building stability and resistance to environmental loads and
deformations is provided by special steel moment resisting frame (SMRF) along the East-
West (E-W) direction and special steel concentrically braced frame (SCBF) along the
North-South (N-S) direction. All lateral force-resisting systems are symmetrically located
at the perimeter of the building and orthogonal. The building is rectangular in plan, with
five 9.14 m (30 ft) bays in the E-W direction and five 6.14 m (20 ft) bays in the N-S
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direction. The typical floor framing plan and elevation view are shown in Figure 6-1. The
height of the first story is 5.5 m (18 ft) and the remaining story heights are 4.27 m (14 ft).
Structural members are designed using ASTM A992 steel (F, =345MPa). The dead load

is4.31 kN/m2 uniformly distributed over each floor. Superimposed dead loads are taken as

0.72 kN/m? for floors and 0.48 kN/m? for the roof, representing mechanical, electrical,
plumbing, and miscellaneous loads. A cladding load was applied as a perimeter load of
3.65 kN/m . Unreduced live load of 2.39 kN/m? is applied on all floors and 1.44 kN/m?

on the roof. Wind loads were not considered in the design of the archetype building

members. Additional material and design details can be found in Harris and Speicher [259].

In this dissertation, all the analyses are based on one of the perimeters SMRF that serve as
the lateral force resisting system of the building in the E-W direction. The building is
located where it is assumed it would be assigned a Seismic Design Category (SDC) at the
upper limit of D, i.e., Dmax. The seismic hazard in ASCE 7-16 is based on a risk-targeted
design philosophy and is defined as ground motions having a one percent probability of
causing total or partial structural collapse (i.c., “risk’) of properly designed structure in 50

years. This ground motion intensity is denoted in the code as MCERr. Considering a Risk

Category Il building, the design spectral acceleration parameters are Sy, =1.0 g and
Sp; =0.60 g, whereas the maximum considered spectral acceleration values are S, =1.5

gand Sy, =0.90g.
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Figure 6-1. Four-story steel frame building: (a) Floor plan showing the structural framing
layout, and (b) Elevation

A two-dimensional (2D) nonlinear model of the SMRF with panel zone (PZ) and reduced
beam section (RBS) was created in the OpenSees structural analysis package. Models for
nonlinear analysis can range from uniaxial spring or hinge models, to more fundamental

type fiber-based models, to sophisticated continuum finite element models. The choice of
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model type for a given application requires balance between reliability, practicality, and
computational efficiency. The reliability of the model comes from its ability to simulate
the critical types of deformation that are of interest to the user and control the response.
Concentrated spring modeling approach is implemented in this study since it is
computationally efficient by modeling highly nonlinear effects in localized regions of the
structure with few degrees of freedom. The plane frame elements of the structure are
modeled as elastic beam-column elements with concentrated inelastic rotational springs. A
bilinear hysteretic material model based on the modified Ibarra Medina Krawinkler (IMK)
deterioration model [260] is used for the plastic hinges to capture cyclic and in-cycle
strength and stiffness degradations. The moment-rotation backbone and hysteric curves of
the IMK model are shown in Figure 6-2. The key points used as an input to define the
model are the yield point, the capping point, the residual point, and ultimate point. The
parameters for the different points are determined following recommendations made by
Lignos and Krawinkler [261,262], which were derived using multivariate regression
analysis of a database of experimental results.

Using RBS, which is an offset from the beam-column joint, ensures that the beam’s plastic
hinge forms away from the column and thus protects the column’s integrity. The RBS
connection stiffness was modeled using a prismatic cross-section over the length of the
RBS. The width of the RBS was assumed to be equivalent to the actual RBS width at
center. The plastic hinge is modeled by a rotational spring placed at the center of the RBS
and the spring was assigned a stiffness of 10 times that of the unreduced beam. An elastic

beam-column element is used to connect the spring and the PZ. For the columns, nonlinear

springs were added at d./2 away from the face of the beam, where d, is the depth of the

column. These springs followed the same approach as the beams, i.e., the stiffness

amplified by 10. A schematic of the OpenSees modeling approach is shown in Figure 6-3.
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Figure 6-3. Schematics of OpenSees modelling

The panel zone, the joint region where beams and columns intersect, mainly deforms in
shear due to the counteracting moments in the beams and columns. To capture these
deformations, the panel zones are explicitly modeled using the methodology put forward
by Gupta and Krawinkler [263]. Accordingly, the PZ is simulated as a rectangle composed
of a set of “rigid” elements connected by simple pin connections at the three corners and a
zero-length rotational spring placed at the other corner to simulate the shear distortions in
the PZ. Each elastic beam-column elements are assigned with very big area and moment
of inertia such that high axial and flexural stiffnesses can be obtained. The rotational spring
has a trilinear backbone curve, which is derived using the principle of virtual work applied

to the deformed configuration of the PZ.
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A leaning column is employed to capture the large P—A and small P —¢ effects arising
from the forces acting on the deformed geometry. The leaning column was assigned a
moment of inertia equal to the sum of the moment of inertia of the tributary gravity frame
columns and the SCBF columns. It is linked with the SMRF by axially rigid truss elements
at each floor level as illustrated in Figure 6-3. It is also assumed that the leaning column is
elastic along the height of the building; hence, no nonlinear moment hinges were added.
Rayleigh damping with a 3% damping ratio for the first and third modes of vibration is

assigned to the model to account for the inherent damping of the building.

6.2.2 Design of a steel moment frame with SFDs

Given the fact that SFD is a newly emerged damper, the seismic design procedure of a
structure equipped with this damper is not covered in the current design codes. Therefore,
the provisions of ASCE 7-16 Chapter 18 that deals with minimum design base shear for
structures with added damping devices, in general, is adopted. Thus, a reduced strength
version of the fully code-compliant frame is developed first by selecting smaller beam and
column member sizes such that the frame has a base shear capacity equal to 75% of the
base shear capacity of the original SMRF. The steel members for the beams and columns
are selected in accordance with the strength requirements of ANSI/AISC 360-16 [264]
under the load combinations provided in the ASCE 7-16. The reduced strength frame
satisfies the strength requirements of the design codes but violates the drift limits. The
SFDs are then designed with the objective of complying with the story drift requirements
and to provide similar strength and stiffness with the original SMRF. The SFDs are
installed at each bay of each story level using a chevron configuration. The selected
member sizes for the beams and columns as well as a typical installation scheme of the
SFD are shown in Figure 6-4. In this more flexible frame, the contributions of the SMRF
and SFDs to the lateral load resistance are about 75% and 25%, respectively. The SFDs are

primarily responsible to control the story drifts.
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Figure 6-4. A four-story steel moment resisting frame installed with SFDs

The controlled frame, i.e., SMRF with SFDs, is modeled in OpenSees following the same
procedure as modeling of the uncontrolled frame summarized in the previous subsection
with the addition of elements representing the dampers. The SFDs are modeled using
parallel combinations of self-centering springs and a spring assigned with steel02 material

as discussed in Section 5.5. In a typical damper, the area of SMA cables is calculated to be

482 mm?®and the friction force is 52 kN to satisfy the design objectives mentioned above.
The selected SFD design parameters can be considered as four times the prototype damper

fabricated in Chapter 5. The dampers in all floors are assumed the same.

To check validity of the designed frame fulfilling the code drift requirements, nonlinear
response history analyses are performed. A total of 7 ground motions, as summarized in
Table 6-1, are selected from the PEER NGA west 2 strong ground motions database [265]
and scaled in accordance with the ASE 7-16. In particular, the ground motions are scaled
such that the average response spectra for the selected records set is not less than the target
response spectrum for periods ranging between 0.2 and 1.5 times the building fundamental
period. Since a nonlinear response history is adopted for the design, the code allows to
increase the story drift limit by 25%. Thus, for Risk Category Il buildings, the allowable
story drift at the DBE and MCE levels are 2.5% and 3.75%, respectively. The mean story
drift ratios of the controlled frame under seven ground motions are 2.13% at the DBE level
and 2.98% at the MCE level. The corresponding values for the uncontrolled frame are
2.16% and 3.70% at the DBE and MCE levels, respectively. Therefore, both frames satisfy
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the drift requirements at both levels. It should be noted that in this particular case, the
controlled frame is designed such that the mean peak interstory drift meets the code drift

requirements without aiming to achieve any higher performance objectives.

Table 6-1. Selected ground motions used for the design of frames

EQID Event Name Station Mazglg\;:\l/:;ude D'(Si;[?nr;ce P(Cg; ;A‘
Superstition Hills El Centro Imp.

1 (1987) Co. 6.5 18.2 0.36
Imperial Valley

2 (1979) Delta 6.5 12.6 0.35

3 Loma Prieta (1989) Gilroy Array #3 6.9 12.2 0.56
Kocaeli, Turkey

4 (1999) Duzce 7.5 154 0.36

5 Kobe, Japan (1995) Shin-Osaka 6.9 0.24

. Canyon County-
6 Northridge (1994) WLC 6.7 12.4 0.48
7 | San Fernando (1971) LA'Hgt'gWOOd 6.6 228 | 021

6.3 Performance Assessment
6.3.1 Ground motions

A total of 14 strong motion records are used in the nonlinear response history analyses.
The records are selected from the FEMA P-695 far-field record set and are normalized for
magnitude, distance, and source conditions as discussed in the report. The ground motion
scaling procedure follows the ASCE 7-16 guidance. Figure 6-5 illustrates the set of
acceleration response spectra, original and scaled, and the scaled average spectrum. Target
spectra for the MCE level developed using the site spectral acceleration values provided in
ASCE 7-16 and described in previous section is also shown in the figure. It can be seen
that the mean spectrum of the 14 records is not less than the target response spectrum for

period ranging from 0.2xT, to 1.5xT,, where T, is the fundamental period of vibration for

the frame. Therefore, code requirements are satisfied.
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6.3.2 Nonlinear static (pushover) analysis

To obtain an overall understanding on the global behaviors of the uncontrolled and
controlled frames, a displacement-driven monotonic pushover analysis is conducted. In this
way, it allows a quantitative comparison of the lateral strength and post-yield behavior of
each frame under progressive loading process. Figure 6-6 shows the results of the pushover
analyses when the frames are subjected to a static lateral force with first-mode pattern based
on ASCE 7-16. The pushover process is monitored by a control node at the roof level and
is completed when the roof drift ratio reaches to 10%, which is sufficient to capture the

progressive development of structural property from initial elasticity to significant
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nonlinearity. As can be seen, in the elastic ranges, the frames can be regard as two identical
frames, but they differ significantly in the inelastic range. After yielding at a roof drift ratio
of approximately 1.2%, the controlled frame exhibits a much higher shear resistance than

the uncontrolled due to a larger “post-yield” stiffness associated with the SFDs.
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Figure 6-6. Pushover curves of SMF, reduced strength frame, and SMF with SFD

6.3.3 Structural responses and discussions

The seismic responses of the steel frame with and without SFDs are evaluated by subjecting
them to realistic earthquake ground motion records. The 14 ground motions mentioned in
previous subsection are used to provide a basic performance assessment under two
different seismic hazard levels: DBE and MCE. The acceleration time history of each
ground motion record is followed by zero values for 10 seconds, with the aim to allow
structural vibration to decay and to accurately record the residual deformation. The selected
engineering demand parameters for the performance evaluation includes: peak interstory
drift ratio (PID), residual interstory drift ratio (RID), and peak floor acceleration (PFA).
The PID is selected as an important performance index since it can be correlated with
damage in structural elements, while the PFA indicates damage to acceleration sensitive

non-structural components. As noted, before, the post-earthquake functionality of

179



Development, Testing, and Evaluation of SMA-based Structural Control Devices for Seismic Resilience

buildings is determined based on the RID. These parameters are deemed convenient criteria

for measuring the seismic resilience of structures.

Figure 6-7 and Figure 6-8 show the PID, RID, and PFA for the uncontrolled and controlled
frames for each ground motions scaled to DBE and MCE levels, respectively. It is evident
that the SFDs significantly reduces the drift demand of the controlled frame under both
levels. The structure experienced negligible residual drift. From a codified assessment
point of view, a set of RID limits are stipulated in FEMA P-58 [8] . Generally, there are
four damage state classes: DS1, which restricts the RID to less than 0.2%, such that “no
structural realignment is necessary for structural stability, but the building may require
adjustment and repairs to non-structural and mechanical components. Amore relaxed
second class, DS2, requires RID to be less than 0.5%, such that realignment of structural
frame and related structural repairs are economically feasible, and degradation in structural
stability is limited. In light of these restrictions, the analysis results show that the controlled
frame easily meets class DS1 in almost all earthquake records due to the excellent self-
centering capability of the SFDs. On the contrary, the uncontrolled frame exceeds the 0.5%
threshold in nine earthquake records. Therefore, expensive repair works are inevitable for

the latter case.

The PFA response of the controlled frame increased slightly compared with the
uncontrolled frame. The absolute floor acceleration response is directly associated with the
difference in interstory shear forces of two adjacent floors [19]. Compared with SMRF, the
flag-shaped hysteretic behavior of the SFD has more frequent transitions along the
unloading path, and as a result an instantaneous high amplitude PFA pulse is more likely
to be produced during an earthquake loading. Nevertheless, the amplification is less than
10% on average, and if needed, it can be effectively controlled by adjusting the SFD design

parameters. This will be discussed in more detail in the next subsection.
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Figure 6-7. Engineering demand parameters: (a) IDR, (b) RDR, and (c) PFA) of controlled
and uncontrolled frames subjected to ground motions scaled to DBE level
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Figure 6-9 shows the mean height-wise profiles of the PID, RID, and PFA of the
uncontrolled and controlled frames under the DBE and MCE seismic hazard levels. These
plots not only give the values at each story, but also provide insight into the response
deviation among different stories. It can be seen that the PID somehow uniformly

distributed along the height of the controlled frame and it is effectively reduced in all
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stories. Specifically, the mean PID reduced from 2.2% to 1.3% at DBE and from 3.57% to
1.90% at MCE, corresponding to 41% and 47% reductions, respectively. The results clearly
demonstrate the efficacy of the SFDs in effectively reducing the displacement demand of
the steel frame. It is thought that the nonlinearity of the dampers has been well mobilized
and increase the damping of the system, which result in the decrease in PID. Uniform
distribution of drifts in structures is of paramount importance which is not generally
satisfied in compliance with the state-of-the-art seismic provisions. As such, in order to
avoid drift concentrations and soft-story failures, optimum distribution of stiffness and
strength should be acquired, which can be realized by installing supplemental damping

devices such as the SFD.

Regarding the RID responses, the mean response of the uncontrolled frame violates the
DS1 and DS2 requirements at both hazard levels, whereas, the controlled frame meets DS1
requirement with sufficient safety margin at DBE and just meet the limit at MCE. Note that
0.2% and 0.5% limits are generally assessed at the DBE level. However, for the sake of
demonstrating the efficiency of the SFD in effectively reducing the RID, the same limits
are applied at MCE. The mean maximum residual interstory drift ratio among all the floors
under DBE and MCE levels are dramatically decreased by 95% and 90%, respectively,
after the dampers are installed. This suggests that the SFDs are more efficient in reducing
the residual interstory drift ratio than reducing the peak. It is also observed in Figure 6-9
that the PFA slightly amplified in the upper floors.
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Figure 6-9. Comparisons of engineering demand parameters (IDR, RDR, and PFA)
between uncontrolled and controlled frames at: (a) DBE and MCE levels

The nonlinear time history analysis results corresponding to representative ground motion
records, Imperial Valley earthquake scaled to DBE level and San Fernando earthquake
scaled to MCE level are shown in Figure 6-10 and Figure 6-11, respectively. The purpose
of these plots is to illustrate the seismic behavior of the frames over time duration. In this
case, the roof drift time history clearly shows the uncontrolled frame tends to accumulate
nonlinear deformation in a single side as it is deformed into severe inelastic state. This not
only causes the peak to occur at a later stage, but also leads to noticeable unrecoverable
deformation of about 1%. In contrast, the controlled frame exhibits smaller peak roof drift
without incurring residual deformations. The excellent self-centering capability of the
SFDs prevents the constant accumulation of plastic deformation toward a single vibration
direction. Similar observations can be made when the intensity of the input earthquakes is
scaled up to MCE. As expected, the acceleration demand increases with increasing ground
motion intensity, but the PFA values for both frames are reasonably consistent for the

Imperial Valley and San Fernando earthquakes. The cyclic behavior of the first story
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damper is also plotted in Figure 6-10(c) and Figure 6-11(c). It is seen that the SFD nearly

return to the original shape after experiencing large nonlinear deformation.
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Figure 6-11. Selected response quantities for uncontrolled and controlled frames subjected
to San Fernando earthquake scaled to the MCE level: (a) Roof drift time history, (b) First
floor time history, and (c) the SFD force-displacement hysteresis loop

6.4 Influence of SFD Design Parameters

To examine the generality of findings obtained in the previous subsection, it is vital to
understand the sensitivity of the steel frame responses to the SFD design parameters,
particularly, the proportion between SMA cables and frictional force. Thus, a sensitivity
analysis is conducted to evaluate the influence of friction ratio and provide guidance for
proportioning of SFDs to obtain desirable system-level behavior. As defined in Chapter 5,

the friction ratio £ is the ratio of the frictional force to the force capacity of the SFD. It

varied from 0.1 to 0.5 with an increment of 0.1 and the area of SMA cables are calculated
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accordingly. Note that the baseline SFD design described in section 6.3 has a £ value of

0.23 and for the sake of clarity, the results of this case are not included in this section.

Figure 6-12 and Figure 6-13 show the height-wise distributions of the mean PID, RID, and
PFA of the considered cases under DBE and MCE seismic hazard levels. The response
parameters of the bare frame are also shown for reference. It can be seen that the PID
generally decreases with increasing the friction ratio at both DBE and MCE levels. The
mean PID decreases from 1.56% to 1.21% and from 2.38% to 1.99% when the friction

ratio S increased from 0.1 to 0.5 at DBE level and MCE level, respectively. However, it
should be noted that at one particular case the PID marginally increased when £ increased

from 0.2 to 0.3. As can be seen in Figure 6-12(c) and Figure 6-13(c), the PFA clearly tends

to decrease as the friction ratio of the dampers increases. When £ reaches 0.5, the PFA is

much closer to that of the SMRF especially, at the DBE level. This can be attributed to
increased damping provided by the friction energy dissipation mechanism. Moreover, due
to higher forces induced in SMA cables at large seismic excitations, the PFA also increases

with the increasing number of SMA cables, which is equivalent to decreasing of £ values.

Based on this observation, both the controlled and uncontrolled frames are expected to
cause a similar degree of damage to acceleration sensitive non-structural components.
Nevertheless, depending on the intended use of the building, it seems that the slight
amplification of PFA can be effectively controlled by increasing the frictional force

without significantly compromising the RID.
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Figure 6-12. Mean structural responses at DBE level for different friction ratios: (a) PID,
(b) PFA, and (c) RID
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Figure 6-13. Mean structural responses at MCE level for different friction ratios: (a) PID,
(b) PFA, and (c) RID

The variations of the engineering demand parameters with S are shown in Figure 6-14.
Generally speaking, an increase in S effectively decreases the PID, RID, and PFA. Given
the increased recognition to RID as a key performance index for seismic resilience
assessment, it is important to derive a relationship between the PID and RID. This will
enable designers to quickly evaluate the damage state classes (DS1 to DS4) of a building
designed based on an estimated PID. The correlation between the two parameters is also
useful when one wants to determine the PID limit based on an allowable RID level, for

instance 0.2% for DS1.
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Figure 6-14. Influence of friction ratio on structural responses at DBE: (a) PID, (b) RID,
and (c) PFA
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{ SUMMARY, CONCLUSIONS, CONTRIBUTIONS,
LIMITATIONS, AND RECOMMENDATIONS FOR FUTURE
RESEARCH

Recent earthquakes have demonstrated that higher residual deformations can lead to
substantial socio-economic losses in building occupation downtime and post-disaster
reconstruction. As such, there is a big push for extending rapid re-occupation and
functional recovery performance objectives from critical buildings such as hospitals and
fire departments to other residential and multipurpose buildings. In light of such needs for
resilient cities, there is a need to develop innovative materials and high-performance
structural systems that can ensure building integrity and provide higher levels of post-event

functionality after disasters such as large earthquakes.

Smart materials such as shape memory alloys (SMAs) have been explored to develop
various structural control devices to foster seismic resiliency. SMAs are a class of smart
metallic alloys that exhibit multiple unique properties. Their superelastic effect, which is
the material’s ability to recover large strain upon unloading, has made them appealing
materials for earthquake engineering applications. Apart from that, SMAs have good

energy dissipation capacity, excellent corrosion resistance, and high fatigue life.

This dissertation focused on developing, characterizing, and evaluating novel SMA-based
structural control devices that can withstand strong ground shaking with little or no
structural damage and, thus, help to achieve recovery-based design objectives. The study:
(1) investigated the buckling, and post-buckling behavior of superelastic NiTi SMA bars
to expand their practical implementation; (2) developed a new type of SMA-based energy
dissipaters that can be used for various applications, notably for seismic retrofitting of
existing substandard RC structures; (3) developed an innovative SMA-based damper that
can be implemented to achieve functional recovery performance targets, and (4) evaluated
the efficacy of the new SMA-based damper in seismic response control through numerical

simulations.
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The summary and main conclusions of this dissertation are outlined below, followed by
highlighting the major research contributions. In the end, some future research ideas to
continue the study of this dissertation are suggested.

7.1 Summary and Conclusions

First, a holistic chronological review of advancement in the field of SMA-based structural
control devices was conducted. The critical review presented in Chapter 2 is very
comprehensive, and it covered state-of-the-art research from worldwide renowned
researchers in the field. The basics of SMAs, including the historical background, material
properties, and the different forms of SMAs, are discussed. Analytical, numerical, and
experimental studies on the application of SMAs in seismic response control, particularly
in passive dampers, braces, and isolation bearings, are critically synthesized. Furthermore,
this dissertation summarizes essential aspects of those control devices in terms of their
effectiveness and limitations for the ease of further studies and generates future research
paths for researchers who will be working in this field. Although effective SMA-based
applications lead to convincing potentials for civil engineering, a few challenges such as
cost limit their broad implementations. However, remarkable scientific research and
technological advancements have been made in using SMAs by material scientists and the
civil engineering community. Therefore, substantial achievements can soon be achieved,

overcoming some of the challenges.

Second, the buckling and post-buckling behavior of 12 mm diameter superelastic NiTi
SMA bars were examined. Initially, the tensile and compression responses of the NiTi bar
were characterized under monotonic loading up to failure. Subsequently, a total of 15
specimens with slenderness ratios that range from 25 to 115 were tested to study the critical
buckling load and post-buckling behavior of the bars. A digital image correlation (DIC)
system was implemented to monitor full-field surface displacements. The interaction
between material nonlinearity due to phase transformation and geometric nonlinearity was
explored. Data obtained from the DIC measurement system was further analyzed to
identify buckling onset and extract experimental critical buckling loads. The effect of
loading rate on buckling response of SMAs was investigated by conducting additional

testing at higher loading rates on the specimens with three selected slenderness ratios. The
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temperature field on the surface of the specimens was recorded by an Infrared camera. The
analytical critical buckling loads were computed and compared with experimental results.
All specimens exhibited a unique buckling behavior characterized with almost a complete

shape recovery upon unloading.

Afterward, the studied SMA bars were employed to develop a new SMA damping device
named confined superelastic dissipator (CSD). The proposed dissipator consists of a fused
superelastic NiTi SMA bar as the functional kernel component encased in grout filled steel
tube. The bar carries the axial load and dissipates energy through axial deformation, while
the steel tube and infill grout restrain the bar and preclude buckling in compression.
Theoretical derivations for the design of the buckling restraining system were presented
first. Then, cyclic quasi-static tests were conducted to characterize the hysteretic behavior
of CSDs. A total of eight specimens were designed, fabricated, and tested. All specimens
exhibited stable and flag-shaped hysteretic behavior with excellent self-centering
characteristics. Response quantities of prime interest for earthquake engineering, such as
energy dissipation, equivalent viscous damping, and self-centering capability, were
evaluated. The effect of geometric parameters such as fuse diameter and bar length on these
parameters and failure mechanisms of CSDs were studied. Based on the experimental
results and visual observations of failed specimens, specific recommendations were made
to improve the performance of the CSDs. These observations and experimental results
suggest that the design of CSDs can be tuned to produce the desired deformation and force

capacity for different seismic applications.

Next, a large-scale SMA-based friction damper was developed and tested. The proposed
damper offers an improved energy dissipation capacity compared to SMA-only dampers
while maintaining good self-centering capability. Additionally, it possesses advantages
such as scalability for real-world application, reusability, ease of fabrication, and
adaptability of its hysteretic response. Analytical equations for predicting the load-
displacement relationship of the damper were then derived. A large-scale prototype damper
was fabricated, and its mechanical response under repeated cyclic loading at different
loading rates and different ambient temperatures was characterized. Following the

experimental work, a simple yet effective numerical model of the damper specimen was
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developed and validated. A parametric analysis was conducted to investigate the influence
of key design parameters on the damper performance. Results reveal that the proposed
damper exhibits stable hysteretic behavior with negligible loading rate and temperature
sensitivity. The damper provides equivalent viscous damping of 14%, accompanied by
82% recovery of the peak damper displacement. The design parameter of the proposed

damper can easily be adjusted to meet various levels of performance targets.

Finally, nonlinear response history analyses of a four-story special steel moment-resisting
frame installed with the SFD were conducted to evaluate the efficacy of the damper in
controlling the response of the frame. First, the four-story frame was designed as a
conventional SMRF to meet current seismic design requirements. A numerical model that
accounted for strength and stiffness degradation of the frame elements was created using
the OpenSees finite element framework. Next, a reduced strength version of the fully code-
compliant frame, which satisfied strength requirements but violet story drift limits, was
developed. SFDs were designed and installed in all bays of each floor to meet the drift
requirements per ASCE 7-16. The SFD is modeled by combining elements assigned with
the uniaxial self-centering material properties to simulate the SMA cables and another
element with Steel02 material properties to represent the frictional energy dissipating
mechanism. The model parameters for these elements were calibrated based on
experimental results. Then, the seismic performance of the uncontrolled and controlled
frames was evaluated under a suite of 14 far-field strong ground motion records in terms
of peak interstory drift (PID), residual interstory drift (RID), and peak floor acceleration
(PFA). In the end, a sensitivity analysis study was carried out to evaluate the effect of SFD
design parameters, namely the frictional force, on the overall performance of the steel
frame with SFDs. It can be concluded that the SFD can significantly reduce or essentially
eliminate residual drifts while providing almost the same performance to acceleration-
sensitive non-structural components as conventional SMRF. This implies that stringent
design objectives such as DS1, which limits the allowable residual drift to 0.2%, can be
achieved using SFD. As a result, demolition of damaged structures or expensive repair

programs due to excessive residual drift could be averted.
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7.2 Originality and Contributions

The main contributions of the presented research in this dissertation, which have not been

reported before in the open literature, to the best of the author’s knowledge and

understanding, are summarized below.

This study is the first that explore the buckling and post-buckling behavior of large-
diameter SMA bars considering rate sensitivity. Most of previous research on SMA
bars have been limited to uniaxial tension tests, which hinders the use of SMA bars
in situations where they are subjected to compression. This research conducted a
series of experimental tests on several specimens with a wide range of slenderness
ratios. Furthermore, the implementation of a digital image correlation system and
infrared camera enabled careful analysis of the complex thermomechanical
behavior of NiTi SMA bars in compression. The comprehensive experimental
results presented in Chapter 3 could fill the current knowledge gap and help
engineers and researchers expand the practical use of large diameter SMA bars both
as structural and energy absorbing elements in various applications.

This research investigated the effects of geometric parameters on the hysteretic
behavior and failure modes of fuse type SMA-based energy dissipater that can be
used for seismic protection of structural and non-structural components. Compared
with traditional metallic yielding axial dissipaters available in the literature, the
proposed device has additional advantages such as self-centering capability,
reusability, and high durability. Furthermore, the proposed dissipater takes
advantage of the “wet” fabrication procedure in which the anti-buckling system
made of grout-filled steel tubes provides continuous lateral support to the SMA bar
such that local buckling is inhibited.

This research developed an innovative superelastic friction damper that leverages
the high tensile resistance and excellent self-centering capability of SMA cables
and non-sacrificial energy dissipation of a frictional damping mechanism. The
proposed damper overcomes two main challenges of SMA-based seismic control
devices: (i) insufficient force capacity for real-world application and (ii) relatively

low energy dissipation capacity. The temperature sensitivity test results presented
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in Chapter 5 are the first that have never been reported before for any SMA-based
damping devices.

Chapter 6 presented an example demonstrating the efficacy of the proposed
superelastic friction damper in effectively controlling the structural response of
special steel moment resisting frame. Nonlinear response history analyses were
carried out, and results revealed that the damper could essentially eliminate system-
level residual drifts.

Given the novelty of the damper presented in Chapters 5 and 6, the University of

Virginia has filed for the United States Provisional Patent to protect the invention.

7.3 Limitations and Recommendations for Future Research

The following recommendations are made for future work based upon the limitations of

this study and literature review.

196

Current SMA material constitutive models are developed based on uniaxial tension
tests of SMA wires or small coupons. One of the fundamental assumptions of these
models is symmetrical stress-strain relationship in tension and compression.
However, as seen in Chapter 3 test results, SMA bars clearly exhibited asymmetric
tension-compression behavior. Therefore, a robust constitutive model that captures
the asymmetric behavior and accounts for buckling effects needs to be developed
and validated.

Limited parameters that affect the performance of the CSDs were considered during
the experimental program. Therefore, parametric studies should be performed by
employing a validated numerical model. Also, future work should focus on
demonstrating the contributions of the CSDs in the resilient seismic design of
different structural systems.

Additionally, more work needs to be completed to numerically evaluate the system-
level performance of non-code conforming RC frames retrofitted with CSDs.
Research efforts on SMA-based control devices have mainly focused on mitigating
the seismic response of steel structures. In contrast, very few studies on using such

devices for the seismic design or upgrading of reinforced concrete structures have
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been reported in the literature. Therefore, future research can evaluate the
implementation of CSDs in concrete structures.

e Inatypical confined superelastic dissipator, the steel tube and the SMA bar are not
in direct contact inside the main body of the device. However, the SMA bar could
be coupled with carbon steel to connect the CSDs with other structural members.
The coupling of two dissimilar metals in a corrosive environment could lead to
galvanic corrosion. Therefore, for outdoor applications of the device, additional
experiments are required to quantify the effects of chloride-induced corrosion on
the hysteric performance of the CSDs.

e To expand the versatility of the CSDs, a brace type dissipater that consists of
multiple CSDs arranged in series and/or parallel should be designed, fabricated,
and tested. Moreover, additional advantages such as enhanced damping capacity,
activation of different parts during various earthquake levels, etc. can be included
in the brace type dissipater.

e There have been only ad hoc approaches for designing structures installed with
SMA-based structural control devices. Earlier efforts utilized current code force-
based approaches to design structures with SMA-based devices and compared their
performance with other lateral load resisting systems [132,266-268]. Several
researchers have recently proposed a displacement-based design procedure for
frame buildings with SMA bracing systems [170,269]. Nevertheless, a robust
design procedure that can effectively satisfy prescribed performance objectives is
still needed to advance the implementations of both the CSD and SFD in various
structures.

e In this study, the cyclic response of the SFD was experimentally characterized
under different loading conditions. Furthermore, the system-level performance was
investigated through numerical simulations. Nonetheless, in this study and also
others in the vast body of literature, there is a lack of information on the system-
level experimental behavior of structures equipped with large-scale SMA control
devices. Future shake table tests or real-time hybrid simulation tests are needed to

assess the system-level performance of structures installed with SFDs.
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Further numerical studies are required to assess the mainshock-aftershock collapse
performance of steel moment resisting frames with SFDs. In addition, the damper
performance in reducing economic losses within a life-cycle context should be
studied.

The challenging problem, which remains open, is to accurately model the behavior
of SMAs while assessing the functionality level of structures designed with SMA-
based devices after a high-level seismic event. Most of the current SMA models
consider a linear hardening behavior with complete shape recovery beyond
superelastic strain capacity (red curve shown in Figure 7-1). This modeling
assumption results in a reduced residual drift but at the same time increased floor
accelerations at high-level seismic excitations of building systems. As can be seen
in Figure 7-1, while the re-centering behavior of SMAs deteriorates at high
displacement levels, their energy dissipation capacity increases. Therefore, a
computational model that can accurately capture the hysteretic behavior of SMAs
at high deformation levels is needed.
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Figure 7-1. Experimental response of an SMA cable under increasing displacement
amplitude up to rupture and illustration of existing numerical models.
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