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Abstract

Design and Characterization of Innovative Materials and
Structural Systems for Resilient Concrete Structures (May 2018)

Muhammad M. Sherif
B.Sc. United Arab Emirates University
M.S. Carnegie Mellon University

Advisor: Dr. Osman E. Ozbulut
Assistant Professor, Department of Civil & Environmental Engineering
University of Virginia

Concrete is the most widely used material for the design of civil structures. However,
traditional cementitious materials are brittle and susceptible to cracking and have no functional
properties. One approach to enhance longevity and structural performance of concrete structures
is the use of high performance materials and structural systems that are durable and safe. Smart
materials have received significant interest for civil engineering applications in recent years and
are being increasingly explored for achieving high performance, adaptive, and resilient structural
systems. A particularly appealing and interesting class of smart materials is shape memory alloys
(SMAs). SMAs are a class of metallic alloys that possess several unique characteristics. As a result
of their unique solid-to-solid phase transformations, SMAs can produce very high actuation strain,
stress, and work output. In addition, SMAs have excellent self-centering ability, good energy
dissipation capacity, high corrosion resistance, and long service life. The use of SMAs in concrete
structures can enable more resilient designs.

This research explores the design and characterization of SMA-based innovative materials
and structural systems to enhance the resiliency of concrete structures. First, the tensile and
functional fatigue response of large-diameter SMA cables that offer large force capacities, superior
mechanical properties, and lower cost were evaluated. An optical digital image correlation

measurement system and an infrared thermal imaging camera were employed to obtain the full-
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field strain and temperature fields. A vibration control device that employs the studied SMA cables
as re-centering elements was fabricated and tested. Second, the development of advanced
cementitious composites by exploiting intrinsic smart properties of SMA fibers in a cementitious
composite matrix was explored. SMA-fiber reinforced composite specimens with varying fiber
volume fractions were prepared and tested under cyclic flexural loading. Test results were
analyzed in terms of flexural strength capacity, mid-span deflection, crack width, and re-centering
and crack recovery ratios. Finally, the feasibility of activating SMA tendons using heat of
hydration of grout in order to develop self-post-tensioned concrete elements was explored. Results
obtained from experimental test indicate that the materials and structural systems investigated in
this research can provide good self-recovery and energy dissipation abilities and can potentially

improve resilience of concrete structures.
Keywords: Shape memory alloys, SMA cables, Superelastic, Shape memory effect, Fiber

reinforced, Cementitious composites, Self-stressing, Post-tensioning, Self-post-tensioning,

Acoustic emissions, Heat of hydration, Functional fatigue
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Nomenclature

BRBs Buckling-Restrained Braces

CFRP Carbon Fiber Reinforced Polymer
CNTs Carbon Nano-Tubes

DICs Digital Image Correlation Systems
DSC Differential Scanning Calorimetry
ECC Engineered Cementitious Composites
EVD Equivalent Viscous Dampers

FHWA Federal Highway Administration
FRC Fiber Reinforced Concrete

FRP Fiber Reinforced Polymer

GFRP Glass Fiber Reinforced Polymer

HSC High Strength Concrete

LVDT Linear Variable Differential Transformer
MSMAs Magnetic Shape Magnetic Alloys
NDE Non-Destructive Evaluation

NSM Near Surface Mounting

PE Poly-Ethylene

PO Poly-Olefin

PP Poly-Propylene

PVA Poly-Vinyl Alcohol

SFRC Steel Fiber Reinforced Concrete

SIM Stress-Induced Martensite

SMAs Shape Memory Alloys

SME Shape Memory Effect

SPT Self-Post-Tensioned

SVvD Superelastic Viscous Damper
UHPFRC Ultra High Performance Fiber Reinforced Concrete
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Symbols
As Austenite Start Temperature
As Austenite Finish Temperature
A As of Free Ends for Recovery after pre-strain/pre-stress
Ar As of Free Ends for Recovery after pre-strain/pre-stress
Ay As of Constrained Ends for Recovery after pre-strain/pre-stress
Af As of Constrained Ends for Recovery after pre-strain/pre-stress
b Width of Mortar Flexural Specimen
d Depth of Mortar Flexural Specimen
dp Nominal Bar Diameter for Pullout
Omax Maximum Displacement for Each Tensile Cycle
min Minimum/Residual Displacement for Each Tensile Cycle
Dmax Maximum Displacement for Each Flexural Cycle
Dresidual Residual Displacement for Each Flexural Cycle
Ep Energy Dissipation per Cycle
€ Strain
ef;‘C” Recovered Strain Post-Thermal Activation
Eres Residual Strain Pre-Thermal Activation
Eperm Permanent Strain Post-Thermal Activation
fe Compressive Strength
Fmax Maximum Tensile Force for Each Cycle
Fmin Minimum Tensile Force for Each Cycle
Ks Secant Stiffness
L Span of Flexural Specimen
Iy Embedment Length of the Bar during Pullout
Ms Martensite Start Temperature
Mt Martensite Finish Temperature
P Applied Flexural Load
R Re-Centering Ratio for Flexural Specimens
T Temperature
T, Tensile Force of a Bar during Pullout
oy Modulus of Rupture
T Shear Force per Unit Surface Area of the Bar during Pullout
ATy Differential Temperature (Ar — As)
ATg Differential Temperature (4r — Aj)
ATR* Differential Temperature (45" — A%7)
Ceq Equivalent Viscous Damping Coefficient
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1 Introduction

1.1 Background and Motivation

Concrete is the most widely used material for the design of civil structures. However,
traditional cementitious materials are brittle and susceptible to cracking and have no functional
properties. Numerous factors cause damage to concrete structures over their service life [1-3].
Rebar corrosion is a leading cause of deterioration [4-6]. In addition, seismic events may cause
significant damage and failure [7-9]. Furthermore, as extreme weather events such as hurricanes,
tropical storms, and prolonged intense temperatures occur more frequently, they are expected to
considerably impact the health of concrete infrastructure [10-13]. Also, it should be noted that the
National Academy of Engineering has identified the restoration and improvement of the national
infrastructure to be one, out of 14 grand challenges, of the 21st century [14]. One approach to
enhance longevity and structural performance of concrete structures is the use of high performance
materials and structural systems that are durable and safe.

Shape Memory Alloys (SMAS) are an appealing and interesting class of smart materials that
can remember their original shape upon being deformed. SMAs have been used in different
engineering fields such as biomedical [15-17] (artificial plasma [18], dentinal tubes [19], and
vascular stents [20]) and mechanical and aerospace [21] (automotive and control devices [22]).
The shape recovery ability is attributed to reversible phase transformations between different solid
phases of the material. SMAs can be classified into two groups: shape memory effect SMAs and
superelastic SMAs; with both groups having the ability to recover their original shape after
exhibiting inelastic deformations. For the shape memory effect SMAs, the shape recovery occurs
due to thermal activation (Figure 1-1a); while for the superelastic SMAs shape recovery is
mechanically (stress) induced. Superelastic SMAs can reach up to 6-8% of elastic strains under
stress induced phase transformations (Figure 1-1b). On the other hand, shape memory effect SMAs

can recover 6% of inelastic strain under thermal activation phase transformations.
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Figure 1-1. Typical stress-strain (temperature) response of SMA with phase transformation stages
(a) shape memory effect; (b) superelastic effect

Due to their excellent re-centering and good energy absorbing capabilities in passive nature,
superelastic SMAs have received great interest for applications in concrete structures (Figure 1-2).
Several researchers studied the use of superelastic SMA bars as longitudinal reinforcement in the
critical region of reinforced concrete beams and columns to reduce and recover residual
deformations of these structural members [23-33]. SMA bars were placed at the plastic hinge
region and connected to conventional steel bars with mechanical coupler. Both experimental and
numerical studies revealed that SMA reinforced concrete members demonstrate superior response
in limiting residual displacements and crack widths as compared to those reinforced with
conventional deformed steel bars [34-38]. Research activities have confirmed the beneficial use of
SMA:s in concrete structures. In addition, bars have recently been implemented in the plastic hinge
region of a newly constructed bridge structure [39, 40]. SMAs have also been used in reinforcing
structural elements to provide seismic resiliency [41, 42]. Other researchers have investigated the
possible use of SMAs to reduce the vibrations in structural cables subjected to wind loading [43,
44]. Nevertheless, the fabrication of SMA rebars is extremely difficult and the threading of large
diameter SMA rebars reduces the strength of the bars significantly [31, 45]. The fracture of SMA
bars at the coupling locations has been observed during experimental testing [36, 46-48]. In
addition, a more recent study has showed that coupling the SMA bars with carbon steel bars
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increased the corrosion of steel significantly as compared to that in steel-only rebars due to

galvanic corrosion [49].

Steel bars
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SMA-reinforced concrete SMA fiber embedded concrete : Multifunctional SMA fiber
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Figure 1-2. Superelastic SMA applications in concrete members

A few researchers considered the use of superelastic SMA fibers in cementitious composites.
Kim et al. [50] performed pullout tests on NiTi and NiTiNb SMA fibers embedded in a mortar
matrix to observe their bond strength and slip properties. It was elaborated that cold-drawn and
end-deformed SMA fibers possess higher pullout resistance. Shajil et al. [51, 52] conducted three-
point bending tests on cement mortar beam specimens reinforced with steel and NiTi SMA fibers
to assess self-centering mechanism of the SMA fiber reinforced beams. The results of the test
indicated that the beams with NiTi SMA fibers have considerably superior self-centering behavior
as compared to the beams with steel fibers. Li et al. [53] investigated the performance of a
composite material system that integrates continuous superelastic NiTi SMA fibers into
Engineered Cementitious Composites (ECC). ECC exhibits high tensile ductility and micro-
cracking behavior, while the SMA fibers used in the composite material provided self-recovery
capabilities. A small-scale beam specimen with six pre-strained SMA fibers placed in a conduit at
the bottom of the specimen was tested under cyclic flexural loading. It was observed that the SMA
reinforced specimen significantly recovered the mid-span deflection during unloading and
demonstrated crack recovery. In the studies discussed above, the continuous superelastic SMA
fibers were intentionally placed at the tension side of the beam, where flexural cracks form, to
study re-centering and crack-closing capabilities of SMAs. Further research is needed to study the
effectiveness of discontinuous, randomly distributed SMA fibers in cementitious composites.

Moreover, while improving mechanical properties and providing re-centering capabilities, the
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addition of SMA fibers can also render functional properties such as strain-sensing and damage-
sensing into cementitious composites.

In addition, there have been extensive research efforts on the use of SMAs in damping systems
over the last decade to enable more resilient designs [54]. Dieng et al. [55] suggested the use of
thin NiTi superelastic SMA wires to reduce the amplitudes of vibrations in structural cables. They
conducted several experimental and numerical tests to investigate the effectiveness of a SMA
damping device. Parulekar et al. [56] conducted several shake table tests and performed a number
of analytical simulations for a scaled six-story steel structure fitted with a SMA damper in a V-
bracing configuration. Silwal et al. [57] numerically investigated the performance of a Superelastic
Viscous Damper (SVD) which combined SMA cables and viscoelastic dampers to provide high
re-centering and damping energy dissipation. Soul et al. [58] investigated the use of a tension-
compression device fitted with superelastic NiTi wires for self-centering and damping capabilities.
Qiu et al. [59] conducted shake table tests as well as numerical simulations of self-centering steel
equipped with a SMA brace to replace Buckling-Restrained Braces (BRBs). They used
superelastic SMA wires that were always subjected to tensile loading. Nespoli et al. [60] proposed
a numerical model to investigate complex passive dampers incorporating multiple NiTi
superelastic wires to assess the damping capacity at various strain amplitudes. Speicher et al. [61]
used a bundle of NiTi superelastic SMA wires in an articulated quadrilateral bracing system to
investigate its effectiveness in reducing the inter-story drift of a nine story structure.

Despite these numerical and experimental efforts, the widespread use of SMA-based control
devices in civil structures has been hindered by several factors such as the need for larger capacity
SMAs and high material cost. Since the SMA wires are more readily available and have lower
cost, many researchers considered the use of small diameter SMA wires, which led to laboratory-
scale investigations. For actual structural engineering applications, large size structural elements
are usually needed. SMA cables are relatively new structural elements that possess many
advantages of the traditional wire cables while offering additional unique properties such as
superelasticity. Cables formed of SMAs, which offer higher force capacities, superior mechanical
properties, and lower cost, may expedite the implementation of SMA-based dampers in real-world
structural applications. However, the extensive characterization of large-diameter SMA cables is

missing from the current body of literature.
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To improve the performance of concrete structures, the use of shape memory effect SMAs,
which require heating to recover their deformations, in concrete members has also been explored.
Active confinement of concrete columns with prestrained SMA spirals [42, 62-67] and near-
surface-mounted strengthening of concrete beams with SMA strips or bars [68, 69] are among
these efforts. In addition, the potential use of thermally-induced SMASs to prestress concrete has
been investigated by several researchers [70-73]. The use of SMA tendons in prestressed concrete
elements can increase the overall sustainability of structures by minimizing the susceptibility of
prestressing tendons to corrosion and by enabling the adjustment of prestressing force during their
service life. However, in all of the available studies on the use of SMA elements for prestressing,
the SMA elements were triggered by an electrical source. This research will explore the
development of Self-Post-Tensioned (SPT) concrete members by activating SMAs using the heat
that is released during grout hydration.
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1.2 Research Goals and Objectives

The main objective of this Ph.D. study is to explore the characterization, design and
implementation of shape memory alloys in civil engineering applications for achieving a new
generation of resilient and sustainable concrete infrastructure. This research thoroughly evaluates
inclusion of shape memory alloys in various forms in concrete structures. First, the behavior of
cement-matrix composites that contains short distributed SMA fibers is systematically evaluated
to achieve improved structural performance and/or non-structural functionalities. Next, the tensile
response of superelastic cables, that are relatively low-cost form of SMAs compared to large
diameter bars, is fully characterized. The SMA cables are then used in the development of a passive
control device that can effectively mitigate seismic response of concrete frame buildings.
Furthermore, the feasibility of pre-stressing concrete members using shape memory effect SMAs
is investigated. The research plan includes the following milestones and objectives:

Milestone 1: Characterization of Superelastic SMA Cables and their Implementation into a
Vibration Control Device
e Objective 1.1: Thermomechanical and Electrical Characterization of Superelastic
SMAs Cables and Strands
e Objective 1.2: Investigation on Low-cycle Fatigue Properties of SMA Cables
e Objective 1.3: Fabrication and Testing of an SMA Cable-based Passive Control
Device
Milestone 2: Development and Characterization of Superelastic SMA Fiber Reinforced
Cementitious Composites
e Objective 2.1: Development and Characterization of Randomly Distributed SMA
Fiber Reinforced Mortar
e Objective 2.2: Development and Characterization of Hybrid SMA and Steel Fiber
Reinforced Concrete
Milestone 3: Feasibility of Self-Post-Tensioning of Concrete Members using Shape Memory
Effect SMA Bars
e Objective 3.1: Characterization of a Tailored Shape Memory Effect SMA bars
e Objective 3.2: Assessment of the Heat of Hydration of Commercially Available Grout
to Thermally Activate the SME SMA Bars

The results obtained from these investigations provide a better understanding of the potential
applications of SMA-based material and structural systems in the design, construction, and

rehabilitation of various concrete infrastructure systems and reveal the limitations.
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1.3 Organization of this Dissertation

This dissertation consists of six sections that are organized as follows:

Section 1 includes a brief description of the innovative technologies and methodologies to
mitigate the drawbacks of concrete structures. The motivation of the conducted
research work and its scope are presented.

Section 2 provides a concise summary of the development and mechanical response of shape
memory alloys and its applications in concrete and steel structures. Also, a
comprehensive review of fiber reinforced cementitious composites and the latest
research in the field of SMA fiber reinforced cementitious composites are
presented. Furthermore, the application of shape memory effect SMAs for pre- and
post-stressing concrete members is discussed.

Section 3 investigates the mechanical response of superelastic cables and strands subjected to
various strain amplitudes and rates under tensile loading protocols. The stress-strain
response and the degradation of various properties of the superelastic SMAs under
fatigue loading are examined. Moreover, the thermal and electrical response are
investigated and SEM images of the fracture of a superelastic SMA cable due to
fatigue loading are presented. At the end of this section, the manufacturing, testing
and preliminary results of a superelastic viscous damper are discussed.

Section 4 presents the use of randomly distributed superelastic SMA fibers in mortar and
concrete beams to resist flexural loads. The enhancement of various properties such
as, flexural strength, residual deformations, and crack recovery are investigated.

Section 5 discusses the technique of the proposed self-post-tensioning of concrete members
using shape memory effect SMAs and its limitations.

Section 6 presents a summary of the dissertation work and its conclusions along with its
recommendations for the use of innovative materials in concrete structures for

increasing the resiliency and sustainability of such structures.
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2 Literature Review

2.1 Shape Memory Alloys (SMAS)

SMAs are classified as a group of smart materials due to their ability to recover large
deformations that are several orders of magnitudes higher compared to traditional metal alloys.
This deformation recovery is based on a reversible solid phase transformation between austenite
(parent crystalline) and martensite (product crystalline) phases. The phase transformations can be
stress induced (superelastic/pseudo-elastic effect) or thermally induced (shape memory effect). In
general, SMA phase transformations are characterized mainly by transformation temperatures that
define the start and finish of the two phases. Figure 2-1 illustrates an example of the phase
transformations with respect to temperature changes. Ms and M define the start and finish of the
transformation from austenite to martensite, respectively. While, As and As define the start and
finish of the transformation from martensite to austenite. The phase transformation temperatures
are depended on the chemical composition of the SMAs and the applied stress level. The inner plot

in Figure 2-1 illustrates the change of the characteristic transformation temperatures when a stress

is applied.
Jlu.c -]
9 p My My A Ay
© 3
=
Detwinned ¢, ‘%
Martensite & =
o o o o L | o
, é ? 5 a - _r«_& &; P A,
L o a2 ® Temporature
e o o6 1000%+ Heating
_t .
Austenite
e o o @
‘. 1 i
L BN o*o
el olele \_Cooling
B 0.00/0. : +4 __‘
o oo M Me A A,

Temperature

Figure 2-1. Phase transformations with respect to change in temperature, and the change in
transformation temperature with applied stress
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Shape Memory Effect (SME) occurs when the SMA temperature is lower than the martensite
finish temperature (M) and the material is in a twinned martensite phase. Under the applied
deformations, the molecular bonds are de-twinned, and the molecular structure in that state is
defined as de-twinned martensite. Once the material is relieved from the applied stress, the
molecular structure remains de-twined martensite and exhibits inelastic deformations/strains. If
the material is thermally activated beyond the austenite finish temperature (Ar), the micro-structure
will completely transform to austenite phase and recover the inelastic deformations/strains to reach
the original shape. If the material cools down to a temperature below M, it will completely
transform to twinned-martensite. Superelasticity (pseudo-elasticity) is the recovery of large
inelastic strains using the stress-induced phase transformation. For a superelastic behavior to occur
the temperature of the SMA has to be higher than the austenite finish (Ar) temperature, where the
material is in the austenite phase. The phase transformation occurs from austenite to martensite
and vice-versa due to loading and unloading of the SMA. The phase transformation allows the
recovery of strains up to 8.0% to 10.0% depending on the metallic composition [74, 75]. Figure
2-2 illustrates the typical interactions of the stress, strain and temperature of shape memory effect
and superelastic SMAs. Due to the superior properties of the SMAs which include excellent self-
centering ability, energy dissipation capacity and high corrosion resistance and fatigue life [76],
SMAs have been used in many engineering applications ranging from biomedical [77] to

mechanical engineering [78].
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Figure 2-2. Typical stress, strain and temperature interactions of shape memory effect and
superelastic SMAs

2.1.1 Discovery and Composition of SMAS

The phase transformations of SMAs were first observed in 1932 by Olander et al. while
studying the resistivity changes of cadmium-gold (Cd-Au) [79]. In 1938, Greninger et al. observed
similar phase transformations while investigating the thermal fluctuations of brass (Cu-Zn) [80].
In 1951, Chang et al. further investigated the phase changes and interactions between stress, strain
and temperature of gold-cadmium, and were the first to define “shape memory effect” [81]. Shape
memory alloys gained a lot of interest during the 1960 with the introduction of nickel-titanium
(NiTi) alloys known by NiTiNOL by Buehler et al. in the 1963 [82]. During the investigation of
the resistance of NiTiNOL to cyclic fatigue, it was observed that the wires recovered their original
shape upon heating. In general, the ratios of the composition of SMAs can influence the shape
memory characteristics such as recovery strains and material zero-stress temperatures (Ms, Mg, As,
Ay). Typical NiTi composition ranges from 49 to 57% and 38 to 50% for Ni and Ti, respectively,
in order to achieve the shape memory characteristics [83]. Although NIiTINOL has excellent
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characteristics, it is difficult to process and has high production cost, due to the presence of
titanium [17]. Other alternatives of SMA compositions including copper and iron based SMAs,
such as copper-zinc-aluminum (CuZnAl), copper-aluminum-nickel (CuAlINi), and iron-
manganese-silicon (FeMnSi) were investigated by a number of researchers.

Copper based SMAs are cost effective, the stress-strain response is independent to strain rate
and have a larger operating temperature range [84]. However, when compared to NiTi, they have
lower strain recovery and transformation stresses. Omori et al. introduced iron based SMAs with
superelastic behavior of 6% at room temperature [85]. These investigations led to further
discoveries of new properties in SMAs such as magnetic shape memory alloys (ferromagnetic

materials) [86]. Table 2-1 displays a comparison between the various compositions of SMAs in

the temperature transformation range [87-89].

Table 2-1. Compositions of shape memory alloys and its transformation range®’-8°

Alloy Composition Transformation Range (°C)
Ag-Cd Cd: 44.0 to 49.0% -190 to -50
Au-Cd Cd: 46.5 t0 50.0% 30to 100
. Al: 14.0 to 41.5%
Cu-Al-Ni Ni‘ 3.0 to 4.5% -140 to 100
Au: 23.0 to 28.0%
Cu-Au-Zn Zn: 45.0 t0 47.0% -190 to 40
Cu-Sn Sn: 15.0% -120to 30
Cu-Zn Zn: 38.51t0 41.5% -180 to -10
Al: 3.0t0 8.0%
Cu-Zn-Al 71 22.0 to 28.0% 0to 150
In-Ti Ti: 18.0 to 23.0% 60 to 100
Ni-Al Al: 36.0 to 38.0% -180 to 100
Ni-Ti Ni: 49.0 to 51.0% -50 to 110
Fe-Pd Pd: 30% -100
Fe-Pt Pt: 25% -130
. Mn: 32.0%
Fe-Mn-Si Si* 6.0% -200 to 150
Mn-Cu Cu: 5.0 to 35.0% -250 to 180
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2.1.2 Applications of SMAs in Structural Engineering

Superelastic SMAs have been explored by a number of researchers in the civil engineering
community for various applications such as beam-column connections [23-26], damping devices
[90] and reinforcement bars [27-30]. Sections 2.1.2.1 to 2.1.2.4 present a brief summary of the use

of SMAs in civil engineering.

2.1.2.1 Steel Beam-Column Connections

Leon et al. experimentally investigated the use of SME SMA tendons in beam-column
connections and provided a comparison with conventional steel connections [91]. The connection
experienced cyclic loading to 8.0% drift. The results indicated that SME tendons can sustain
repeated large deformations (4.0% drift) without strength degradation. The SME tendons were
thermally activated to recover any residual deformations. The activated SME tendons were
subjected to a second series of cyclic loading. A similar hysteresis to that of the 1% cyclic loading
was observed. Speicher et al. compared the use of SME and superelastic tendons at connections in
a moment-resisting frame, which was subjected to 5.0% drift [32]. SME connections remained
elastic up to 0.75%, after which the tendons yielded. Post cyclic protocol, the tendons were heat
treated using a heat gun. The tendons recovered 75% of the residual deformations. In the case of
superelastic tendons, the tendons were pre-strained to 0.5% strain in order to enhance the re-
centering capabilities. Up to 0.75% drift, the connection was reentering to the zero position but
with a minimal energy dissipation. Wang et al. conducted further investigations on connections
subjected to cyclic loads, using pre-stressed superelastic SMA bars as bolts to attach beams to
columns [92]. Eight full-specimens were experimentally tested to investigate various parameters
such as the pre-stressing force, SMA bars, and layout of the bolts. The proposed connections
exhibited good self-centering behavior up to 2% drift and were ductile up to 4% drift. Wang et al.
investigated an innovative methodology for achieving self-centering connections for steel
structures using superelastic SMA ring springs placed at bolted connections [93]. The study
included characterizing the SMA ring springs. Experimental and numerical cyclic testing on beam-
column connections were conducted. Figure 2-3a illustrates a typical superelastic SMA spring
connection for steel beam-column. The newly proposed system prevented the main steel members
from inelastic deformed, which would result in minimizing post-hazard repairs. The connection
experienced a maximum of 0.45% in residual drift corresponding to a recovery ratio of 91.0%

when a 5% of drift is applied. A SMA ring failed when a 4.0% drift was applied to the connection,
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which might be attributed to material defects due to the manufacturing process. Figure 2-3b
displays the typical behavior of the ring spring system experiencing a cyclic drift up to 5.0%.
Oudah et al. investigated various mechanical anchorage systems for SMA bars in reinforced
concrete at beam-column connections under compression and tension loadings [94]. Two types of
failure occurred due to the screws of the anchorage systems and fracture or slippage of the screws
by tearing out. A flipped anchorage system resulted in a stiffer post-cracking response and is

expected to develop high strains in SMA bars.
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Figure 2-3. (a) Typical beam-column connection using SE-SMA ring-springs; and (b) typical
hysteresis of a beam-column connection with SE-SMA ring-springs under cyclic drifts of 5%%
2.1.2.2 Vibration Control Devices

Over the past decade, a number of researchers explored the use of SMAs in bracing systems,
passive controls and adaptive-passive control. McCormick et al. investigated the use of
superelastic SMA wires and bars as bracing elements to control the vibrations of a structure when
subjected to a hazard load [95]. The study included characterization of wires and bars to determine
the damping and re-centering capabilities. The characterization tests illustrated that wires and bars
had similar equivalent viscous damping (EVD) up to 3% strains. Beyond 3% strain, the wires had
a higher EVD under both quasi-static and dynamic loadings, however, they had higher residual
strains up to 1% under dynamic loading for 6% strains. A small shake table test was conducted to
illustrate the feasibility of using SMA cross-bracing system and compared it to an unbraced frame.
The SMA braced-system experienced a maximum roof lateral displacement of 65.1 mm while the
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unbraced system experienced a lateral displacement of 90.3 mm. The SMA-braced system did not
experience residual displacements. Alipour et al. designed and analyzed a self-centering damper
under tension and compression employing superelastic SMA wires that undergo tension in both
cases [96]. To evaluate the performance of the damper, the damper was loaded in tension to 4.8
mm and then in compression to 4.8 mm under a strain rate of 2.5 x 10~*/s. The EVD of the
damper was 11.6% and had a dissipated energy of 13.7% kN m/m?3, Figure 2-4a and b illustrate a
schematic drawing of the proposed damper by Alipour et al. and the final assembly, respectively.

SMA wire
Main Body Helical spring

Shaft

Shaft Mainbody  Helical spring Bolts and nuts
Damping group

(a) (b)
Figure 2-4. (a) Schematic drawing and (b) final assembly of proposed damper by Alipour et al.%

Asgarian et al. numerically investigated a self-centering hybrid damper, with superelastic
SMA wires [97]. The damper had a steel pipe placed vertically as a link element, while the
superelastic SMA wires were placed in transversely to support for energy dissipation and re-
centering components. The hybrid device was placed as a chevron brace. The numerical simulation
displayed a reduction in the permanent displacement, peak inter-story drifts and accelerations.
Figure 2-5a displays a schematic drawing of the proposed damper using chevron brace. Saedi et
al. proposed the use of a newly developed NiTi alloy, NiTiHfPd as springs in a damper device
[98]. The NiTiHfPd possess superior properties when compared to NiTi due to its higher strength
and damping capacity, as well as its hysteresis stability under cyclic loading. In addition, it has a
large operating temperature. Characterization tests were conducted to understand the behavior of
the developed material under compression at various strain levels ranging between 2% to 6% and
at different temperatures ranging between -30 to 50°C. Figure 2-5b displays a 3D rendering of the
proposed damper with NiTiHfPd SMAs. Magnetic Shape Magnetic Alloys (MSMAS) are a special
class of smart materials, which have a great potential for active vibration control applications due
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to their fast response when compared to regular SME SMAs. Minorowicz et al. investigated the
use of MSMAs as an actuator and the position of the actuator was controlled by applying a
magnetic flux [99]. A sine wave was applied to control the position of the actuator from 0 to
500um. The error of the applied command and the actuator position of 20um correspond to a

maximum error of 4%.

Figure 2-5. (a) Schéam)atic drawing of the damper in a chevron brace(?:)onfigurationw; and (b) 3D
rendering of a damper with NiTiHfPd springs®®
2.1.2.3 Reinforced Concrete Beams and Columns

A number of researchers in the civil engineering community examined the use of superelastic
SMA s as reinforcement in concrete structures to increase their ductility, energy dissipation and re-
centering capabilities. Kuang et al. investigated the reinforcement of concrete beams using
superelastic SMA wires [100]. Furthermore, they embedded hollow tubes filled with adhesives to
achieve self-repairing. The experimental results indicated that SMA reinforcement has enhanced
ductility and crack-closing capabilities after applying large deformations; due to the release of
adhesive from the broken-open tubes into the existing cracks. The adhesive sealed the cracks, and
when the beam was re-loaded, new cracks were formed. Abdulridha et al. investigated the use of
superelastic SMA bars at the critical sections coupled with conventional steel reinforcement [36].
Figure 2-6a illustrates SMA bars coupled with conventional steel reinforced bars. The beams
experienced monotonic and cyclic loading schemes. The study revealed that large scale concrete
beams with superelastic SMA reinforcement performed similar to small-scale specimens. The use

of superelastic SMA bars limited the residual displacements and crack width while enhancing the
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yield and ultimate loads. However, the energy-dissipation of the SMA-reinforced specimens was
half of that of conventional steel reinforced specimens, due to the consecutive yielding of steel
reinforcement which limits the re-centering capabilities of the section. Figure 2-6b displays the
load-displacement for the conventional steel reinforced concrete (B3-SR) and SMA-reinforced
concrete (B6-NR).
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Figure 2-6. (a) SMA-bars at critical sections coupled with conventional reinforcement; and (b)
force-displacement curve of steel (B3-SR) and SMA (B6-NR) reinforced concrete sections=®

Li et al. investigated the use of SE-SMA wires to reinforce concrete and ECC to enhance the
mechanical properties under cyclic-flexural loading [53]. They suggested the use of ECC to solve
the displacement incompatibility between concrete and SMAs. Li et al. observed distributed micro-
cracks with a width of 40 um. In each cyclic loading level, the number of cracks increased while
maintaining a small crack width, which allowed the SMA-ECC to withstand very large
deformations and recover mid-point displacements and cracks. Billah et al. suggested the use of
superelastic SMA reinforced bars at plastic hinges for columns and stainless steel or Fiber
Reinforced Polymer (FRP) bars as main reinforcement to mitigate corrosion of steel [101]. The
seismic performance of the hybrid concrete columns was investigated. Hybrid columns included:
SMA and Stainless Steel (SMA bars are in plastic hinge), SMA-FRP (SMA bars are in plastic
hinge) and Stainless Steel-FRP (Stainless Steel bars are in plastic hinge). The results indicated that
the residual displacements for the SMA bars in the plastic hinge were less than 87% of the residual

displacements of the stainless steel.
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Shrestha et al. investigated the use of SMA reinforced ECC column to mitigate hazard loads
and compared it to post-tensioned column with an elastomer pad at the bottom of the column and
to a post-tensioned column with confined concrete [102]. A three-dimensional assembly of beam
and column elements was used to evaluate the resilience of the columns. The numerical model was
validated by conducting experimental testing on a 33m quarter-scale model of a four-span bridge
and the scaled model was excited using a shake table. The numerical simulation revealed the peak
drifts, residual drifts and base shears in terms of the structural response and peak values. The results
indicated that the presence of superelastic SMA in combination with ECC displayed a remarkably
superior response with minimal damages and excellent re-centering capabilities. Billah et al.
suggested a performance based seismic design for superelastic SMA reinforced concrete bridge
piers [103]. The study developed a performance based damage states for five different types of
SMAs in terms of maximum and residual drifts. The prediction of the residual displacement of the
SMA reinforced concrete piers was based on the maximum and residual drifts as well as the

superelastic strain of the SMAs. The analytical model was verified with experimental observations.

2.1.2.4 Rehabilitation of Reinforced Concrete

In recent years, SMAs have been examined for the strengthening, repairing and rehabilitation
of concrete structures. Shin et al. investigated the retrofitting of reinforced concrete columns with
SME-SMA wire jackets to resist seismic loads [104]. Four columns were prepared, of which one
represented the control specimen without any retrofitting technique. The second column was
retrofitted using Glass Fiber Reinforced Polymer (GFRP), the third column was retrofitted using
SMA wires, and the fourth column had a hybrid strengthening using SMA wires and GFRP. The
SME-SMAs were thermally activated to a temperature of 150°C using an electric current. The
results revealed that applying active confinement using SMA spirals significantly enhanced the
ability of columns to dissipate energy as compared to the passive confinement applied by the
GFRP. Shahverdi et al. investigated the use of low cost iron-based SME-SMAs for strengthening
reinforced concrete beams by Near Surface Mounting (NSM) [68]. Six beams were prepared. The
first beam represented a control specimen with regular reinforcement. Beam 2 was strengthened
using two SMA strips that are not activated, while beams 3, 4 and 6 were strengthened using two
SMA strips that were activated. Beam 5 was strengthened using one Carbon Fiber Reinforced
Polymer (CFRP) strip. A power supply was used to activate the SMA strands with a high current
density of 9 Amperes/mm. The cracking load of the specimens with activated SMAs was higher

MUHAMMAD M. SHERIF 17 | 157



Dissertation: Design and Characterization of Innovative Materials and Structural Systems for Resilient
Concrete Structures

than 80% of that of the specimens which were not activated. The pre-stressing of SMAs offered
many advantages including reduced crack widths, deflections and stresses in the internal steel. The
activation of the SMAs applied a recovery stress of 200 MPa, the bond behavior of the ribbed Iron-
SMA with the cement-based mortar was good and judged to be sufficient for strengthening
applications. Figure 2-7a and b illustrate the cross-sectional area of the beam strengthened with
iron based SMAs and an infrared image displaying the maximum captured temperature after

thermal activation, respectively.
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Figure 2-7. (a) Cross-sectional area for the strengthened reinforced concrete beams using lron-
based SMAs; and (b) Infrared image of the SMA strips post activation®®

Cortés-Puentes et al. investigated the retrofitting of concrete shear walls with superelastic
SMA bracings [105]. The braces were made of SMAs and reinforcing steel links connected to the
corners using steel plates. The braces were optimized to ensure that SMA links will transform from
austenite to de-twinned martensite and have a maximum 6% strains under seismic loadings. The
braces will resist tensile loads only. Two bracing systems of SMA and Steel link elements were
fabricated. The bracing elements of SMA and Steel link were each tested to capture the typical
response of the bracing system. To further evaluate the effectiveness of the SMA bracing system
a numerical model was implemented. The numerical solution was verified using a small-scale
testing model. The designed steel braces dissipated energy up to a cycle before the targeted
elongation, while for the SMA braces the dissipated energy was higher at the targeted elongations
and beyond. As stated before, due to the excellent strain response of SMAs, the SMA bracing
system was able to experience an excellent re-centering of the shear structure. However, for the

steel bracing system, and due to the yielding of the steel elements, it experienced extensive
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permanent deformations. The numerical models illustrated an increase in the lateral strength of the
SMA bracing system. The steel bracing system had an increase in the strength. Figure 2-8a and b

illustrate the numerical response of the SMA and steel retrofitted shear wall.
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Figure 2-8. Numerical response of the retrofitted shear wall with (a) SMA link elements; and (b)
Steel link elements®®
2.2 Cementitious Composites
2.2.1 Reinforced Concrete

Conventional concrete is a widely used construction material in the civil engineering
community, due to its low cost and high compressive strength of about 35 MPa (5,000psi) at 28
days [106]. The use of chemical and mineral admixtures that reduce water content has led to
compressive strength that can reach up to 70 MPa (10,000 psi). The newly developed material is
known as High Strength Concrete (HSC) [107]. However, concrete experiences cracks when
subjected to flexural loads due to its relatively low tensile strength [108]; On the other hand, HSC
is costly and time consuming due to its dependence on the ambient temperature, cement chemistry
and fineness of aggregate [109]. To overcome the low tensile strength of concrete, steel
reinforcement bars are used to design reinforced concrete. Although, reinforced concrete can resist
flexural loads, it has problems related to its durability due to cracking of concrete during its service
life. Cracks occur due to mechanical factors (early-age shrinkage, impact loading, fatigue and
hazard loads) and environmental factors (freeze-thaw cycles) [110, 111]. Cracks allow aggressive
substances, such as, chloride ions, carbon dioxide and moisture, to reach the reinforcing steel and

accelerates the cracking process [112].
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Structures that are exposed to harsh environmental factors such as, offshore structures
including, among others, floating bridges and sea tanks are usually built using pre-stressed
concrete as it demonstrates a superior corrosion resistance compared to other conventional
structural materials when exposed to the marine environment [113]. During construction of pre-
stressed concrete, it is difficult to control crack initiation and propagation due to shrinkage and
changes in temperature [114]. Furthermore, the expected lifetime of such structures are limited to
50 years due to the chloride damage from aquatic settings [115, 116].

Concrete structures have significant challenges due to the deformation incompatibility
between concrete and steel reinforcement. Structures are subjected to hazard loads that are
dynamic in nature such as earthquake and wind. They resist such loading mechanisms by yielding
of steel reinforcement at plastic hinges [117]. Under severe dynamic loading, the steel
reinforcement yields and cracking and crushing of concrete are exhibited. This causes severe
damage and large permanent deformations that might require urgent and costly repairs [53]. In the
USA, it is estimated that the cost of reconstruction of deteriorated RC structures is around $200
billion [118]. While the annual cost of maintaining existing bridges is around $5.2 billion [119].
The US Federal Highway Administration (FHWA) estimated that bridges require an investment
of $20.5 billion annually due to the corrosion of steel. Repairs are usually applied using
conventional materials which are more prone to cracking and usually fail [120].

In recent years, many researchers have investigated resilient and sustainable structures
incorporating corrosion resistant structural members that can mitigate dynamic loads and limit
post-event residual damages through ductility and energy dissipation [53]. These structures lead
to functional transportation networks and structural systems that are necessary in the aftermath of
a major disaster [53]. This would result in a reduction of direct and indirect losses and secures the

lives of civilians [117].

2.2.2 Fiber Reinforced Concrete

Fiber Reinforced Concrete (FRC) is a composite material that possesses large energy-
dissipation capacity that is suitable for structures subjected to severe loads such as blast, impacts
and earthquakes [121]. FRC is widely used in civil infrastructures including airports, highways,
industrial floors, bridge decks, elevated slabs, overlays, tunnel linings and precast elements [122-
124]. Using FRC is beneficial for structures and increases their durability through reduction in the
crack width and permeability [125]. The addition of fibers to concrete prevents the creation and
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propagation of cracks by the fiber bridging mechanism which can increase the toughness and
impact resistance [126]. FRC can mitigate deteriorations due to shrinkage and early age cracking
[127]. Italso improves the freezing resistance, due to the increase of harmless pores that can relieve
the freezing pressure [128-130]. Although the production cost of FRC is high, it has high
mechanical properties and it is environmentally friendly, thus proving to be more sustainable than
traditional concrete [131, 132]. Moreover, a potential cost saving is the reduction in using steel
reinforced bars [133].

Steel Fiber Reinforced Concrete [SFRC] has been widely investigated in the literature under
compressive, tensile and flexural loading due to the relatively high strength and resistance to crack
growth [134, 135]. Hakeem et al. investigated SFRC under compression and found that it can reach
a compressive strength of 163MPa and an elastic modulus of 57GPa [136]. Zhang et al. reported
that steel fibers enhance ductility and impact resistance of concrete [137]. Hussein et al. illustrated
that SFRC possesses enhanced flexural and shear capacity [138]. Lee et al. investigated the
structural behavior of RC beams with steel fibers under dynamic loading. The results indicated an
enhancement in static, impact and blast resistance in terms of higher energy absorption capacity
and lower maximum and residual displacements [134]. Karadelis et al. subjected SFRC to flexural
loads and concluded that the efficiency of SFRC is higher than traditional concrete [139]. Yoo et
al. used steel fibers with high strength concrete (Ultra-High Performance Fiber Reinforced
Concrete - UHPFRC) to decrease residual displacement, enhance residual capacity and prevent
local failures at contact surfaces [140]. Dagenais et al. investigated the retrofitting of RC bridge
piers using UHPFRC. The strengthening of the columns enhanced its ductility. The failure
occurred at the reinforcing bars of the footing at a very large displacement under seismic loadings
[141]. It was also reported that the addition of steel fibers beyond a critical fiber volume ratio does
not significantly increase the structural capacity [142, 143]. In fact, increasing the steel fiber
content may lead to a loss of ductility as well as a reduction in the workability and an increase in
the structural weight [144-146]. In order to encounter these issues, some researchers investigated
the use of basalt and Poly-Propylene (PP) fibers. Colombo et al. suggested the use of basalt FRC
due to its low cost, good compatibility with the concrete matrix, superior mechanical property,
strong corrosion resistance and environment friendly in its production [147]. Zhao et al. assessed
the behavior of basalt FRC under flexural loading, the results indicated that basalt fibers enhance

the resistance to elastic and plastic deformations [148]. Moreover, the use of PP-FRC can improve
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the durability of concrete by increasing ductility and energy absorption when subjected to impact
loads and external vibrations [149].

To further enhance the properties of FRC, hybrid synthetic fiber reinforced concrete,
composing of micro and macro fibers, has been investigated in lightweight concrete to enhance
the resistance of the composite to micro and macro-cracks [150]. Short fibers enhance the fracture
toughness of the cementitious matrix in tension, while the long fibers are important to arrest and
delay the macro-crack growth [151, 152]. Kwon et al. introduced the hybrid-FRC and the results
indicated that the hybrid performance exceeds the sum of individual fiber performances [153, 154].
The most common hybrid-FRC is composed using steel and PP fibers which have proved to be

effective in improving the strength, ductility and resistance to impact loads [155-158].

2.2.3 Fiber Reinforced Mortar

FRC has superior properties when compared to conventional concrete as it limits the crack
growth. Most of the special structures such as dams and breakwaters, suffer from erosions due to
the water tides [159]. In the case of SFRC, fibers are either pulled out or sheared depending on the
orientation of the steel fibers [160]. The seepage of harmful solutions, which leads to corrosion of
steel fibers or reinforcement, is not eliminated. The use of CFRP and GFRP reinforcement bars to
mitigate the issues raised by the corrosion of steel has been investigated by a number of
researchers. Mohamed et al. investigated the use of CFRP bars and spirals in a circular beam under
a four-point bending to resist shear loading [161]. Ali et al. have used GFRP in reinforced concrete
columns subjected to seismic performance [162]. The results of the two studies indicated an
enhancement in ductility. Nevertheless, the concern of cracking in concrete members was not fully
addressed by the proposed measures [163].

On the other hand, mortar is used to bind two structural elements such as bricks and
connections such as beams to columns [164]. Other techniques have been used to repair/strengthen
concrete structures to overcome deteriorations including, but not limited to, NSM and bonding
glass/carbon FRP [165-170]. Although these techniques have proven to be successful in extending
the lifetime of a structure, wrapping members with FRP laminates is a tedious and time consuming
task and can be deployed for certain accessible sections. Moreover, FRP can be easily deboned
when subjected to fatigue loading. Nevertheless, mortar is an effective material for repairing
concrete members. However, due to its brittle nature and low tensile strength, cracks develop

overtime [171].
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To mitigate these issues, polymeric (polyethylene, polyvinylchloride, polypropylene, poly-
vinyl-alcohol), inorganic (steel, glass and carbon) and natural fibers (bamboo and hemp) in
reinforcement of mortar are used [172]. The use of various types of fibers at different fiber volume
ratios to increase the workability, setting time, fluidity and mechanical properties such as impact
resistance and flexural strength, was investigated [173-177]. The bridging action of fibers
improves the durability and resistant to abrasion and freezing-thawing action [178-181]. Fibers are
used to enhance the bond strength between old cementitious members and the fiber reinforced
mortar layer, to achieve a successful repair [182-185]. The enhanced properties depend on the
amount of fibers, the modulus of elasticity of fibers, fiber aspect ratio, fiber orientation and
aggregate size.

Natural fibers, such as coconut husk [186-187] and bamboo [188], were found to be successful
for applications of lightweight composites. Fantilli et al. investigated the use of wool as an organic
fiber reinforced mortar which was subjected to flexural loads. The results indicated an
enhancement in the flexural strength and ductility [172]. The addition of natural fibers is promising
but their applications are still limited when compared to industrial fibers. Due to the alteration of
properties of the natural fibers when exposed to alkaline environment [189-192]. Polymeric fibers
can control crack openings and distribute the stresses over multiple cracks, however they have
low-modulus [193, 194]. Hybrid fiber reinforcement, such as the combination of steel and nylon

fibers, could provide a high modulus of elasticity and control cracking [195-201].

2.2.4 Fiber Reinforced Engineered Cementitious Composites

In 1998, Li et al. developed ECC and illustrated high resistance to tensile loading [202]. ECC
exhibit superior properties when compared to fiber reinforced mortar and concrete, including high
tensile strength and ultimate strain capability with significant tensile strain hardening capacity
[203-205]. These properties led to the use of ECC in structural components including beams,
columns, walls, and connections under monotonic and cyclic loading [206-209]. ECC are
considered as an eco-friendly cementitious composites as they reduce the use of raw materials such
as stone aggregates and water [210]; In addition, the traditional cement (clinker) is substituted with
pozzolanic mineral admixtures such as fly ash and silica fume [211].

Kim et al. investigated the flexural response of fiber reinforced cementitious composites
subjected to biaxial flexural loading. The results indicated that the equivalent flexural strength and
the normalized energy absorption capacity under biaxial condition are higher than uniaxial
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conditions [212]. Kosa et al. increased the ultimate displacement and the maximum strength by
60% and 10%, respectively, by using high performance fiber reinforced cementitious composites
for bridge piers at plastic hinge regions [213]. Dehghani et al. investigated the use of ECC to
enhance lateral strength and to maintain the integrity of the walls [214].

ECC can be used in rehabilitation of dams and retaining walls [215]. Zheang et al. explored
the benefits of using a layer of ECC to strengthen the shear behavior of RC beams [216]. Huo et
al. used layers of ECC to improve the yield strength and the crack dispersion capacity of RC beams
subjected to flexural loading [217]. The tensile strain-hardening was achieved by adding a
relatively low volume fraction, typically 2% of short randomly distributed fibers [218]. The
mechanical response of ECC depends on the fibers volume, aspect ratio, fiber strength, and matrix
bonding interface [203, 219]. The strain-hardening behavior is associated with multiple tight
cracking in the brittle matrix [220]. The multiple tight cracks exhibit 100um in crack width when
deformed to high tensile strain during saturated multiple cracking [221]. The generation of
distributed multiple cracks is achieved by the bridging stresses of fibers, that can be tailored by
micromechanical modeling [222, 223]. Figure 2-9a illustrates the typical stress-strain curve for
concrete, FRC and ECC [13]. Figure 2-9b displays the micro-cracking behavior of ECC [224].
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Figure 2-9. (a) Illustrated the typical stress-strain curves of concrete, FRC and ECC®; and (b)
displays the micro-cracking behavior of ECC?%*
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ECC possess high fracture energy [225-228], energy dissipation and impact shutter resistance
due to their mixture proportions. Such properties are necessary for protective and defensive
structures [229]. Cho et al. embedded steel reinforcement in ECC at plastic hinge regions and
subjected them to cyclic loading, which resulted in elimination of concrete crushing and spalling
[230]. Kang et al. experimentally investigated the effectiveness of ECC on mitigating the
progressive collapse of structures subjected to hazard loads [231]. The results indicated that ECC
limit cracks width and are more compatible to steel reinforcement. ECC can be used in corrosion-
resistant structures, due to its low permeability in both cracked and un-cracked sections [232]. A
small crack width would reduce the ingress of aggressive substances reaching the steel

reinforcement, and prevent delamination and concrete cover spelling [233].

2.2.4.1 ECC Composition

M45 is a standard ECC mixture that utilizes CEM | Portland cement, low calcium fly ash, fine
silica sand, PVA fibers, water and superplasticizer. Fly ash, a by-product of fire power stations,
was reported to be effective in improving both the short- and long-term mechanical properties of
ECC [234, 235]. ECC have been focused on mono-fiber systems using steel, basalt, PE and PVA
fibers [236-240]. Table 2-2 presents a list of typical physical properties of steel and synthetic fibers
in cementitious composites [241].

Table 2-2. Typical Physical Properties of fibers used in ECC

Fiber Type  Diameter  Tensile Strength Density Elastic Modulus  Length (mm)

(um) (MPa) (g/cm?) (GPa)
Basalt 12 1,773 2.65 89 12
PVA 40 1,202 1.3 41 12
PE 12 2,757 0.97 110 12

The advancement in industrial technologies related to the development of synthetic fibers
provided a variety of properties and geometries. Asbestos cement was successful in prefabricated
elements and was extensively used, but it has been banned in many countries for health reasons
[242]. Steel fiber reinforced ECC was first introduced in the 1960s by Romualdi et al., providing
a strain hardening behavior and an increase in the ultimate strength [243]. However, there is a risk
of corrosion when the composite is exposed to saline or acidic environment; which can lead to

deterioration in the strength and toughness [244]. Another aspect, is the difficulty in preparing
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steel fiber composites with a fiber volume ratio greater than 2.0% [245]. Also, researchers
investigated the effect of adding Carbon Nano-Tubes (CNTS) into cementitious matrix [246-249].
The addition of CNTSs provided a better ductility, an increase of the fracture energy, and durability
that led to a reduction in the reinforcement [250]. Nevertheless, CNTs are limited due to their high
production cost [251], and also due to the use of acid functionalization for enhancing adhesion,
and hence increasing the toxicity of CNTs [252].

Another viable option is the use of basalt fibers as they do not corrode and have a high tensile
strength. The theoretical fiber bridging stresses illustrated a high cracking strength than
conventional ECC, but they show a softening behavior after cracking, which can be attributed to
the low slip-hardening and high strength reduction of the composite [241]. Nylon fibers, such as
Poly-Ethylene (PE), Poly-Vinyl Alcohol (PVA), and Poly-Olefin (PO), have been investigated and
are advantageous due to their low production costs. PVA fibers exhibit higher mechanical
properties such as tensile strength, and Young’s modulus than PP and PO fibers [253]. PVAs are
hydrophilic fibers which enhance the fiber wettability and improve the fiber dispersion [254].
During dehydration, PVA fibers are capable of creating molecular bond with the cementitious
matrix [255]. The optimal PVVA fiber volume ratio is 2.0%, but to achieve a high ultimate tensile
strain, a fiber volume ratio ranging from 4.0% and 5.0% is suggested [254]. Said et al. investigated
the use of ECC for slabs to enhance flexural strength. The results revealed displayed that the

composite did not attain the desired ductility due to rupture of PVA fibers [256].

2.2.4.2 Self-Healing ECC

Self-healing can be achieved by including hollow fibers [257-267], chemical encapsulations
[268-271], bacterial-based biological self-healing [272-275], expensive agents and mineral
admixtures [276-278], shape memory alloys [279-282] and self-controlled tight micro-cracking
[283-289]. Self-healing can assist in repairing members with access restriction, especially in the
case of large infrastructures [221]. The self-healing mechanism is initiated without external
intervention due to the tight cracks and high amounts of cementitious material in the mixing
proportions [221, 290]. This could lead to a reduction of the deterioration rate and repair
frequencies and would minimize the cost and extend the service life of structures [291].

Li et al. performed mechanical and permeability tests on ECC to investigate the effects of
multiple cracking on self-healing. They concluded that a maximum crack of 50um would result in

a complete recovery, and partial recovery can be achieved to a crack size of 150um [292]. Other
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researchers have reported that crack width ranging from 5 to 300um could be sealed completely
[293-297]. Self-healing has been associated with the ongoing hydration of cementitious matrix
[298], however, this is only valid for young specimens. The formation of calcium carbonate is the
likelihood of repairing cracks at later ages [299]. It results from the reaction of calcium ions, water
and carbon dioxide, that depends on the several parameters such as, temperature, concentration of
reactants and pH value [300]. Alyousif et al. investigated the effects of self-healing on the different
transport properties of micro-cracked ECC with different maturity levels and incorporated three
different mineral admixtures [301]. Said et al. investigated the effect of replacing cement by fly
ash on the self-healing behavior of ECC. Experimental results demonstrated that all mixtures
exhibited self-healing with slight differences [302]. Yildirim et al. investigated the cracks and gas
permeability to assess the self-healing of ECC [303]. All of the previous research indicated the
feasibility of achieving self-healing by controlling the crack sizes, which led to the investigation
of hybrid fiber reinforced ECC using micro-mechanical modelling.

2.2.4.3 Hybrid Fiber Reinforced ECC

Hybrid fiber reinforced ECC involves the use of multiple types of fibers in a cementitious
matrix to achieve better performance than that of the mono-fiber reinforcement ECC [304]. Maalej
et al. achieved high strength and strain capacity ECC by combining high-modulus steel fibers and
relatively low modulus PE fibers [226]. Zhang et al. examined the effect of using various types
and length of fibers on the impact resistance of cementitious composites [305]. Li et al.
recommended the use of hybrid fiber reinforcement of 0.5% steel and 1.5% PVA fibers for
resisting dynamic loads [203]. Mono-fiber ECCs containing high modulus fibers, such as steel and
carbon will exhibit a different behavior than ECCs with relatively low modulus fibers like nylon
fibers (PP, PE and PVA). High modulus fibers increase the bulk strength and toughness, however
they decrease ductility and strain hardening behavior. Low modulus fibers displayed an improved
ductility and a reduction in crack width [229]. Strain capacity is important for energy absorption,
reduction of fragmentation and velocities of fragments, and residual strength. Shaikh et al.
investigated the corrosion durability of reinforcing steel in three series of pre-cracked beams of
ordinary mortar, PE fiber reinforced and hybrid fiber reinforced ECC (Steel and PE fibers). The
results indicate that hybrid fiber reinforced specimens’ exhibit better performance [112]. In order
to achieve the high strength and strain hardening behavior as well as ductility, a micro-mechanical
model has to be applied to assess the optimal hybrid configuration.
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2.2.5 SMA Fiber Reinforced Cementitious Composites

The use of new materials, such as FRP and non-corrosive stainless-steel, as reinforcement
bars for concrete members have generally been successful. However they do not provide re-
centering capabilities that are essential for hazard mitigation. On the other hand, steel fiber
reinforced mortar does not provide a reduction in crack size once deformed permanently [306]. To
overcome these issues, a number of researchers investigated the use of innovative and smart
materials as fiber reinforcement in cementitious composites. In 1998, Maji et al. introduced the
use of SME-SMA strands with a diameter of 2.5 mm as longitudinal reinforcement for concrete
beams [307]. The strands were activated using electrical heating, which resulted in a pre-stressing
force. Strands may require a lot of electrical power to activate the shape memory effect, therefore,
it would be better to use SME-SMA fibers.

It is essential to achieve a strong interfacial bond strength between the fibers and cementitious
matrix. Kim et al. conducted pull-out tests of NiTi SMA fibers from three different cementitious
mortar mixtures [308]. The fibers had a diameter of 1 mm and an embedded length of 15 mm.
Results indicated that heat treatment of the SMA fibers enhances the bond strength. Also, Choi et
al. investigated the bond strength of SME-SMA fibers and illustrated that cold-drawn dog-bone
fibers have higher bond strength than strain cold-drawn and heat treated NiTi fibers [309]. Figure
2-10a illustrates the pull-out test setup and specimen dimensions.

Moser et al. conducted experimental tests on the pre-tensioning of fiber reinforced concrete
using SME-SMA fibers at the bottom of the beams with a non-traditional star shaped geometry.
The specimens were subjected to cyclic temperature changes ranging from 24 to 160°C. The results
indicated that the pre-stressing forces would eliminate the cracks due to shrinkage, however, higher
pre-stressing forces are required to resist bending and tensile loads [310]. Choi et al. investigated
the effectiveness of closing cracks using SME-SMA NiTi fibers in mortar beams that are layered
at the bottom of a beam. After cracking, the fibers were thermally activated using a flame torch.
Upon thermal activation of fibers, the specimens recovered residual displacements up to 0.72 to
1.75 recovery ratio [311]. Figure 2-10b displays schematic drawings for the fiber reinforced beam
specimens. Furthermore, Choi et al. compared the use of NiTiNb to NiTi SME-SMA fibers, as
NiTiNb can provide higher post-tensioning stresses after thermal activation [312]. After cracking
of the beams, the fibers were thermally activated using the flame torch and a flexural load was

applied to the repaired specimens. The repaired sections exhibited an increase of flexural strength
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in the order of 1.4 and 1.75 for NiTi and NiTiNb fibers, respectively. The failure of the repaired

specimens occurred due to a crack that is at a deviated location from the repaired crack.
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Figure 2-10. (a) Fiber Pull-out Specimen dimensions and test-setup®; and (b) SME-SMA fiber
reinforced mortar beam specimens for flexural testing®'*

Kim et al. explored the use of SME-SMA as randomly distributed fiber reinforced mortar with
a fiber volume ratio of 1.5% [313]. The experiments included the tensile testing of NiTi and
NiTiNb dog-bone fibers in mortar coupons before and after thermal activation. The thermal
activation was achieved by using a heat gun. In general, specimens with NiTiNb fibers had a
slightly higher elastic modulus and tensile strength. Post thermal activation specimens had a higher
elastic modulus. For the tensile strength, after the pre-stressing effect, specimens exhibited a lower
tensile strength. This can be attributed to the generation of radial cracks near the SMA fibers due
to the increase of fiber’s diameter after heat treatment. The NiTi fibers displayed a higher pre-
stressing force than NiTiNb fibers after heat treatment.

Ali et al. investigated the tensile strength and impact resistance of randomly distributed
hybrid-fiber (PVA and SME-SMAS) reinforced engineered cementitious composites [314]. The
specimens had 2.0% PVA and SME-SMA fibers with fiber volume ratios of 0.0%, 0.5%, 1.0%,
and 1.5%. The testing procedure of the tensile strength did not include heat treatment. The tensile
strength and strain capacity were enhanced by 80% and 150%, respectively, with the increase of
SME-SMA fibers up to 1.0%. Specimens with a SME-SMA fibers of 1.5% had a lower tensile
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strength and strain capacity due to the tendency of clustering of the fibers. The experimental
procedure was extended to investigate the resistance of the composite pre- and post-heat treatment
to impact loading using a weight drop. The results revealed an enhancement in the fracture energy
due to the increase of SME-SMA fibers. Post-thermal activation, the impact resistance of the heat-
treated specimens with SMA fibers have increased. However, specimens with 2.0% PVA fibers
only exhibited a decrease in the impact resistance post heat treatment due to the degradation of the
PVA fibers. A statistical spatial point pattern analysis was conducted to investigate the randomness
of fibers in ECC.

Ali et al. extended the testing matrix with the same mixture matrix to investigate the composite
behavior under compression and flexural loading at various curing ages of 3, 28 and 90 days [315].
The compressive strength of the specimens were similar, indicating that the inclusion of fibers do
not affect the compressive strength. However, the elastic modulus and passion’s ratio had a slight
decrease. The tensile strength of the composite was investigated using splitting tensile. The results
revealed an increase in tensile strength up to the inclusion of 3.0% of fibers (2.0% PVA and 1.0%
SME-SMA). The tensile strength of the specimen with 3.5% fibers (2.0% PVA and 1.5% SME-
SMA) had a lower tensile strength than that of 3.0% of fibers which might be attributed to the fiber
clustering which was proved in the previous study by tensile coupons [314, 315].

In the instance of flexural strength, the increase of the fiber volume ratio enhanced the flexural
strength, modulus of rupture and ductility at various ages. The flexural strength experienced a
slight decrease with the aging time and the ductility was less than half at 90 days when compared
to that measured at 3 days. This was attributed to the increase of the hydration products of the
cementitious matrix which may have increased the interfacial bond between the fibers and the
matrix. The cracked specimens were heat treated to achieve self-healing and then retested under
flexural loading and compared to un-treated specimens. The treated specimens with SME-SMA
fibers experienced a post-stressing force and exhibited a higher flexural strength as compared to
the un-treated specimens. A strain recovery ranging from 22% to 40% was achieved.

It is obvious that SMA fibers represent an ideal reinforcement for acquiring ductile and self-
centering in cementitious composites. However, SME-SMAs require thermal activation by using
flame torch or electrically, which would be a challenging task for large structures. Therefore,
superelastic/Pseudo-Elastic SMAs can be used as reinforcement fibers to provide instantaneous

recovery of deformations and cracks and high energy-dissipation that is essential for hazard
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mitigation. Li et al. investigated the use of SMA wires as a reinforcement for ECC flexural
specimens with a cross-sectional area of 50.8 mm by 25.4 mm and a span length of 508 mm [53].
The SMA wires were set to a 1.8% of volume ratio. The flexural specimens were subjected to 10
flexural cyclic loads and the mid-point displacement was recorded using Linear Variable
Differential Transformer (LVDT). Digital Image Correlation Systems (DICs) was used to monitor
the full-field displacement and strains. As noted before, superelastic SMA exhibit elastic behavior
up to 6.0% strains through phase transformations which is compatible to ECC that exhibits a high
tensile ductility through micro-cracking. The SMA-ECC experienced a significant mid-point
displacement and crack recovery. Figure 2-11a and b illustrate a schematic drawing of the SE-
SMA reinforced ECC and the flexural response of the SMA-ECC, respectively.
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Figure 2-11. (a) Schematic drawing of the SMA reinforced ECC; and (b) The flexural behavior
under cyclic loading™
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Relevant to fiber reinforced experiments, Shajil et al. conducted pull-out tests on superelastic
SMA NiTi fibers with hooked ends and investigated the performance of layered SE-SMA fiber-
reinforced mortar [51]. The fiber reinforced mortar specimens were subjected to three cyclic
flexural loading. The results indicated that SE-SMA fibers provide a re-centering capability when
compared to steel fibers. Shajil et al. extended the experimental investigation to assess the effect
of fiber volume ratios on the flexural behavior of the specimens [52]. The fiber volume ratios
ranged from 0.12% to 1.00% of superelastic SMA fibers placed at the bottom of the beams. The
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results indicated self-centering factors of 0.4 and 0.45 for specimens with 0.5% and 1.0% fiber
reinforced mortar, respectively. Furthermore, the 1.0% fiber reinforced specimen exhibited a strain
hardening behavior. The experimental procedure was extended to compare between 0.5% of fiber
volume ratio of steel fibers and superelastic SMA fibers for a beam-column connections. The
results indicated that SE-SMA fiber reinforced mortar has a better toughness and enhanced the

ductility and energy dissipation capabilities.

2.3 Pre-stressed Concrete

Pre-stressing of concrete is an effective technique to overcome possible issues of concrete
when subjected to tensile loads. The mechanism includes applying a compressive load in a
perpendicular direction to the applied load. This leads to the application of a compressive load
over the full section if the pre-stressing force is at the center of the cross-section. In reinforced
concrete beams, the pre-stressing force is usually applied near to the tension face. The amount of
pre-stressing force is dependent on the applied load to ensure that the section will be un-cracked
under service limits. To apply the pre-stressing force there are two techniques; pre-tensioning and
post-tensioning. In pre-tensioning the steel tendons are placed in position and tensioned before
casting of concrete. The tendons are released once concrete hardens. In post-tensioning the tendons
are placed in ducts, concrete is then casted and left to harden. After hardening of concrete, the
tendons are tensioned using hydraulic jacks to a pre-determined strain level. The ducts are then
filled with grout to ensure the transfer of strains from steel tendons to the surrounding concrete
and vice-versa and to protect the tendons from corrosion [316]. However, corrosion for the stressed
steel tendons resulting in failure of several tendons was reported [317]. The corrosion of steel
could be attributed to poor sealing by the galvanized grout [318]. Furthermore, there are losses in
the pre-stressing forces due to relaxation of the steel tendons and fatigue loading [319]. Hurlebaus
et al. presented guidelines for inspecting post-tensioned of concrete using Non-Destructive
Evaluation (NDE) methods [320]. In general, assessing the durability of the pre-stressed tendons
is complex and time consuming that requires extensive knowledge of NDE.

More recently, several researchers investigated the use of SME-SMAs to pre-stress concrete
members. This can eliminate the use of hydraulic jacks and make possible to increase pre-stressing
forces during the service life of the structure [321]. Li et al. investigated the use of SME-SMA
bundles to construct two smart concrete beams [322]. The cross-section of the beams was 99 mm
by 85 mm with an approximate span of 20 m. The beams were reinforced with regular pre-stressing
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strands that were connected in the middle portion of the beam with SMA bundles. The SMASs in
each beam were thermally activated by applying an electrical current. The SMAs were activated
several times at different current levels to analyze the pre-stressing force and the SME mechanism.
The experimental results indicated that a camber of 0.44 mm was generated at the middle section
post activation of the SMA bundles. Also, the beams were capable of resisting overloads around
3kN. However, the environmental temperatures affected the displacement at the mid-span due to
the transformation temperatures of the NiTi-SMA. Choi et al. investigated the use of NiTiNb SME-
SMA wires to confine concrete cylinders [67]. The thermal activation of the SMA was established
by using an electronic oven set to 70°C to simulate the heat of hydration of concrete during the
setting phase. The study proved that SME-SMAs can provide active confinement in concrete
cylinders and increase the peak strength. However, the austenite finish As temperature for the
material was at 84°C, therefore a complete transformation to the austenite phase, which is
responsible for achieving the maximum pre-stressing force, did not take place. Choi et al.
developed seismic fragility curves of reinforced concrete columns retrofitted using active
confinement of SME-SMA wire jackets [323]. Numerical modelling using OpenSEES was
develop and validated using a series of experimental testing. The static experimental tests revealed
that reinforced concrete columns with SMA wire jackets had a displacement ductility larger by a
factor of 2.3 and 1.06 for the lap-spliced and continuous reinforcement columns, respectively. The
numerical models revealed that the columns with SMA wire jackets had a yield and collapse limit
of 0.162g and 0.567¢, respectively. The collapse limit of the SMA wire jackets was higher than
that of the continuously reinforced column by a factor of 1.33, however, the yielding limit was
similar to that of the continuously reinforced column. Figure 2-12a and b display the experimental
test setup and the experimental and numerical force-displacement response for the column with

SMA wire jackets, respectively.
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Figure 2-12. (a) Experimental test-setup; and (b) numerical and experimental force displacement

curves for the column with SMA wire jackets®?

2.4 Summary
This section provided a review of literature on the characteristics and applications of shape

memory alloys in civil engineering. The unique behavior and characteristics of shape memory
alloys were discussed. Then, a brief history on the discovery and various compositions of shape
memory alloys was presented. Also, the applications of shape memory alloys in various civil
engineering applications such as beam-column connection, vibration control devices and as
reinforcement in concrete beams was reviewed. Moreover, the potential use of shape memory
alloys to rehabilitate reinforced concrete structural members was examined.

Next, the limitations of conventional concrete materials and the need for innovative materials
for concrete structures was discussed. A review on the development of fiber reinforced
cementitious composite to obtain advanced properties such as limiting crack propagation and self-
healing characteristics was provided. Also, several attempts where SMA fibers were used in
cementitious composites for re-centering and crack recovery were discussed. Finally, the earlier

studies on the use shape memory effect SMASs in pre-stressing was reviewed.
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3 Characterization of Superelastic SMA Cables

(Most of the discussions presented in this section were published in the following conference

and journal papers [324-326])

3.1 Overview

In this section, the results from a set of experiments that were conducted to characterize the
tensile properties of superelastic SMA cables were discussed. First, the performance of large-
diameter nickel-titanium (NiTi) SMA cables for their potential use in civil engineering was
explored. The SMA cable had a diameter of 8 mm, and was composed of 7 strands with each strand
consisting of 7 wires with a diameter of 0.885 mm. Uniaxial tensile tests were conducted at various
loading rates and strain amplitudes to characterize the superelastic properties of the SMA cable.
An optical digital image correlation (DIC) measurement system and an infrared thermal imaging
camera were employed to obtain the full-field strain and temperature fields. Cyclic tests were
performed to evaluate low-cycle fatigue characteristics of the SMA cable.

Second, the functional fatigue characteristics of a complex configuration of a NiTi SMA cable
with an outer diameter of 5.5 mm was investigated. The cable was composed of multiple strands
arranged as one inner core and two outer layers. The tensile behavior of the NiTi SMA cable was
analyzed by conducting uniaxial tensile tests up to 10% strain. The fatigue characteristics were
investigated under strain amplitudes ranging from 3% to 7% and a minimum of 2500 loading
cycles. The evolution of maximum tensile stress, residual strains, energy dissipation, and
equivalent viscous damping under a number of loading cycles were analyzed. The fracture surface
of a specimen subjected to 5000 loading cycles and 7% strain were discussed. The optical digital
image correlation measurement system, infrared thermal imaging camera, and a digital multimeter
were employed to obtain the full-filed strain and temperature fields as well as the change in
electrical resistance.

Finally, the fabrication and experimental testing of an SMA cable-based vibration control
device were discussed. Results from cyclic loading tests were presented to assess the force-
displacement response and damping properties of such a device.
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3.2 Materials

Two configurations of NiTi SMA cables obtained from Fort Wayne Metals Research Products
Corporation, were examined. The first SMA cable consisted of a helix configuration that composed
of 7 strands with each strand having 7 wires. Each wire had a diameter of 0.885 mm, while the
outer diameter of the cable was 8 mm. The total cross-sectional area of the cable was computed as
the sum of the individual cross-sectional areas of the wires and was equal to 30.14 mm?. Figure
3-1ladisplays a schematic drawing of the cross-section and a longitudinal section of the first cable.
The second cable consisted of 163 individual wires with an overall outer diameter of 5.5 mm. The
cable had a non-conventional multi-layered construction with an inner core and two outer layers.
The inner core strand consisted of a central straight wire with six outer wires wrapped in a right-
handed layout (i.e., 1x7 configuration). The first outer layer consisted of six strands each has a
1x7 configuration and wrapped in a right-handed layout around the core strand. The second outer
layer composed of six strands with a 1x19 configuration wrapped in a left-handed layout. The core
and first outer layer strands were made out of NiTi wires with a diameter of 0.279 mm, while the
second outer layer strands were made out of wires with a diameter 0.300 mm. Figure 3-1b

illustrates the cross-section of the second cable.

2" Quter Layer: 6x(1x19)

Inner Core: 1x7

(b)
Figure 3-1. (a) Schematic drawing of the cross-section and longitudinal section of the first cable;
and (b) Cross-section of the second cable

3.3 Experimental Test Setup
All tensile tests were conducted using a MTS 810 servo-hydraulic system with mechanical

grips and a capacity of 100kN. The displacement and force data was recorded using an MTS data
acquisition system. The recorded force values were divided by the cross-sectional area of the

cables to obtain the equivalent stress. The strains were monitored and measured using a laser

MUHAMMAD M. SHERIF Page 36157



Dissertation: Design and Characterization of Innovative Materials and Structural Systems for Resilient
Concrete Structures

extensometer (MTS LX1500). In addition, the DIC system, which was provided by Correlated
Solution, was employed to obtain the full-field displacements and strains. DIC is a real-time, full-
field and non-contact optical measurement system that utilizes a series of sequential images
captured during loading to track and correlate patterns within a subset space, which can in turn be
used to describe deformation. The DIC can be used to obtain three-dimensional or two-
dimensional deformations based on the number of optical cameras used during the tests and their
placement angles (i.e. single camera for 2D; stereo-paired cameras for 3D). The DIC
measurements depend mainly on the quality of the speckle pattern [327]. The surface pattern
should be non-periodic, isotropic, and of high contrast to guarantee accurate measurements of the
DIC system with the lowest possible noise. This can be achieved by applying black dots on a white
background painted on the specimen surface. Therefore, a speckle surface pattern was applied to
one side of the specimen. A single camera with 12 mm lens was used for 2D-DIC as there was no
significant out-of-plane movement. The camera resolution was 2448 x 2048 pixels with a CCD
sensor that has a format of 2/3in. The maximum frame rate for the camera is 15 frames per second.
Finally, the variation of temperature in the cables was captured during the testing program. The
temperature fields across the entire specimen length were measured, using an infrared FLIR A615
camera. For the second cable the change in electrical resistivity using a two-probe system was
captured by digital multi-meters (DMM). Figure 3-2a displays the test setup for the first cable with
laser extensometer, DIC system, and an infrared camera. Figure 3-2b illustrates the test setup for
the second cable with laser extensometer, DIC system, DMM, and an infrared camera.
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Figure 3-2. (a) Test setup for the first cable with laser extensometer, DIC and infrared camera;
and (b) Test setup for the second cable with laser extensometer, DIC, infrared camera and DMM
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The testing procedure was carried out onto two different phases. Phase 1 was devoted to the
experimental testing related to the first cable to investigate the general tensile behavior of the
superelastic SMA cables. Phase 2 focused on the fatigue behavior of the second cable and
investigating its feasibility to be used in vibration control application. In both phases, a gauge
length of 75 mm was used. In phase 1, a training test procedure, consisting of 20 load cycles to
obtain 5% strain at 0.01 Hz, was applied on all specimens, before formal tests. Afterwards, a
thorough experimental testing program was implemented. All tests, were displacement controlled
in loading and force-controlled in unloading to avoid applying any compression force on the cable
during unloading. To investigate the mechanical response of the cable under different strain
amplitudes, the first specimen was cycled at target strain amplitudes of 2-9% at a loading
frequency of 0.05Hz. All the tests lasted for 3 cycles. Data sampling rate for the MTS data
acquisition, extensometer, and DIC system was 10Hz.

The test matrix was then extended to include the behavior of the cable under higher frequency
cyclic loads. The tensile loads were applied to a second specimen to obtain approximately 6%
strain at loading frequencies of 0.05, 0.1, 0.5, 1.0, and 2.0 Hz. Because of the limited capability of
the DIC system at higher test frequencies, the tests’ data were recorded using the MTS data
acquisition system and the extensometer only, with a data sampling rate of 200 Hz.

To study the behavior of the cable under low-cycle fatigue loads a third specimen was used.
The specimen was subjected to cyclic loads in a force-controlled procedure for 100 cycles between
stresses of 560MPa (corresponds to a target strain amplitude of 6%) and near-zero stress at a
frequency of 0.05Hz. The MTS data acquisition system, the laser extensometer, and the DIC
system were used to record the data with a sampling rate of 10Hz.

In phase 2, prior to the fatigue testing of the cable, a training test procedure including 20
loading cycles at 4% strain with a strain rate of 5x10° s, was conducted. To investigate the
tensile response of the cable, the specimen was subjected to target strain amplitudes of 3% to 10%
for three cycles. Then, the superelastic fatigue tests were conducted at target strain amplitudes of
3%, 4%, 5%, 6%, and 7%. During fatigue tests, a minimum of 2500 cycles were performed. All
tests were conducted in displacement control. The measured strain amplitudes were somewhat
different but close to the target strain amplitudes. The tests were conducted at the room temperature
of 27 + 1 °C and at a strain rate of 5x1073 s, which corresponds to loading frequencies ranging
from 0.083Hz for 3% strain amplitude and 0.025Hz for 10% strain amplitudes.
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In order to further assess the effect of multi-layering of the strands on the mechanical
properties of the cable, a similar strand with the same material properties was investigated. The
strand had a configuration similar to that of the inner core (1 x 7), with wires having an outer
diameter of 0.117 mm, and a total cross-sectional outer diameter of 0.350 mm. The loading
protocol involved the characterization of the behavior of the strand at various strain amplitudes
ranging from 3% to 7% subjected to three loading cycles. A laser extensometer and a DMM were
used to monitor the gauge length strain and electrical resistivity, respectively. The full-field strains,
and displacement and thermal profile were not identified as the strand diameter was relatively
small and, hence could not be captured by the DIC cameras and the thermal changes were nominal.

Table 3-1 lists a summary of the testing procedure for the two phases.

Table 3-1. Summary of the testing procedure for phase 1 and 2 of characterization for superelastic
SMA cables

Phase Cable Specimen  Test Type  Frequency Target Cycles
Number (Hz) Strains (%)
Strain
1 Effect 0.05 2109 3
Frequency
1 1 2 Effect 0.05t0 2.0 6 3
3 Low-Cycle ) 5 6 100
Fatigue
Strain 0.036 to
! Effect 0.025 3to 10 3
2 Fatigue 0.0830 3 2500
2 3 Fatigue 0.0625 4 5000
2 4 Fatigue 0.0500 5 5000
5 Fatigue 0.0417 6 2500
6 Fatigue 0.0357 7 5000
3 1 Strain 0.036 to 3107 3

Effect 0.025
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3.4 General Characterization
Figure 3-3 presents stress-strain curves for experimental tests at measured strain amplitudes

varying from 1.6 to 7.7% which correspond to the target strains of 2 to 9% for phase 1 using the
first cable. It can be observed that the material exhibited the well-known flag-shaped cycles
(common behavior of SMAS). The cable recovered almost all of its deformations upon unloading,
when it was loaded up to 6.4% strain. In contrast, recorded residual strains at higher strain
amplitudes were approximately 0.2% only. This small amount of residual strain can also be
attributable to the friction between the wires in the cable. It is shown that the strength of the cable

decreased at those strain amplitudes, possibly because of the failure of individual wires at the

gripping region.
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Figure 3-3. Stress-strain curves for 1% cable for target strains of 2 to 9% at 0.05Hz

Figure 3-4 illustrates the stress-strain curve of the 1% cable with the strain-field maps obtained
at different loading levels using DIC. The strain rate was equal to 0.005% s during the loading
phase, and the maximum global strain was 5.4%. The specimen was unloaded back to zero stress
with a stress rate of -0.50 MPa s*. The global strain can be correlated to the strain field maps at
different levels of loading. However, the higher strains at the gripping regions can be observed
from the strain field maps. The increase in local strain along the gauge length was mostly uniform,

which indicates that the growth of martensitic phase proceeds homogenously at this loading rate.
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Figure 3-4. Stress-strain curve of 1% cable at 5.4% strain with corresponding DIC axial strain field
maps

Results from the tensile testing of the 2" cable are shown in Figure 3-5. Figure 3-5a shows
the stress-strain curves for three cycles for a specimen subjected to 5% strain. Since the cycles
were stable, only the second cycle of the loading cycles at different strain amplitudes is presented
in Figure 3-5b. It can be observed that the stress-strain curve of the cable exhibited a high positive
stress-strain slope over the transformation range. This indicates a non-uniform transformation
initiation in the individual wires of the cable. Nominal permanent deformations for cycles at
loading strains of 3% to 7% were observed. The residual strains for cycles at loading strains of
8%, 9%, and 10% were 0.20%, 0.52%, and 0.76%, respectively. A decrease at forward
transformation stress level and transformation plateau was observed at 7% strain. A similar

decrease in the stress levels was visible for cycles with 10% strain.
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Figure 3-5. Stress-stra(iar? curves for second cable: (a) three cycles at(ba) strain of 5%; and (b)
response at 3% to 10% strain

Results from the tensile testing of the NiTi SMA strand and the second cable are presented in
Figure 3-6a and b, respectively. The stress-strain curves of the cable illustrate a lower elastic
modulus, transformation, and peak stresses when compared to the strand configuration. The cable
exhibited a high positive stress-strain slope over the transformation range, while the strand had a
zero stress-strain slope. The low transformation stresses and high positive stress-strain indicate a
non-uniform transformation initiation in the individual wires of the cable. Reedlunn et al. reported
a similar behavior of cables with multi-layered strands [327]. This might be attributed to the fact
that multi-layering increases the length of wires at the outer-layers relative to the inner core. This
leads to a non-uniform strain distribution at the outer surface and the cross-sectional level (i.e. the
inner core will experience higher strains/stress compared to the outer-layers). The strand
configuration recovered the full strains, however, the cable minimal residual strains were observed
up to 0.2% strains. Even though the cable experienced low stresses at high strains, the force levels
were higher due to the number of wires used. The use of the cable provides a better flexibility in

the construction process as they do not require tedious arrangements or advance tools.
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Figure 3-6. Stress-strain curves for superelastic SMA (a) strands and (b) 2" cable subjected to a
target strains for 3%, 4%, 5%, 6%, and 7% strains

Figure 3-7a illustrates the stress-strain curves with strain contours captured at specific stages
by DIC for the 2" cycle of the second cable subjected to a 7% target strain. The colors in the DIC-
strain contours represent the local strain distribution using a linear color-coded spectrum ranging
from a -1 to 7% strain. The strain contours display a visible band that is known as Luders band,
which usually propagates to the loading grip [328]. The strain distribution is divided into three
regions, the first region is located near the fixed end, where the strains are constant at a minimal
level usually not exceeding 3% for the maximum loading strain. The second region is located near
the moving head with a homogenous tensile strain that is similar to the applied target strain. The
third region is located between the first and second regions. The third region “transitional region”
consists of a linear varying strain. In general, for SMA rods the transitional regions are constant
across the cross-section, while for the SMA cable, the bands are angled similar to the wrapping
angle. Figure 3-7b to e represent the strain contours at the 5th and 9th stage corresponding to the
maximum tensile stress and the residual strains for strains amplitudes of 3%, 4%, 5%, 6%, and
7%, respectively. The contours illustrate the propagation of strains for the various target strains at
the maximum tensile stress. The strain contours at the unloading stage display the localized

residual strains.
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Figure 3-7. (a) Stress-strain response of the 2" cycle of the second cable when subjected to 7%
target strain and strain contours at maximum tensile stress; and residual strains corresponding to
the 2" cycle of the cable subjected to (b) 3; (c) 4; (d) 5; (e) 6; and (f) 7% target strains
3.5 Strain Dependency

To enable the evaluation of the test results in a quantitative way, the energy dissipated per
cycle (Ep), the equivalent viscous damping ({eq), and the secant stiffness (Ks) are calculated. The
dissipated energy is calculated by computing the area between the loading and unloading force-

displacement curves. The equivalent viscous damping and secant stiffness are defined as:

- ®)
4 AnW
_ Fnax = Fmin (2)

s
dmax - dmin

where AW = energy dissipated per cycle (hysteresis area); W = maximum strain energy for the
same cycle calculated as the energy absorbed in a linear system that has the same maximum
displacement and force; and Fmax and Fmin = maximum and minimum forces attained for the
maximum and minimum cyclic displacements, dmax and dmin. Figure 3-8 provides the variation of
the dissipated energy, equivalent viscous damping, and secant stiffness with the strain amplitude
for the 1% cable tested at 0.05Hz. It is shown that the energy dissipated by the cable increases
rapidly with the increasing strain amplitude up to 7.2% strain. On the other hand, the energy
dissipated at 7.7%, increased only slightly. The equivalent viscous damping first increases, and
then gradually tends to its stable value but exhibits a slight decrease at the 7.7% strain. This can

be attributed to failure of some wires inside the cable at this strain level.
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Figure 3-8. Dissipated energy, equivalent viscous damping, and secant stiffness of 1% cable as a
function of strain amplitude
3.6 Strain Rate Dependency

In order to explore strain rate effects on the mechanical response of 1% cable, the tensile tests
were conducted at a target strain of 6% for loading frequencies of 0.05, 0.1, 0.5, 1.0, and 2.0Hz.
Figure 3-9a shows the hysteresis loop at each loading frequency. It can be observed that the
forward transformation stresses are approximately equal for all frequencies, while the reverse
transformation stresses increase at higher test frequencies. Figure 3-9b illustrates the variation of
the dissipated energy, equivalent viscous damping, and secant stiffness with loading frequency. It
is shown that the damping ratio reduces by approximately 13% in the range of 0.05-2 Hz. This
can be attributed to the decrease of the dissipated energy as a result of the increased reverse
transformation stresses at higher test frequencies. There is also a notable increase in the secant
stiffness with the increase in the loading frequency, especially when the loading frequency exceeds
0.5Hz.
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Figure 3-9. (a) stress-strain curves of the first cable tested under various loading frequencies; and
(b) Dissipated energy, equivalent viscous damping; and secant stiffness of the first cable as a
function of loading frequency
3.7 Functional Fatigue
3.7.1 Stress-Strain Response

Knowledge of material behavior under repeated loading conditions is essential for civil
engineering applications of SMAs. Figure 3-10a shows the evolution of stress-strain curves for
100 cycles to a maximum strain of approximately 6% of the first cable. It is shown that the response
of the first cable specimen, up to 100 cycles, represents the typical flag-shaped hysteresis.
However, the stress levels for both the forward and reverse transformation decrease with
increasing the number of loading cycles. The decrease in transformation stress is more pronounced
during forward transformation as compared to reverse transformation. Therefore, the area of the
hysteresis loop becomes smaller with the progression of cycles. Nevertheless, the change in

hysteresis loop is more significant in the early cycles and the hysteresis loop tends to stabilize as
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the number of cycles increases. This is shown more clearly in Figure 3-10b and ¢, which show the
stress-strain curves for the first ten cycles and cycles 41-50, respectively. Because of the
accumulated residual strains, the hysteresis loops of SMA cable shift to the right with the increase
of the number of cycles in Figure 3-10a. The evolution of residual strain versus number of cycles
is given in Figure 3-10d. The maximum residual strain of the SMA cable subjected to 100 loading-
unloading cycles is approximately 1.1%. It can be observed that the increment of the residual strain
progressively reduces during cyclical loading. This might be attributed to the accumulation of the
permanent localized deformations in the early cycles and their disappearance in the later cycles.
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Figure 3-10. (a) 3D plot of stress-strain curves of the first cable subjected to 100 cycles for every
10" cycle; stress-strain curves of first cable for (b) 1% to 10" cycle; (c) 41% to 50™ cycle, and (d)
evolution of residual strain as a function of number of cycles
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The hysteretic response of 2" cable subjected to cyclic loading at different strain amplitudes
is presented. For fatigue testing at each strain amplitude, stress-strain curves were plotted at the
1%, 5™ 10™ 50" and 100" cycles for the first 100 cycles. For the following cycles, the stress-strain
curves of every 250" cycle were presented. Figure 3-11 illustrates the cyclic response of the 2"
cable subjected to 3% strain. It can be seen that both the forward and reverse transformation stress
levels decreased with the increase of the number of loading cycles. However, the rate of decrease
in reverse transformation stresses was smaller than that of forward transformation. Therefore, the
area of hysteresis loop decreased. The response was stable at higher loading cycles, especially after

the first 500" cycles.
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Figure 3-11. Second cable stress-strain response at 3% strain for 2500 loading cycles

The stress-strain curves for the second cable subjected to 4% strain are shown in Figure 3-12.
The decrease in the transformation stresses was more pronounced in the first 50 cycles. Between
the 100" cycle and 2250™ cycle, there was no significant change in the hysteretic response. After
the 2500 cycle, the transformation stresses were not visible and the flag-shaped response
vanished. The decrease in stress levels was obvious until the 3500" cycle; after which the stress-

strain curves were stable up to the 5000™ cycle.
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Figure 3-12. Second cable stress-strain response at 4% strain for 5000 loading cycles

Figure 3-13 illustrates the hysteresis loops of the second cable with a strain of 5%. The results
of the first 100 cycles were similar to those observed for the specimen tested at 4%. After the 100"
cycle, a relatively stable behavior was observed up to the 1750" cycle as opposed to the stable
behavior observed until 2250 cycle for the tests at 4% strain. After the 1750 cycle, the

degradation in the hysteresis continued and the stress levels decreased until the 5000" cycle.
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Figure 3-13. Second cable stress-strain response at 5% strain for 5000 loading cycles

The stress-strain curves of the second cable subjected to a strain of 6% for 2500 loading cycles
are presented in Figure 3-14. It is deduced that the decrease in the forward transformation stresses
was more rapid as compared to the response at lower strain amplitudes. Hysteresis loops
considerably narrowed in the first 100 cycles. The stress-strain curves were stable after 250th
cycle, with an almost complete stable response between the 1000" cycle and 2000™ cycle. The
forward transformation stress level decreased again at the loading cycles of 2250 and especially at
the 2500 cycle.
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Figure 3-14. Second cable stress-strain response at 6% strain for 2500 loading cycles

The evolution of the stress-strain response of the SMA cable subjected to a 7% strain is shown
in Figure 3-15 for 5000 loading-unloading cycles. For this strain amplitude, the degradation in
hysteretic response continued with the increase of the number of loading cycle without any stable
response range. The flag-shaped hysteresis can be observed only up to the 1250 cycle. After the
3500™ cycle, a rapid decrease in the tensile stress was observed with almost a complete loss of

load carrying capacity after 4000™" cycles.
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Figure 3-15. Second cable stress-strain response at 7% strain for 5000 loading cycles
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3.7.2 Maximum Tensile Stress

The variation in maximum tensile stress of the second cable during fatigue testing at different
strain amplitudes for 2500 loading cycles is presented in Figure 3-16a. As expected, the cable
reached higher tensile strengths with the increase of the strain amplitude in the initial cycles. For
all strain amplitudes, the maximum tensile stress experienced a relatively high drop in the first 100
cycles. The variation in the maximum stress after the initial 100 cycles exhibited different
characteristics depending on the strain amplitude. At loading strains of 3% and 4%, there was a
very slow degradation in the tensile stress and almost a stable maximum tensile stress was observed
up to 2500 cycles. Cycles with 5% strain also exhibited a stable tensile stress, but only up to the
1500™ cycle; after which a continuous reduction in the maximum tensile stress was noted. At a
loading strain of 6%, the decrease in the maximum tensile stress continued during the first 1000
cycles and then a stable tensile stress was observed. The maximum tensile stress was observed at
loading strain of 6% and then dropped below the one observed at a loading strain of 5% at about
the 300" cycle; indicating a higher degradation rate in the tensile stress for a 6% loading strain.
When the cable was cycled at 7% strain, an approximately linear degradation in tensile stress was
observed after the first 100 cycles. However, around the 1300" loading cycle, a small drop in
tensile stress was noted, which might be attributed to a rupture of a single wire. In addition, around
the same loading cycle, the maximum stress became lower than that of the 5% strain loading
cycles. A fitted model in the form of the following equation is developed to describe the variation

in the maximum tensile stress with the number of loading cycles at each strain amplitude:
OMax = A X Ngycles 3)
The coefficients a and b of equation (3) are given in Table 3-2 together with the R-square (R?)
and root mean squared errors (RMSE) of the models. As can be noted from Figure 3-16a, the fitted

models can adequately predict the actual data except 5% and 7% loading amplitude, where the
models exhibit an RMSE of 12.42 and 27.50 MPa, respectively.
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Table 3-2. Coefficients and statistical parameters of the fitted model for maximum stress

Strain (%) a b R? RMSE (MPa)
3 240.5 -0.0565 0.928 2.755
4 2354 -0.0246 0.726 3.069
5 399 -0.0498 0.596 12.42
6 450.5 -0.0799 0.945 5.538
7 671.9 -0.119 0.706 27.5

Figure 3-16b illustrates the evolution curves of the maximum tensile stress for loading cycles
between 2500 and 5000 for SMA cables cycled at loading strains of 4%, 5%, and 7%. It can be
seen that all specimens experienced a continued degradation in the maximum tensile stress after
the 2500 cycle. The reduction rate of tensile stress was the least at 4% loading strain. At the end
of the 5000™ cycle, the specimen tested at 4% strain reached a maximum of 125 MPa tensile stress,
which is about 52% of the maximum stress observed in the first cycle. At a loading strain of 5%,
a linear decrease in the tensile strength was observed for all cycles between 2500 and 5000. The
maximum tensile stress at the end of the 5000" loading cycle was 110 MPa, indicating a 69%
reduction when compared to the initial tensile stress of 350 MPa. For the specimen tested at 7%
strain, the rate of decrease in the tensile stress was similar to that of the specimen cycled at 6%
strain for the cycles between 2500 and 3650. After which, a sudden and significant drop in the
maximum tensile stress was detected up to 4200™ cycle. This was due to the fracture of wires in
the inner core and the first outer layer of the cable. At the end of the 4200™ cycle, the wires of the

outer layer of the cable were the only component that did not fracture.
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Figure 3-16. Evolution of maximum tensile stress versus cycle number during cyclic tests for 2"
cable at different strain amplitude: (a) cycles 1 to 2500; and (b) cycles 2500 to 5000
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3.7.3 Residual Strain

Figure 3-17a illustrates the evolution of the residual strain for the 2500 loading and unloading
cycles under loading strains of 3% to 7%. During the first 100 cycles of cyclic tension at different
strain amplitudes, the maximum residual strain was in the range of 0.2% to 0.4%. At 3% loading
strain, the rate of the residual strain accumulation was very slow, and the peak residual strain at
cycle 2500 was 0.89%. The stable values of residual strains were also observed for cyclic tension
under 4% and 5% strain amplitudes. The accumulation of residual strain started at cycle 2000 for
a loading strain of 4% and at cycle 1674 for loading strain of 5%. The peak residual strains were
1.16% and 1.43% for loading strains of 4% and 5%, respectively, at the end of the 2500%" cycle. In
addition, it was observed that the residual strains for 5% strain loading was slightly lower than that
of the 4% strain loading during the first 1750 cycles. A gradual increase in the residual strain was
observed for the specimens cycled under 6% and 7% strain amplitudes up to 2500™ cycle.
However, at a strain loading of 7%, an abrupt increase in residual strains was observed at around
1300™ cycle. This might be attributed to the failure of some wires within the cable since there was
also a decrease in the maximum tensile strain as shown in Figure 3-16a. During the first 1350
cycles, a lower residual strain was encountered in the specimen tested at 7% strain as compared to
that cycled at 6%. The residual strains reached 2.63% and 3.01% at the 2500™ cycle for the

specimens tested at 6% and 7% strain amplitudes, respectively.
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The variations in residual strains between cycles 2500 and 5000 for the specimens with
loading strains of 4%, 5% and 7% are illustrated in Figure 3-17b. The specimens cycled under 4%
and 5% strains possessed about the same residual strains after 3500 loading cycles and exhibited
almost stable residual strains until the end of the 5000" cycle with peak residual strains of 1.90%
and 2.20%, respectively. The specimen subjected to cyclic loading under 7% strain showed a slow
rate of increase in residual strain from 3.00% at cycle 2500 to 3.30% at cycle 3650. After cycle
3650, there was a rapid increase in the residual strain due to the failure of the inner core as well as

the first outer layer. The residual strains reached 5.70% at cycle 4700 and 6.2% by the end of the
5000" cycle.
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Figure 3-17. Evolution of residual strain versus cycle number during cyclic tests for the 2" cable
at different amplitudes: (a) cycles 1 to 2500; and (b) cycles 2500 to 5000
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3.7.4 Energy Dissipation

Figure 3-18 shows the evolution of the dissipated energy (Ep) and the equivalent viscous
damping ratio ({eq) as a function of loading cycle up to 2500 cycles for different values of
maximum strain. A rapid decrease in both the dissipated energy and the equivalent viscous
damping ratio occurred during the first 50 cycles for all loading strain amplitudes. This decrease
continued after cycle 50, especially for cases with higher strain amplitudes, however, the dissipated
energy and (eq reached stable values with the progression of loading cycles. At loading strains of
3%, 4%, and 5%, the stabilized values of dissipated energy were around 42%, 48% and, 30% of
the values of the first cycle. The corresponding equivalent viscous damping ratios at the same
strain amplitudes were 54%, 59%, and 51% for the first loading cycle, respectively. The dissipated
energy was mostly constant between cycles 1300 and 2500 for loading strain of 6% and between
cycles 600 and 1300 for loading strain of 7%, but then slightly decreased until cycle 2500. To
relate the variation in the dissipated energy and equivalent viscous damping to the number of

loading cycle, non-linear regression models are developed based on the following equation:
(4)

The coefficients of the models for each loading amplitude are given in Table 3-3. To assess the

y=axxP+c

goodness-of-fit of each model, the R-square for each model is also given. The fitted models for
the dissipated energy and equivalent viscous damping are illustrated in Figure 3-18a and b,
respectively. The largest model error is observed at 5% loading amplitude for the dissipated energy
and at 7% loading amplitude for the equivalent viscous damping. However, the developed models

follow the data almost exactly at all other strain amplitudes.

Table 3-3. Coefficients and R-square of the fitted model for energy dissipation and equivalent
viscous damping for the second cable

Strain (%) apg bpg CpE R Agyp bgyp CEvD Rivp
3 1024 -0.0711 -363.3 0.987 2.949 -0.103 -0.0019 0.963
4 1353  -0.0757 -96.19  0.987 2948 -0.0821 0.491 0.988
5 1806 -0.0105 -15500 0.933 2.677 -0.178 1.351 0.981
6 3382 -0.209 301 0.997 2.938 -0.331 1.483 0.982
7 6146 -0.106  -1680 0.969 3.678 -0.356 1.111 0.870
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Figure 3-18. Evolution of (a) dissipated energy; and (b) equivalent viscous damping ratio during
cyclic tests at different strain amplitudes up to cycle 2500

To better visualize the effect of cyclic loading at various strain amplitudes on energy

parameters, surface plots are illustrated in Figure 3-19. It can be seen that for the earlier stage of

the loading cycles, the dissipated energy rapidly increased with the increase of strain amplitude,

while the {eq exhibited an initial increase and then approached a constant value. However, at the

later stage of the loading cycles, both the dissipated energy and (eq attained their peak value at
about 5% loading strain.
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Figure 3-19. Surface plots illustrating the variation of (a) dissipated energy; and (b) equivalent

viscous damping ratio with number of loading cycle and loading strain amplitude for the second
cable
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The variations in energy parameters with number of loading cycles for specimens tested under
4%, 5%, and 7% strain amplitudes for cycles between 2500 and 5000 are shown in Figure 3-20.
All specimens displayed a continuous reduction in the dissipated energy after the 2500"" cycle. The
rate of the reduction was the least for the loading strain of 4% and was almost the same for loading
strains of 5% and 7%. A sudden decrease in the energy dissipation at around the 3650 cycle for
7% loading strain was noted due to the failure of most of the individual wires of the cable as
discussed earlier. On the other hand, the {¢q sShowed a linear decrease between cycles 2500 and
3650 for 7% loading strain. This is due to a higher decrease observed in the maximum tensile
stress, i.e. in the maximum elastic energy, at that loading strain amplitude. For 4% loading strain,
the (eq gradually decreased and reached 1.4% at cycle 5000. The initially decreased for 5% loading
strain and remained stable at a value of about 1.5% between cycles 3200 and 4100, and then
increased up to 2% by the end of the 5000™ cycle.
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Figure 3-20. Evolution of (a) dissipated energy; and (b) equivalent viscous damping ratio during
cyclic tests at different strain amplitudes between cycles 2500 and 5000 for the second cable
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3.8 SEM analysis

The fracture surfaces of the second cable tested under 7% strain were characterized through
SEM imaging. Figure 3-21a illustrates an SEM micrograph of the inner core and first outer layer
zoomed at 30X. Figure 3-21b and ¢ show the topographic and secondary images for a single wire
zoomed at 255X. In Figure 3-21c, an indentation at the longitudinal surface, which is marked in
the image as local surface stress, was observed. The main reason for this type of surface
indentations is the twisting effect since each wire rubs the surfaces as the cable elongates. The
images also clearly distinguish the fatigue and fracture surfaces that are characterized with
different morphologies. It is noted that the fatigue region with striations of shear lines is small as
compared to the fracture region characterized with a dimpled morphology as shown in Figure
3-21d.

Figure 3-21e illustrates a topographic imaging of another single wire zoomed at 300X. Similar
to the previous images, the three regions, fatigue, ductile fracture, and local surface stress are
visible. However, the fatigue region has an inclined surface; indicating that the material had a
crack growth at an angled position. Moreover, the fracture region possesses a relatively flat
surface. This indicates that a change in the angle of crack growth occurred at the same time of the
fracture occurrence. Figure 3-21f and g display a secondary imaging of the wire zoomed at 700X
and 5000X. The fatigue bands, which are of an average width of 0.30um, are clearly identified in
Figure 3-21g. Figure 3-21h illustrates a secondary imaging of a third wire zoomed at 30X, with a
size indicator for the fatigue region. Figure 3-21i represents a zoomed image of the crack initiation

region for this wire. It is noticeable that the fatigue region initiated from an inclusion.
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Figure 3-21. SEM images for the second cable: (a) inner core and first outer layer zoomed at 30X;
(b) topographic imaging of the first wire zoomed at 255X; (c) secondary imaging of the first wire
zoomed at 255X; (d) ductile fracture region of first wire zoomed at 2500X; (e) topographic
imaging of the second wire zoomed at 300X; (f) fatigue region of the second wire zoomed at 700X;
(9) secondary imaging of fatigue region zoomed at 5000X; (h) topographic imaging of the third
wire zoomed at 300X; and (i) crack initiation due to an inclusion for the third wire zoomed at
5000X
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3.9 Thermal Response

Figure 3-22 shows the variation of temperature along the length of the first cable during
loading and unloading. Because the exothermic responses are generated during loading and the
endothermic responses are generated during unloading by the stress-induced phase
transformations, the temperature of the cable increases during forward-phase transformations and
decreases during reverse-phase transformations. The uniform temperature distributions on the
surface of the cable confirm the homogeneity of martensite development. In addition, the heat

emission and absorption are observed to be symmetric during forward- and reverse-phase
transformations.
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Figure 3-22. Typical temperature variation for the first cable subjected to a cyclic loading at a
strain amplitude 5.4%

Figure 3-23 shows the temperature increase in the first cable specimen as a function of strain
amplitude. Thermal contours of the specimen at the end of the loading curve, which illustrate the
maximum temperature, are also included in the plot for different strain amplitudes. It is shown that
the surface temperature of the cable increases because of the delayed heat release during forward
phase transformation with the increase strain amplitude.
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Figure 3-23. Maximum temperature profile of the first cable as a function of strain amplitude

High loading frequencies do not allow the material to transfer delayed heat to the environment.

As a result, the temperature of the material changes and this, in turn, alters the transformation

stresses. To better describe this effect, the temperature distributions at the specimen’s surface along

the length of the cable at three loading frequencies 0.05, 0.1 and 0.5 Hz are provided in Figure

3-24a-c, respectively. At higher loading rates, the latent heat released during loading did not have

enough time to transfer out completely, leading to a higher and more non-uniform temperature rise

at the start of unloading. Therefore, the reverse transformation stresses increase with the increase

of the loading rate.
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Figure 3-24. Variation of temperature morphology along the length of the first cable at (a) 0.05Hz;
(b) 0.1Hz; and (c) 0.5Hz cyclic loading
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In the second phase, Due to the small diameter of the strand and the nominal changes in the
temperature profile with the changes of the applied strain, thermal cameras may not provide
accurate thermal images that would allow for conclusive results. However, the NiTi SMA second
cable is composed of multiple wires and hence has a larger diameter, which would allow for the
generation of a visible change in the temperature profile with the applied strains/stress. Figure 3-25
displays the variations in the full-field temperature profile. During the loading stage, and due to
the forward phase transformation from austenite to martensite (an exothermic reaction), the mean
temperature of the cable increases. On the other hand, during the unloading stage, the reverse phase
transformation from martensite to austenite (an endothermic reaction) is observed, and the mean
temperature of the cable decreases. The thermal profile at the end of the loading curve, which
corresponds to the maximum temperature, is represented by point F in Figure 3-25 for all strain
amplitudes. The thermal contours illustrate that the SMA surface temperature increases with the
increase of strain amplitudes due to the release of latent heat during the forward phase
transformation.

This is evident based on the temperature changes that are observed in the temperature profile.
During the loading phase from zero stress (point A) to the start of the forward transformation (i.e.
point D for strain amplitudes of 3% and 4%, and point C for strain amplitudes ranging from 4% to
7%), the temperature change is very limited. On the other hand, the increase in the temperature
was mostly observed during the phase transformation (i.e. from the start of forward transformation
to the end of the loading protocol/maximum applied strain). Also, the temperature reduction was
mostly observed within the unloading protocol and during the reverse phase transformation (i.e.
maximum applied strain to the end of the reverse transformation that is represented by point I for
strain amplitudes of 3% and 4%, and point J for strain amplitudes ranging from 4% to 7%). Beyond
the end of reverse transformation and to the zero stress position, the temperature approximately
returns to room temperature (22°C) except for the strain amplitude of 7%. After the unloading of
the 1% cycle for the specimen subjected to 7% strain amplitude, the temperature returns to 23°C.
This can be attributed to the excessive loading of the cable.

In general, the SMA second cable had a uniform temperature distribution on the surface,
which may reflect the homogeneity of starting the phase transformation, i.e., the phase
transformation is occurring at all components on the surface of the cable. This was fully observed
for specimens with target strains of 3% and 4%. Limited non-uniformities that occurred at 5%
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strain amplitudes. For the specimen with 6% and 7% strain amplitudes, the temperature profile
was irregular, which indicates that the phase transformation at large strains occurred at different
stages due to the different lengths of wires and geometrical irregularities of the multi-layered strand
composition of the cable.
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Figure 3-25. Temperature variations of the second cable for the 1% cycle with the corresponding
full-field temperature profile for strain amplitudes of (a) 3%, (b) 4%, (c) 5%, (d) 6% and 7% strains
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The temperature corresponding to the applied strain and the maximum recorded stress for each
test of the second cable are illustrated in Figure 3-26a and b, respectively. A linear equation was
used to fit the data. The linear equation corresponding to the temperature-strain is given as: € =
0.82 x AT + 1.247, with a r-square of 0.97. The equation indicates that a temperature change will
not occur or detected for applied strain lower than 1.25%. The equation for the temperature-stress
correlation is expressed as: ¢ = 45.3 X AT + 111.6 and has r-square of 0.91. This correlation

indicates that a temperature change will not take place for stresses less than 112MPa.
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Figure 3-26. Correlatié?l)of (a) applied strain, and (b) maximum tensilt(ebgtress response with the
temperature change for the second SMA cable

Figure 3-27a displays the evolution of the temperature for the second cable specimen
subjected to a 3% target strain. It represents the changes of the temperature under the condition of
cyclic loading. The upper limit of the temperature evolution corresponds to the maximum
strain/stress applied, while the lower limit corresponds to the zero-stress after the end of each cycle.
In the first 100 loading cycles, it is observed that the mean temperature of the cable increases until
reaching a stable temperature. Zhang et al. have reported a similar phenomenon for a wire with a
1 mm diameter that was subjected to 20 loading cycles [329]. Post the stability of the mean
temperature, the upper limit decreases and the lower limit increases (i.e. the change in temperature
between the zero-stress state and maximum applied strain/stress decreases).

Figure 3-27b illustrates the change in temperature between the zero-stress state and maximum
applied strain for all loading cycles of specimens subjected to target strains ranging from 3% to

7%. The decrease in the change of temperature followed the same pattern of the increase of the
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residual strains, revealing a possibility of a direct correlation between the decrease in temperature
change and the increase of residual strains. This is apparent with the specimen subjected to 7%
target strains, especially that a nearly stable change in temperature was visible from the 10" cycle
to the 2500 cycle. Post the 2500 cycle to the 4000™ cycle, the change of temperature was
decreased in a linear fashion, which is similar to the increase of residual strains during the same
period. This also indicates possible ruptures in single wires. Post the 4000™ cycle, the change in
the temperature dropped to zero, which also corresponded to a sudden increase in residual strain
as displayed in Figure 3-17. This indicates that the inner core of the second cable has completely

ruptured.
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Figure 3-27. (a) Temperature evolution during the cycling loading of the second cable specimen
with a 3% target strain, and (b) change in temperature with the number of cycles

3.10 Electrical Resistivity
Figure 3-28a illustrates the normalized change in resistance during the 1% cycle of the strand

and the second cable subjected to 7% target strain. It represents the profile of normalized change
in resistance for the other target strains. No correlation between the applied strain and the recorded
change in resistance of the cable is observed. The resistance of the cable increases up to a certain
point (in this case, it is up to 0.2 of the cycle) after which the resistance decreases to a stable plateau
from 0.4 to 0.6 of the cycle. Beyond 0.6 of the cycle (i.e. in the unloading portion of the cycle
protocol), the resistance increases until reaching 0.7 of the cycle, after which it decreases. The
irregular shape of the change of resistance represents the global change in resistance of the cable.
Its irregularity is due to the non-uniform strain distribution of the wires in the cable that is due to

the various lengths of the wires and multi-layering structure of the cable.
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However, for the typical strand configuration (1 x 7), the change in resistance profile can be
correlated to the loading and unloading protocols. The resistance increases with the increase of the
strains and decreases with the reduction of the applied strains. A direct correlation is achieved due
to uniform length used for the assembling of the strand and the uniform distribution of the applied
strains over the cross-sectional area of strand.

Figure 3-28b illustrates the recorded changes in resistance with the applied strains for all cable
specimens subjected to target strains ranging from 3% to 7% strains. The scattered points show a
direct correlation between the change of resistance and the applied strains. The data was fitted to
obtain a prediction of the change of resistance with the applied strain and is given by the following
equation: AR = 0.06038 x & + 0.01858 with r-square value of 0.95. The stress-strain and stress-
resistance response of the strand subject to a target strain of 6% are illustrated in Figure 3-28c and
d, respectively. It is interesting to observe that due to the direct correlation between the change in
resistance with applied strain, the typical flag shape is conserved even when the stress is plotted
against the recorded change in strain. This consolidates the understanding that the change in

resistance is directly correlated to the applied strain.
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Figure 3-28. (a) Normalized change in resistance of both strand and the 2" cable subjected to 6%
target strain, (b) Scatter plot of change in resistance with the applied strain, (c) stress-strain curve
of the strain subjected to 6% target strain, and (d) stress-resistance curve of the strand subjected to
6% target strain
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3.11 Fabrication of a SMA Cable-based Control Device

Based on the previous discussions on the tensile characterization and functional fatigue of
superelastic NiTi cables, it was concluded that SMA cables possess good energy dissipation and
high tensile strength associated with low manufacturing cost. This has led to the manufacturing
and experimental investigation of superelastic viscous damper (SVD) that was proposed and
numerically investigated by Silwal et al. [57]. The proposed SVD is a hybrid device that consists
of superelastic cables and high damping butyl elastomers. The elastomer compound would provide
the energy dissipation required, while the superelastic cable will provide the re-centering
capabilities. Figure 3-29a-c, illustrate the force-displacement behavior of the superelastic SMA,

the shear behavior of the elastomer, and the expected behavior of the SVD, respectively.

300 300 300
3 150 z 150 z 150 W
3 g % 2 0
5 =100 100 2 100 B =100 100
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-300 -300 -300
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Figure 3-29. Force-displacement curves of the sub-components (a) SMA, and (b) elastomer
compound, and (c) the hybrid behavior (superelastic viscous damper)®’

Figure 3-30a and b, represent a 3D rendering of the proposed SVD and a schematic diagram
of SVD at its un-deformed and deformed positions, respectively. The SVD consisted of elastomer
compounds placed in-between three steel plates. The SMA cable was wrapped around the top and
bottom steel plates. The top and bottom steel plates were fixed, while the middle plate is allowed

to move, and will always apply a tensile force on the SMA cable.
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() (b)
Figure 3-30. (a) 3D rendering of SVD, and (b) schematic drawing at its un-deformed and deformed
positions®’

A prototype SVD was designed based on the cable cross-section area, tensile behavior of the
SMA cable, and the shear behavior of the elastomer compound. The cable for the SVD had a 7 x
7 configuration with each individual wire consisting of a diameter of 0.267 mm and a total diameter
of 2.40 mm. Special considerations were made to limit the maximum strains applied to the cable
to be around 7%, as the cables can handle large strains without an immediate failure. Even though,
the elastomer compound can reach 300% of shear strains, the thickness of the elastomer compound
was calculated based on a maximum 200% of shear strains for the maximum displacement capacity
which was set to 100 mm.

The manufacturing of the SVD consisted of several stages to assemble the multiple
components. The first stage included the bonding of the elastomer compound to steel plates at the
bottom and top face of the elastomer, using the 3M DP190 epoxy. The epoxy was applied to the
bottom steel plate, and the elastomer was then placed. Another layer of the epoxy was add to the
top of the elastomer and the top steel plate was placed. A small compressive force was applied to
eliminate any excessive epoxy that might affect the viscoelastic properties of the elastomer
component. Figure 3-31a and b display the dimensions of a single elastomer pad bonded to the

steel plates and the location of bolt holes in the steel plates, respectively.
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Figure 3-31. (a) Side view of the elastomer with steel plates, and (b) top view section of the
elastomer with the bolt holes location of the steel plates

The second stage included the attachment of delrin rod to the middle, top and bottom steel
plates. In general, the delrin rods are required to have a smooth contact and low friction between
the steel plate and SMA cable. The top steel plates had two sets of delrin rods. The first set had a
radius of 22 mm and was attached on the top side of the steel plate. This set is necessary to increase
the total height of the damper, which increases the length of the loops of the SMA cables, that
results in limiting the maximum strains which corresponds to the maximum displacement capacity.
The second set of rods had a radius of 8 mm which was attached to the left and right sides of the
steel plate. The bottom steel plate had a similar configuration to that of the top plate. The middle
plate had a set of rods similar to the second set of delrin rods of the top and bottom steel plates.
Figure 3-32a and b display a schematic diagram for the side view of the top and middle steel plates
with the delrin rods. The third stage involved the attachment of the elastomers to the top, middle
and bottom steel plates. The fourth stage included the wrapping of the SMA cable around the
damper. Figure 3-32c illustrates the final product from a side view.
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Figure 3-32. Schematic drawing for (a) top steel plates, (b) middle steel plates with delrin rods,
and (c) the complete assembly of the superelastic viscous damper

The superelastic viscous damper was subjected to three cycles with various loading
frequencies ranging from 0.1Hz to 2.0Hz, and displacement amplitudes ranging from +£12.7 mm
to £101.6 mm. The displacement amplitude of 12.7 mm corresponds to 3.0% tensile strains in the
cable and 25% shear strains in the elastomer compound. While the displacement of 101.6 mm
corresponds to 7.0% tensile strains in the cable and 200% shear strains in the elastomer
compounds. Low and high speed cameras were used to monitor the full-field strains and
displacement in the SMA cable and elastomer compounds. Furthermore, a thermal camera FLIR
A615 was used to monitor the full temperature profile change in the viscoelastic and SMA cable.
Figure 3-33a displays the test setup for the superelastic viscous damper with low- and high-speed

camera and thermal camera FLIR A615.
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During the testing of the superelastic viscous damper under a loading frequency of 0.1Hz and
strain amplitudes of +12.7 mm, +25.4 mm, and +50.8 mm, multiple undesired behaviors were
observed after which the testing protocol was suspended. The major concern was related to the
bond between the elastomer compound and steel plates, and its failure was due to the excessive
shear displacement. By the end of the 3" cycle with a strain amplitude of £50.8 mm, it was obvious
that the rubber was de-bonding from the steel plates and a failure in the epoxy was observed.
Another alarming concern was the bending of the top and bottom plates at the free end which may
have led to weakening the bond between the elastomer compound and steel plates as well as
reducing the strains experienced by the SMA cable. Also minor displacement at the fixed end was
observed which indicated the need for strengthening the fixed support.

Figure 3-33b displays the force-displacement response obtained for the 1t cycle with a loading
frequency of 0.1Hz and displacement amplitudes of +12.7 mm, £25.4 mm, and £50.8 mm. A good
hysteretic response was obtained from the testing of the device but the bond between rubber and

steel plate needs to be improved to fully characterize the response of the damper in future work.
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Figure 3-33. (a) Test setup of the superelastic viscous damper including low-, high-speed cameras
and thermal camera FLIR A615, and (b) Test results for displacement amplitudes of £12.7 mm,
+25.4 mm, and £50.8 mm at a loading frequency of 0.1Hz

3.12 Summary
In the first part of this section, uniaxial tensile behavior of a large diameter SMA cable was

investigated. Experimental tests were conducted at various strain amplitudes and loading
frequencies. The results indicated that SMA cables can undergo deformations of up to 6% strain

with no residual deformation. The low-cycle fatigue response of the cable was investigated. In
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general, the hysteresis loops narrows and residual strains are accumulated with the increasing
number of loading cycles. The influence of number of loading cycles on the behavior of the SMA
cable were more apparent in early cycles and tends to diminish, especially after the first 40 cycles.
In addition, the increasing loading rates result in an upward shift in the reverse transformation
stress levels although they do not considerably alter the forward transformation levels. As a result,
a decrease in the amount of energy dissipated per cycle occurs when the SMA cable is loaded at
higher rates.

Second, the tensile response and the functional fatigue characteristics of a non-conventional
superelastic NiTi cable was explored. The cable specimen were subjected to cyclic tensile loads
for a minimum of 2500 loading and unloading cycles under various loading strain amplitudes.
Next, the thermal and electrical response of the SMA cable subjected to fatigue loading was
investigated. The findings of the functional fatigue tests can be summarized as follows:

e The results of the tensile tests confirmed that the SMA cables exhibit superelastic behavior
with no or minimal residual deformations up to 6% strain and a maximum of a 0.76%
residual strain for a strain of 10%.

e A high positive stress-strain slope over forward transformation range was observed, which
might be due to a non-uniform transformation initiation in the individual wires of the cable.

e Cyclic loading tests under different strain amplitudes revealed a very high functional
fatigue life for the NiTi cable. The influence of the number of loading cycles on the
superelastic properties of the SMA cable was more apparent for the first 100 cycles.

e The peak residual strain was only 0.8% by the end of the 2500th cycle for a loading strain
of 3%, while the specimens tested under loading strain of 4% and 5% exhibited residual
strains of 2% and 2.18%, respectively, by the end of the 5000th cycle.

e Under a loading strain of 6%, the stress-induced martensite transformations were still
apparent by the end of the 2500th cycle, while there was about 2.6% residual strain.

e The specimen subjected to 7% strain had a complete fracture of the inner core as well as
the first outer layer above cycle 3650, but showed a flag-shaped hysteresis until loading
cycle number 1250.

e In terms of energy dissipation, the cable exhibited the highest dissipated energy and
equivalent viscous damping ratio under 5% loading strain when a high number of loading

cycles was applied.
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SEM images taken from the cross-section of the cable failed under 7% strain fatigue
loading illustrated minor local stresses due to the configuration of the cables and re-
orientation of wires.

Thermal imaging can be used to monitor the strains and stresses experienced by cables due
to the exothermic and endothermic reactions that occur during the loading and unloading
protocols, respectively. However, thermal imaging may not be appropriate for small
diameter strands as they provide minimal latent heat during the phase transformation.
Thermal imaging can also be used to monitor the degradation of SMA cables in their
functionality (i.e. energy dissipation and residual strains), due to the correlation between
the decrease of temperature change, the decrease of energy dissipation, and the increase of
residual strains.

The global change in resistance of the multi-layered SMA cable is not effective in
determining the strain/stress state, due to the non-uniform strain distribution and phase
transformation along the cross-sectional area and the outer surface of the cable. However,
for a conventional strand with a 1 x 7 configuration can be used for self-sensing

application.

Finally, the fabrication of a SMA cable-based control device was discussed. An experimental

matrix was implemented to investigate the energy dissipation and re-centering capabilities of the

SMA cables under cyclic loadings. Even though the developed device showed promising response,

some modifications such as the enhancement of the bond between the steel plates and the rubber

compound need to be considered. Also, the bending of the top and bottom plates should be limited

to apply high strains on the SMA cables and achieve the re-centering capabilities.

This section illustrates that SMA cables exhibit excellent superelastic behavior similar to thin

SMA wires. Considering their very good mechanical properties and cost advantages over a same

size monolithic SMA bar, SMA cables can potentially accelerate the implementation of shape

memory materials in real-world structural applications.
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4 Fiber Reinforced Cementitious Composites

(Most of the discussions presented in this section were published in the following conference

and journal papers [330-332])

4.1 Overview

In this section, the behavior of mortar and concrete mixtures with randomly distributed
superelastic shape memory alloy (SMA) fibers was investigated. SMA-fiber reinforced mortar and
concrete with varying fiber volume fractions and fiber aspect ratio were investigated. The
performance of SMA fiber reinforced specimens were compared against those of control
specimens as well as hybrid fiber systems which included a combination of steel and SMA fibers
for concrete specimens. Flexural cyclic tests were conducted on both mortar and concrete beam
specimens. Digital image correlation systems were used to measure full-field deformations and
monitor the damage evolution on the surface of the specimens. Test results were analyzed in terms
of flexural strength capacity, deflection capacity, crack width as well as re-centering and crack
recovery ratios for each specimen. Furthermore, acoustic emission sensors were attached to the

mortar and concrete specimens to further characterize crack development.

4.2 SMA Fiber Reinforced Mortar
4.2.1 Material and Specimen Preparation

The mortar mixture design and specimen preparation were based on the ASTM C348:
Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars. A total of five different
mixtures, including plain mortar as a control mixture, were prepared as shown in Table 4-1.
Conventional Portland cement (ASTM Type I/1l based on ASTM D1193: Standard Specification
for Reagent Water) and a natural sand fine aggregate were used for all specimens. SMA strands
with a diameter of 0.351 mm were used as fibers in all SMA fiber reinforced mortar specimens.
Each strand consisted of seven NiTi wires with a diameter of 0.117 mm as shown in Figure 4-1.
The strand construction included one straight core wire and six outer helical wires. The chemical

composition of NiTi strands in atomic percentage is given in Table 4-2.
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Table 4-1. Mortar mix design

SMA Fiber .
Mixture Sand/Cement Water/Cement Volume Lil:]ﬂ'?r]':('rg?;) guggibne];rc::
Ratio (%) g P
1 (M-Control) 2.75 0.48 - - 3
2 (M-SMA-1) 2.75 0.48 0.30 20 3
3 (M-SMA-2) 2.75 0.48 0.30 30 3
4 (M-SMA-3) 2.75 0.48 0.50 30 3
5 (M-SMA-4) 2.75 0.48 1.00 30 3
— 0.351 mm
()
‘/f"\ff’*\]f"'\-\_)
.\\7/\\?/%_(
& (‘\_\v//\\g//
@ 0.117 mm =
Figure 4-1. Cross-sectional and longitudinal view of SMA fibers
Table 4-2. Chemical composition of NiTi strands in atomic percentage
C Cr Ni Ti Fe Cu Co O] Others
0.0272 | 0.0003 56.03 43.91 0.0087 | 0.0005 | 0.0005 | 0.0214 | 0.0014

Figure 4-2a shows the monotonic tensile behavior of SMA strands up to failure, while Figure
4-2b illustrates the response of SMA strands to a loading of up to 6% strain and subsequent
unloading. The NiTi strand had a tensile strength of 915MPa at 9.5% total elongation with an
austenite (initial) elastic modulus of 30.5GPa. The forward phase transformation stress was
encountered at 350MPa, while the reverse phase transformation stress was observed at 130 MPa.
The transformation temperatures were -20.9°C for As (austenite start) and -11.6°C for At (austenite
finish), ensuring a superelastic behavior at room temperature. Three different SMA fiber ratios,
namely 0.3%, 0.5% and 1.0% by volume of the mortar, were evaluated. Each SMA fiber had a
length of 30 mm and an aspect ratio of 86. To assess the effect of SMA fiber length on the
performance of the composite, an additional SMA fibers with a length of 20 mm and an aspect
ratio of 57 were used at 0.3% fiber volume ratio. Three prismatic specimens with dimensions of
40x40x160 mm were casted for each mixture. Three 50 mm cubic specimens were also prepared

for compressive testing of plain mortar mixture. The mixing procedure of the SMA fiber reinforced
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mortar consisted of weighing the required mortar material for each volume fraction and fiber
length. The cement, sand and water were mixed and then fibers was added to the mortar base and
mixed once again until the composite material achieved homogeneity. All samples were
consolidated using a vibrating table and covered with plastic and insulated inside styrofoam
containers for the first 24 hours. The samples were removed from the molds and cured inside a

moisture room at above 95% relative humidity and air temperature of 23 £ 1.5°C for 28 days.
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Figure 4-2. Stress-strain curve of SMA strand: (a) Monotonic response until failure; and (b)
Hysteresis loop for 6% strain
4.2.2 Test Plan and Setup

A three-point (central) loading cyclic bending test, configured in displacement-control, was
conducted to evaluate the performance of SMA fiber-reinforced mortar specimens. The clear span
length of the beam specimens was 135 mm. MTS loading frame with a capacity of 1000kN was
used for the flexural tests. The cyclic loading procedure, which included 13 cycles, utilized a zero
to peak loading regime with successive cycles incremented by 0.1 mm to a total displacement of
1.3 mm (Figure 3-7a). Both the loading and unloading rates were set to be 1.0 mm/min.

DIC was used during the experiments to monitor strain evolution and deformation fields. The
DIC system was also used to monitor crack propagation and crack width. To enable the DIC
measurements, the surface of specimens need to be textured with a random speckle pattern. In this
work, a single camera with 12 mm lens was used for 2D-DIC as there was no significant out-of-
plane movement. The camera resolution was 2448 x 2048 pixels with a CCD sensor that has a
format of 2/3in. The maximum frame rate for the camera was 15 frames per second. In addition to

the DIC measurements, a laser extensometer was used to monitor the specimen deflection on the
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tension side. The acoustic emissions of the specimens were monitored by attaching an acoustic
emission sensor at one end of the specimen. Figure 3-7b displays the test setup for the flexural

testing of mortar specimens.

157

—
T

Displacement (mm)
=
w

0

012 3 4586 7 8 9 10111213
Cycles

Figure 4-3. (a) Mortar cyclic displacement protocol; and (b) test setup for mortar testing

Acoustic emission (AE) is the generation of transient elastic waves that are caused by the
release of energy from localized sources within a specimen. Acoustic emissions testing can be
used as a non-destructive method to evaluate and monitor structural integrity of members [334-
337]. The acoustic waves within a material matrix can be detected by attaching one or more AE
sensors, made of piezoelectric material [338, 339]. The transducers record electric waveform
response caused by an energy release event in the system. The analysis of the waveforms properties
provides information about the crack propagation, density of cracks, and failure mechanism.

A typical AE signal with its properties is illustrated in Figure 4-4. In AE testing, a “threshold”
voltage level is set by the user to disregard the AE signals that are below a certain magnitude and
might be encountered due to noise generated by the surrounding environment. The maximum
voltage exhibited at the highest peak of the waveform is called an “Amplitude” of a signal. The
“Duration” represents the time span between the first and last threshold crossing in a signal. The
“Counts” or “Hits” refer to the number of times the signal have crossed the threshold level. The
time span that elapsed from the first count to the amplitude of the signal is known as the “Rise
Time (RT)”. Other important acoustic parameters include the “Average Frequency (AF)” and the
“Rise Amplitude (RA)”. The AF is computed as the number of counts (hits) divided by the duration

of the signal, whereas the RA is defined as the ratio of rise time to amplitude.
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The scale of a crack depends on the energy emitted at the source and can be identified by the
amplitude of AE. Small strains (micro-cracking) emit waves of low energy and low amplitudes,
while a crack propagation generates a higher amount of energy and large amplitudes. The failure
mechanisms in cementitious material can be primarily described by two failure modes: tensile and
shear. A tensile mode is a motion perpendicular to the sides of each crack face, while the shear
mode is a motion parallel, but opposite in direction, at the crack face. A tensile mode of failure,
such as matrix cracking, has a high average frequency and a high rise angle (low rise amplitude).
On the other hand, a shear failure mode, such as delamination and fiber pull-out, would produce
signals with long durations, i.e., a low average frequency, low rise angle, and high rise amplitude
[340]. Figures 2(a) and (b) illustrate a typical acoustic signal for tensile mode (mode I) and shear

mode (mode I1), respectively.

I -
5| [RiseTime RT)= _pise ampiitude (RA) ® Counts (hits) EA _ e Counts (nits)
& > |- Rise Time (RT) :_‘;_\l’ie)AmP"tUde
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Figure 4-4. A typical AE signal for (a) tensile mode (mode I) and shear mode (mode I1)

The correlation between average frequency and rise amplitude can be used to identify cracking
and recovery mechanisms of the SMA fiber reinforced specimens; i.e. the failure type (shear or
tensile failure), and the recovery type (macro or micro-crack recovery). Figure 4-5 illustrates the
identification of the failure event using the average frequency and rise amplitude. Ohtsu et al.
recommended a crack classification technique based on the correlation between average frequency
and rise amplitude [341]. It was proposed that the type of cracking can be distinguished by
observing a borderline of a ratio of 50 (i.e. AF =50 x RA). Events that lie above the line represents
a tensile crack, and events that occur below the line represents a shear crack. The ratio of 50 is

recommended based on a moment tensor analysis performed by Ohno et al. [342]. Recently,
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Benard et al. conducted a study about the characterization of the crack in concrete structures using
AE and DIC techniques [343].

Average Frequency (kHz) >

-Rise A;nplitudé (psN)->
Figure 4-5. Identification of failure mode using acoustic emission parameters

4.2.3 Force-Displacement Curves

The force-displacement curves describe the response of the mortar specimens to cyclic loading
and provide basis for assessing the flexural behavior and re-centering capabilities. Figure 4-6
illustrates the cyclic force-displacement curves of the four SMA fiber reinforced mortar mixtures
as well as that of the control mortar. A representative specimen response is presented in Figure 4-6
for each mixture type, while the average and standard deviation results for the peak strength and
residual strength are given in Figure 4-7. In Figure 4-6, the plain mortar specimen (M-Control)

deflected elastically until the stress at the bottom of the beam reached its tensile strength capacity.

The tensile strength of the mortar can be calculated as 0.7\/E , Where £, is the compressive strength
of the mortar. The average compressive strength was 35 MPa for three tested cubic mortar
specimens, which yielded a tensile strength of 4.1 MPa for the mortar. The specimen failed during

7" loading cycle at a displacement of 0.10 mm and a peak load of 1.47 kN. The modulus of rupture

3PL
2bd?’

for a beam with center loading can be calculated as o, = where P is the applied load, L is the

span length, b and d are the width and depth of specimen, respectively. For the failure load of 1.47
kN, the modulus of rupture is calculated to be 4.6 MPa, which is higher than the tensile capacity

of the mortar.
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The SMA fiber reinforced mortar specimens exhibited post-cracking flexural strength, i.e.,
residual strength, indicating a ductile failure pattern. The residual strength observed in the
specimens with 0.3% of fiber volume ratio (M-SMA-1 and M-SMA-2) followed a deflection
softening behavior, i.e., is the residual strength had a lower ultimate peak force than the first-peak
force. The specimen with 0.3% of 20 mm long SMA fibers (M-SMA-1) attained its peak force of
1.58 kN during the 9" loading cycle at a displacement of 0.30 mm. The flexural strength of the
beam decreased significantly for the subsequent loading cycles due to cracking. After concrete
cracking, only SMA fibers carry the tensile loads at the bottom of the specimen. During subsequent
loading cycles, the load on the SMA fibers increased and SMA fibers exhibited superelastic
transformations, which produce re-centering and crack recovery effects as will be discussed later.
With further loading, the pull-out of the fiber occurred. The test was terminated after cycle 13.

Similarly, the ultimate strength for the specimen with 0.3% of 30 mm long SMA fibers (M-
SMA-2) was reached during the 8" loading cycle at a displacement of 0.53 mm and an ultimate
force of 1.72 kN. The residual strength of the M-SMA-2 specimen was 97% higher than that of
M-SMA-1 in the cycles following post-peak strength. The specimen with 0.5% of 30 mm long
SMA fibers (M-SMA-3) kept its ultimate strength level at almost the same level as the first peak
strength at the 12" cycle. The first-peak force for the M-SMA-3 specimen was 1.72kN that
occurred during the 8" loading cycle at a displacement of 0.53 mm. M-SMA-3 exhibited an
ultimate strength at the 13" cycle of 1.75 kN. The specimens with 1.0% of 30-mm SMA fibers
(M-SMA-4) exhibited a deflection hardening behavior, i.e., displaying higher post-cracking
residual strength than the first-peak strength. The increase in residual strength as compared to the
first-peak strength was 26% on average for the three M-SMA-4 specimens. The loading procedure
consisted of a total of 13 cycles for all specimens but both the M-SMA-3 and M-SMA-4 reached
higher strength at subsequent loadings. All of the SMA-fiber reinforced specimens exhibited a
post-cracking residual strength with a minimum of 17% of its first-peak strength for the M-SMA-
1 specimens and a maximum of 126% of its first-peak strength for the M-SMA-4 specimens as

shown in Figure 4-6.
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Figure 4-6. Cyclic force-displacement curves for mortar specimens
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Figure 4-7. Average strength of mortar specimens (a) peak strength; and (b) residual strength
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4.2.4 Re-Centering Capabilities

The midspan displacement of the specimens was monitored during the cyclic tests. The
average deflections at the end of loading and unloading cycles for each mixture type are plotted in
Figure 4-8. Figure 4-8 also illustrates the re-centering ratio for each cycle, which is defined as:
Dinax — Dresiauar (5)

Dmax

where Dmax is the maximum displacement for each loading cycle and Dresiqual IS the residual

R =

displacement at the end of each loading cycle. It is observed that the SMA-fiber reinforced
specimens had a minimum of 26% recovery at the end of each cycle. After several initial elastic
cycles, residual deflections started to occur in the specimens. However, the SMA-fiber reinforced
specimens recovered most of their deformations occurred at a given loading cycle at large
displacement amplitudes. This can be attributed to the superelastic strains developed in the SMA
fibers. The M-SMA-2, M-SMA-3 and M-SMA-4 displayed approximately stable re-centering
capabilities after cycle 4; while for the M-SMA-1 specimens, the re-centering ratio gradually
decreased with the increase of the number of cycles. That might be due to the shorter SMA fiber
lengths in M-SMA-1 specimens, which may have induced large unrecoverable strains in the SMA

fibers at larger deformation levels.
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Figure 4-8. Mid-span displacement history and recovery ratio for mortar specimens
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The re-centering capabilities of SMA fiber reinforced mortars are presented in Figure 4-9. It
shows the force-displacement curves for the last two loading cycles (cycles 12 and 13) for the
SMA fiber reinforced mortar specimens with 0.5% (M-SMA-3) and 1% fiber (M-SMA-4) volume
ratios. It can be seen that the M-SMA-3 specimen recovered 0.42 mm and 0.50 mm deformations
for the last two cycles upon unloading. The residual displacement was only 0.05 mm for both
loading cycle. Similarly, the M-SMA-4 experienced 0.38 mm and 0.52 mm mid-span
displacements in the last two cycles and recovered most of these deformations (0.32 mm and 0.45

mm, respectively) upon unloading.
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Figure 4-9. Force-displacement curves for the last two cycles for (a) M-SMA-3; and (b) M-SMA-
4
4.25 Crack Recovery

DIC was used to monitor the strain evolution and crack width propagation in the mortar
specimens. Figure 4-10 illustrates the evolution of the longitudinal strain contours for the SMA
fiber reinforced mortar specimens at four stages of the test: (a) at the first crack, (b) at the peak
load, (c) at the peak load of the last loading cycle, and (d) at the end of the testing procedure (i.e.
after the unloading of the last cycle). It can be seen that the M-SMA-1 specimen experienced larger
and more widely distributed strains at each phase of the loading as compared to other SMA fiber

reinforced specimens. At the peak load of the last (13™) cycle (c), the strain distribution across the
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M-SMA-1 specimen was the highest, followed by the M-SMA-3, M-SMA-2, and M-SMA-4,

respectively.

M-SMA-1 M-SMA-2 M-SMA-3 M-SMA-4 Strain (%)
(a) | '
E | _‘ 6.00

1 11
© & 11 1 | (TN
© 11 | | TSN |
(d) r,q 7 J l J I!_ _! I-6.00

Figure 4-10. Full-field strain measurement of SMA fiber reinforced mortar with 2D-DIC (a) at
the first cracking; (b) at the peak load; (c) at the peak load of the 13" cycle; and (d) at the end of
the cyclic loading protocol

0.00

Figure 4-11 shows the average crack propagation history and crack recovery ratio (i.e. the
ratio of the crack width at the end of the cycle to the maximum crack width during the same cycle)
for various mortar mixture types. All specimens experienced one main crack. It can be seen that
no crack recovery occurred in the control mortar while the SMA-fiber reinforced mortar specimens
showed crack-closing capability at large displacement levels (i.e. after the 7th cycle). The largest
average crack width during overall cyclic procedure was observed for the M-SMA-3 specimens
with a value of 6.4 mm. However, the M-SMA-3 specimens showed about 30% crack recovery
and possessed a crack width of 4.7 mm at the end of last loading cycle. The largest average crack
width at the end of cyclic procedure was observed in the M-SMA-1 specimens, while the smallest
crack width was observed in the M-SMA-2 specimens. M-SMA-1 and M-SMA-2 specimens
experienced average crack widths of 5.2 mm and 3.3 mm, respectively at the end of 13th cycle.
The M-SMA-2 specimens also had the highest crack recovery percentage, with a maximum of
36% at the last cycle. When all cycles are considered, the M-SMA-4 specimens experienced the
smallest cracks at the peak loading of each cycle as compared to other SMA-fiber reinforced
specimens. They also had an average crack recovery ratio between 20% and 28% after the 7\"

cycle.
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Figure 4-11. Crack width history and crack recovery ratio for mortar specimens

4.2.6 Energy Dissipation Capacity

Energy dissipation per individual cycle and the cumulative of accumulated energy dissipation
for SMA fiber reinforced specimens after each cycle were computed. The dissipated energy at
each individual cycle for different SMA fiber reinforced mixtures is illustrated in Figure 4-12a,
while the cumulative energy dissipation after each cycle is shown in Figure 4-12b. Specimens with
0.3% of SMA fibers dissipated energy at each cycle until the specimens reached their ultimate
strength. The peak dissipated energy was 80.4 J and 141.4 J for the M-SMA-1 and M-SMA-2
specimens, respectively. A significant decrease is observed in the dissipated energy for the cycles
after the peak strength cycle as the residual flexural strength of these specimens are considerably
lower than that of the first-peak strength. On the other hand, for the specimens with 0.5% and 1.0%
SMA fibers, the energy dissipation constantly increased with the increase of loading cycles. This

can be attributed to the deflection hardening behavior observed in these specimens. The M-SMA-
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3 and M-SMA-4 specimens showed a maximum energy dissipation of 351.2 J and 390.4 J,

respectively.
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Figure 4-12. (a) Energil) dissipation per individual cycle; and (b) cufﬁ&lative energy dissipation
after each cycle for SMA fiber-reinforced mortar specimens
4.2.7 Acoustic Emissions Analysis

The distribution of acoustic events as a function of average frequency was calculated for each
mortar mixture and shown in Figure 4-13a for each individual cycle (except the first cycle). In
addition, Figure 4-13b illustrates the distribution profile of average frequency for all 13 cycles for
fiber reinforced specimens and for the first seven cycles for the control specimen as it failed during
cycle 7. Although SMA fiber reinforced mortar specimens have different fiber contents, the
general shape of the average frequency profiles was similar for all fiber reinforced mortar
specimens as well as the control specimen. However, a slight decrease in the peak AF (which
corresponds to the maximum number of events) can be observed with the addition of fibers. The
acoustic events due to micro-cracking or fiber pull-out occur at relatively lower average
frequencies. That might be the reason of a slight decrease in peak AF in fiber reinforced specimens.
In addition, it can be noticed that mortar specimens with higher SMA fiber volume ratios have
more acoustic events at the full spectrum of frequency. The increase in acoustic events in the
specimens is related to the fiber volume ratio content. For the specimens with 0.3% fiber volume
ratio, the specimen with 20-mm long SMA fibers had more fibers than that with 30-mm long SMA
fibers. However, more acoustic events are observed in the specimen with 30-mm long SMA fibers.
This might be due to better crack-closing behavior (i.e. more acoustic event during unloading)

observed in the specimens with longer fibers as can be seen in Figure 4-11.
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Figure 4-13. Average frequency distribution of acoustic events for different mortar specimens: (a)
individual loading cycles, and (b) complete loading protocol

The events in terms of duration of the AE signal are plotted for each cycle in Figure 4-14 for
the control specimen and SMA fiber reinforced specimen with 1.0% fiber volume ratio. Although
the results are presented only for the SMA fiber reinforced specimens with 1.0% fiber volume
ratio, similar observations were made for the other SMA fiber reinforced mortar specimens. The
duration plots for the control specimen show minimal acoustic events at the unloading phase,
indicating a limited degradation in the mortar matrix during unloading. On the other hand, for the
SMA fiber reinforced specimen, there is an increase in the number of events occurring during the
unloading phase after cycle 7, becoming similar to those during the loading phase at cycles 12 and
13. This can be attributed to the crack-closure mechanism observed in the SMA fiber reinforced
mortar upon unloading. As discussed above, no crack recovery was observed in the control mortar

while the SMA-fiber reinforced mortar specimens exhibited crack-closing capability after cycle 7.
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Figure 4-14. Acoustic emissions durations for (a) control specimen, and (b) fiber reinforced mortar
specimen with 1.0% SMA fibers

To further investigate this finding, the energy content of the acoustic events in both control
and SMA fiber reinforced mortar specimens were analyzed. Figure 4-15 illustrates the evolution
of cumulative energy at each loading-unloading cycle in the control specimen and specimen with
1.0% of SMA fibers. The released energy was significantly lower in the early cycles as compared
to the later cycles for both specimens, since an increasing displacement testing protocol was
implemented. For the control specimen, the cumulative energy rapidly increases when the load
gets close to its peak value (i.e. the mid-point of the cycle) and then remains mostly constant during
the unloading for a given cycle. The increase in the cumulative energy at the peak load can be
attributed to cracking in the mortar matrix. A similar cumulative energy response can be seen for
the SMA fiber reinforced mortar specimen up to cycle 7. However, starting from cycle 8, an
increase in cumulative energy was observed during the unloading segments of each cycle (i.e.
second half of the cycle). The presence of acoustic events in the unloading phase can be attributed

to the shape recovery of SMA fibers and closure of cracks.
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Figure 4-15. Cumulative energy evolution for (a) control specimen, and (b) fiber reinforced mortar
specimen with 1.0% SMA fibers

The relation between the increase in energy and crack width propagation was investigated.
Figure 4-16a illustrates the changes in cumulative energy and crack width for cycles 5 to 13 for
the SMA fiber reinforced mortar with 1.0% fiber volume ratio. For early cycles (cycles 5 to7), the
cumulative energy suddenly increased as the load reached its peak value (midpoint of the cycle)
and remained almost constant during unloading. There was no considerable increase in the crack
width during these cycles. For the later cycles, there was a visible increase in the crack width
profile at the midpoint of the cycle, which was also associated with an increase in the cumulative
energy. However, crack recovery was observed upon unloading, especially in later cycles (cycles
10 to 13). The crack recovery was accompanied by an increase in cumulative energy, the end of
which corresponds to a flattening cumulative energy profile. Therefore, the increase in the energy
profile during the unloading can be attributed to the re-centering behavior of SMA fibers and
closing of the cracks. Similar profiles were observed for the other fiber reinforced mortar
specimens. Figure 4-16b illustrates the change in cumulative energy correlated to the change in
crack width for the last 3 cycles for the specimens with 0.3% and 0.5% SMA fiber volume ratios.
It should be noted that stronger correlation between the change in cumulative energy and crack

width was observed for the specimens with higher SMA fiber volume ratio.
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Figure 4-16. Changes in cumulative energy and crack width for (a) specimen with 1.0% of 30 mm
SMA fibers for cycles 5 to 13, and (b) specimens with 0.3% of 20 mm, 0.3% of 30 mm and 0.5%
of 30 mm long SMA fibers for the last three cycles
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Finally, the moving average of 30 acoustic events (in terms of hits and average frequency)
was computed and plotted together with crack width history in Fig. 12, for both the control
specimen and the SMA fiber reinforced specimen with 1.0% fiber volume ratio. The moving
average could not be computed for the first two cycles due to the limited amount of acoustic events
at these cycles. For the control specimen, the number of AE hits increased suddenly at the midpoint
of each cycle, where the displacement reached its peak value. The increase in the AF at the same
points indicates a tensile mode of cracks, i.e., matrix cracking. With the progression of loading
cycles, the crack width increased and the specimen failed at cycle 7. For the SMA fiber reinforced
mortar, it can be seen that the largest number of hits occurred when the main crack was formed
during cycle 8, accompanied by a sudden increase in AF at the peak load, indicating matrix
cracking (tensile mode). Similar increases in the AF were observed around the peak deflection at
cycles 9 and 10, followed by decreasing AF when the load reached its peak value. A decrease in
AF was also observed during the loading portions of cycles 11, 12 and 13. These decreases in AF

likely indicate fiber friction and pull-out events, which are representative of shear failure mode.
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Figure 4-17. Moving average of hits and average frequency as well as crack width history for (a)
control specimen, and (b) fiber reinforced mortar specimen with 1.0% SMA fibers
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Figure 4-18 shows the moving average of AF during unloading portion of the cycles for
control and SMA fiber reinforced specimens with 1% fiber volume ratio. For the SMA fiber
reinforced specimen, the crack width history was also plotted in Figure 4-18. It can be seen that
the AF remained almost constant during unloading for the control specimen as well as SMA fiber
reinforced specimen until cycle 8. However, for the later cycles, the AF increased during early
portions of unloading, where crack width reduction was also seen. The increase in AF indicates a
tensile mode event, meaning matrix crack recovery. The crack width history plot confirms this

finding.
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Figure 4-18. Moving average of average frequencies during unloading for (a) control specimen,
and (b) alongside with crack width history for fiber reinforced mortar specimen with 1.0% SMA
fibers
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4.3 Hybrid Fiber Reinforced Concrete
4.3.1 Material and Specimen Preparation

The concrete mixture was designed using a water to cement ratio (w/c) of 0.48, a fine
aggregate to cement ratio of 2.50, and a coarse aggregate to cement ratio of 2.64. The cement used
in all concrete mixture was ordinary Portland cement (ASTM Type I/1l). The coarse aggregate
consisted of 12.7 mm of nominal maximum size, and natural sand with a fineness modulus of 2.9
was used as fine aggregates. A high-range water-reducing admixture and an air-entraining agent
that are in conformance with ASTM standards were used to achieve the desired workability and
fresh concrete properties. Steel and NiTi superelastic SMA fibers were randomly distributed in the
concrete mixture. Commercially available Dramix 5D steel fibers, with a diameter of 0.90 mm, a
length of 60 mm and an aspect ratio of 65, were used as steel fiber reinforcement. The steel fibers
had a tensile strength of 2,300 MPa, a yield strength of 2,100 MPa, an elastic modulus of 210,000
MPa and ductility of 6.0%. Roughened superelastic NiTi alloy fibers with a diameter of 0.58 mm
and a length of 60 mm were used as SMA fibers. The NiTi wire had a tensile strength of 1,070
MPa at 10.0% total elongation with an elastic modulus of 75,000 MPa. The forward transformation
stress was 380 MPa at 2.0% strain.

Preliminary work with steel fiber reinforced concrete indicated that a 0.60% fiber volume ratio
is critical to achieve high strength and deflection hardening behavior. To investigate the effect of
SMA fibers on the flexural behavior of concrete specimens, the fiber volume ratio was set as 0.60%
for all the mixtures. Fiber reinforced concrete was casted into prismatic specimens with
dimensions of 76x76x292 mm. Five different fiber volume ratios were used to evaluate the SMA
fiber performance in flexural testing. A plain concrete specimen without fibers (C-Control) was
prepared as a control specimen. C-Steel mixture included only steel fibers with 0.60% of fiber
volume ratio, while C-SMA included SMA fibers with 0.60% of fiber volume ratio. Two hybrid
fiber reinforced concrete specimens with a total of 0.60% fiber volume ratio were casted with a
combination of steel and SMA fibers. C-Hybrid-1 had 0.45% of steel and 0.15% SMA fiber, while
C-Hybrid-2 had 0.30% of steel and 0.30% of SMA fibers. Table 4-3 shows the constituents and

the proportions of each mixture.
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Table 4-3. Concrete Mixture Design

Coarse Plasticizer ~ Fiber volume
Mixture ID Y ash/ - Sand/ aggregate/ Water/ ml/kg ratio (%)
cement  cement cement
cement (oz/cwit) Steel SMA
C-Control 0.25 2.50 2.64 0.48 2.4 (3.74) - -
C-Steel 0.25 2.50 2.64 048  24(374) 060 -
C-Hybrid-1 0.25 2.50 2.64 0.48 2.4 (3.74) 045 0.15
C-Hybrid-2  0.25 2.50 2.64 048  24(374) 030 030
C-SMA 0.25 2.50 2.64 0.48 2.4 (3.74) - 0.60

To prepare the specimens, all concrete ingredients, except the fibers, were mixed in a large
mixer first. Using a smaller mixer, the required fiber content was then added to the base concrete
material and mixed again to achieve a random distribution without any visible clumping of fibers.
The samples were demolded after the first 24 hours and cured in a moisture room with a relative

humidity above 95% and an air temperature of 23 + 1 °C for 28 days before testing.

4.3.2 Test Plan and Setup

A four-point cyclic bending test, configured in displacement-control, in accordance with
ASTM C1609 [344], was used to evaluate the performance of fiber-reinforced concrete specimens.
The cyclic procedure included an incremental increase of 0.51 mm in displacement with a total of
8 cycles to reach a total displacement of 4.08 mm. The loading and unloading rates were both set
at 0.66 mm/min under displacement control. Figure 4-19a illustrates the displacement protocol
applied in the experimental testing. A 2D-DIC configuration was used to monitor crack evolution
on concrete specimens. The specimens were textured with random speckle pattern using spray
paint to enable DIC measurements as shown in Figure 4-19b. Figure 4-19c displays the test setup

for the flexural testing of fiber reinforced concrete specimens.
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Figure 4-19. (a) Concrete cyclic displacement procedure; (b) speckle pattern on the fiber
reinforced concrete; and (c) test setup for concrete testing
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4.3.3 Force-Displacement Curves

Figure 4-20 illustrates the cyclic force-displacement curves for each mixture. All concrete
specimens deflected elastically in the first cycle without experiencing any residual displacements.
C-Control (plain concrete) failed during the second loading cycle with an ultimate force of 9.2 kN.
C-Steel and C-SMA reached an ultimate strength of 10.7 kN and 11.3 kN, respectively, during the
second cycle. Hybrid fiber reinforced concrete specimens, C-Hybrid-1 and C-Hybrid-2, had a peak
strength of 10.8 kN and 9.7 kN during the second cycle and an ultimate strength of 11.9 kN and
12.5 kN during the third cycle, respectively. All specimens exhibited a main localized crack on the

tension side and some of them developed small secondary cracks.
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Figure 4-20. Cyclic force-displacement curves for fiber reinforced concrete specimens
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Figure 4-21 summarizes the ultimate and residual strengths for the fiber reinforced concrete
specimens. The addition of fibers to the concrete mix increased the flexural strength of the
specimens by at least 17% (for C-Steel specimen) as compared to the plain concrete. C-Hybrid-1,
C-Hybrid-2, and C-SMA specimens exhibited an increase in ultimate strength of 29%, 35%, and
22%, respectively. The C-Hybrid-2 specimen had the highest increase in load carrying capacity
after the first-peak and the highest ultimate strength. At the last cycle, the C-Steel specimen
exhibited a residual strength equivalent to 34% of its peak strength. On the other hand, the residual
strengths were 29%, 35%, and 41% of the peak strength for the C-Hybrid-1, C-Hybrid-2, and C-
SMA, respectively. C-SMA had the highest residual strength which might be attributed to the
ability of SMA fibers to withstand large magnitudes of elastic strain as compared to its counter-

part steel fibers.

I Feak Force
12 [ JResidual Force
10 F
z 8r
E3
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s |
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0 " " 1 ! '
C-Control C-Hybrid-1 C-Hybrid-2 C-SMA C-Steel

Figure 4-21. Fiber-reinforced concrete peak and residual flexural strength

4.3.4 Re-Centering

Figure 4-22 displays the mid-span displacements and re-centering ratios at the end of each
loading and unloading cycles. The C-Control specimen failed during the second loading cycle at a
displacement of 0.30 mm. It can be observed that the fiber reinforced concrete specimens exhibited
similar behavior, with no obvious demonstration of additional re-centering capability with the use
of SMA fibers. In contrast, the specimen with all SMA fibers (C-SMA) exhibited a lower average
re-centering ratio as compared to all other specimens. A possible explanation for this observation
is that the straight SMA fibers did not develop good bond with concrete mixture and were pulled-
out when subjected to the cyclic loading.
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Figu_re 4-22. Mid-span displacement history and recovery ratio for fiber reinforced mortar
specimens
4.3.5 Crack Recovery

Figure 4-23 shows the longitudinal strain contours for the fiber reinforced concrete specimens
at four stages of the test; namely, (a) at the first crack during the second loading cycle, (b) at the
ultimate load, (c) at the peak load of the last (eighth) loading cycle, and (d) at the end of the testing
procedure. The full-field strain contours indicate that the C-Steel specimen developed the largest
crack at the end of the last loading cycle as compared to the samples with SMA fibers. The
specimens with SMA fibers had a smaller crack width and the crack had a sloped inclination;
indicating the combination of both shear and tension failure due to the fiber distribution. C-Hybrid-
2 specimen had the smallest crack slopes, indicating shear and tension failure mechanisms.
Furthermore, C-Hybrid-2 specimen had multiple cracks, which facilitated the distribution of
energy over multiple fracture locations, leading to a higher flexural strength by the matrix

composition.
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Figure 4-23. Full-field strain measurement of fiber reinforced concrete with 2D-DIC (a) at the
first cracking load; (b) at the peak load; (c) at the peak load of the 8" cycle; and (d) at the end of
the loading protocol

Figure 4-24 illustrates the crack width development and crack recovery ratio as a function of
loading cycles. Specimens with steel fibers (only steel fiber or the combination of SMA and steel
fibers) displayed a better crack width recovery as compared to C-SMA. The results indicated a
poor bond behavior between the SMA fibers and the mortar matrix. The C-Steel specimen
displayed the largest crack width of 8mm at the peak load point of the last loading cycle; however,
a crack width recovery of about 14% was observed upon unloading, reducing the final crack width
to 6.1mm. The hybrid specimens had similar crack propagation history. The average crack
recovery ratios for C-Hybrid 1, C-Hybrid-2, and C-Steel specimens after cycle 4 were about 12%,
16%, and 13%, respectively. To the contrary, C-SMA displayed smaller crack width with a lower
propagation rate as compared to C-Steel during the loading protocol. Similar to C-SMA, the C-
Hybrid-2 had small cracks and demonstrated a crack recovery capability.
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Figure 4-24. Crack width history and crack recovery ratio for mortar specimens

4.3.6 Energy Dissipation Capacity

The energy dissipation that occurred during each loading and unloading cycle for fiber
reinforced concrete specimens was calculated. Figure 4-25 illustrates the dissipated energy with
the cycles for each mixture. The maximum dissipated energy produced by C-Control was 1.14kJ.
The fiber reinforced concrete specimens had a higher maximum energy dissipation of 6.52kJ and
7.92kJ for C-Steel and C-SMA, respectively. The hybrid fiber reinforced concrete specimens had
the highest energy dissipation of 9.17 kJ and 9.55 kJ for C-Hybrid-1 and C-Hybrid-2, respectively.
The C-Steel fiber reinforced concrete specimens reached a plateau of 2.87 kJ for energy dissipation
after the fifth cycle. Specimens with SMA fibers had a higher energy dissipation than the specimen
with only steel fibers (C-Steel) after the second cycle. C-Hybrid-1 had the highest energy
dissipation with 4.43 kJ at the end of the eighth cycle. In general, the incorporation of SMA fibers
increased the energy dissipation. However, the use of hybrid fibers, i.e. a mixture of SMA and
steel fibers, could increase the energy dissipation at large displacements cyclic loading.
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Figure 4-25. Energy dissipation per cycle for each SMA fiber-reinforced concrete specimens

4.3.7 Acoustic Emissions Analysis

The acoustic emissions signal data was acquired using two transducers placed at each end of
the specimens. Parameters that define the AE signal include energy, duration, hits, and amplitude.
The cumulative energy history plot can identify a loading stage of an acoustic event and its
intensity. Figure 4-26a and b display the cumulative energy history for C-Control and C-Hybrid-
2, respectively. For C-Control specimens, the increase of cumulative energy is visible in the
loading stage only, indicating no activity during the unloading stage. However, the increase in
cumulative energy is apparent for C-Hybrid specimens during the loading and unloading stages of
all cycles except for the first cycle, where the increase in cumulative energy only occurs in the
loading stage. Increase in cumulative energy during the unloading stages can be explained by the
occurrence of crack closure, where the elastic fibers engage to apply a closing force and release
acoustic energy.
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Figure 4-26. Cumulative energy evolution for (a) C-Control, and (b) C-Hybrid-2

Figure 4-27 displays the cumulative acoustic energy released by the fiber reinforced concrete
as compared to the growth of the primary crack during a given cycle. The slope indicates the
energy that is required to be released for a certain crack width to occur. C-Hybrid-2 had the steepest
slope followed by C-Hybrid-1. This confirms the crack-width history plots as C-Hybrid-2 had the
smallest crack width followed by C-Hybrid-1. C-Steel had a shallow slope, which is in agreement
with the specimen having the largest crack width. In contrast, C-SMA had a small slope similar to
C-Steel; while producing small crack width as compared to hybrid specimens. This can be
attributed to the insignificant crack recovery exhibited by C-SMA.
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Figure 4-27. Cumulative energy as a function of crack width

In addition, the correlation between the increase in the cumulative energy monitored by
acoustic emissions and the crack width growth monitored by DIC was investigated. Figure 4-28
displays the change in the cumulative energy with respect to the crack width for all cycles of the
C-Hybrid-2. Cycle 1 exhibited a sudden increase in the cumulative energy as the load increased
and remained constant during unloading. No cracks were initiate during the first cycle, indicating
that the specimen was in the elastic region. In the later cycles (Cycles 2 through 8), cracks were
initiated and their widths continued to increase and the associated cumulative energy increased.
Crack recovery was observed upon unloading. Crack recovery was accompanied by an increase in
cumulative energy that flattens as the crack recovery phase ends. Therefore, the increase in
cumulative energy might be considered representative of crack propagation during the loading

stage, and crack recovery during unloading stage.
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Figure 4-28. Increase in cumulative energy and crack width for C-Hybrid-2

Figure 4-29a and b display the distribution of the frequency profile of the acoustic emissions
for all specimens for each individual loading cycle and for total loading protocol, respectively. The
results showed that the addition of fibers to the concrete mixture have altered the frequency
distribution spectrum. The frequency distribution for the C-Control was between 0-100 KHz, while
the fiber reinforced concrete specimens had a frequency distribution between 0-150 KHz. The
increase of the average frequency of the acoustic events is due to the increase in mode | tensile
cracking (macro-cracking) which is associated with the large displacements that were applied.
Overall, the fibers increased the number of events across the full frequency spectrum. However,
C-Hybrid-2 clearly had a higher number of events among the fiber reinforced concrete specimens
indicating better crack control and recovery, which is in agreement with the crack history data
captured by the DIC.
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Figure 4-29. Average f(?gquency distribution of acoustic events for difft(etr)()ent concrete specimens:
(@) individual loading cycles, and (b) complete loading protocol

The correlation between the average frequency and rise amplitude of the acoustic emissions
is an indicator of whether an event occurred due to shear (micro-cracking) or tensile (macro-
cracking) failure. The results indicate that all specimens had a tensile dominating failure pattern
during all loading cycles. The relationship between average frequency and rise amplitude for C-
Hybrid-2 specimen is illustrated in Figure 4-30a as a representative sample for fiber reinforced
concrete specimens under the loading portion of the last three cycles. Figure 4-30b illustrates the
average frequency as a function of rise amplitude for the fiber reinforced concrete specimens for
the unloading segments. The C-Control specimen exhibited minor acoustic events during
unloading due to the absence of any crack recovery mechanisms. The C-SMA specimen had minor
acoustic events indicating a trivial crack recovery. The C-Hybrid-2 specimen had the most acoustic
emissions during unloading indicating considerable crack-recovery behavior. The same behavior
was observed for C-Steel and C-Hybrid-1. However, C-Hybrid-1 and C-Hybrid-2 specimen
displayed micro-crack recovery, which contributed to crack control. The results of the average
frequency correlation with the rise amplitude indicated that macro-cracking was the main failure
event. Furthermore, recovery of the macro-cracks for C-Hybrid-2, C-Hybrid-1 and C-Steel took

place. These results were in agreement with the crack history captured by DIC.
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Figure 4-30. Average frequency as a function of rise amplitude during the last capture three cycles
during: (a) loading, and (b) unloading
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4.4  Summary

The performances of SMA-fiber reinforced mortar and concrete materials under flexural

cyclic loading were investigated. For mortar composites, the SMA fibers were added at 0.3%,

0.5% and 1.0% volume ratios. For fiber reinforced concrete mixtures, the use of SMA fibers alone,

as well as the hybrid use of SMA fibers together with steel fibers were considered. A fixed fiber

volume ratio of 0.6% was used in all fiber reinforced concrete specimens. Flexural cyclic loading

tests were conducted on both mortar and concrete beam specimens. During testing, a digital image

correlation system was used to monitor the full strain and displacement fields as well as crack

propagation. To better understand the behavior of the SMA fiber reinforced composites, acoustic

emissions were monitored and characterized. The findings of the experimental tests can be

summarized as follows:

The addition of the SMA fibers increased the overall ductility of the mortar composites.
The specimens with 1.0% SMA fibers exhibited deflection hardening behavior, with
residual strength up to 26% of their peak strength. All other types of the SMA-fiber
reinforced mortars exhibited deflection softening behavior.

The specimens with 30-mm long SMA fibers showed good re-centering capability at high
deformation levels. Increasing the SMA fiber volume ratio from 0.3% to 0.5% considerably
improved the flexural performance and re-centering ability of the samples. However, a
further increase of the SMA fiber volume ratio to 1.0% did not significantly affect the re-
centering behavior. Nevertheless, the specimens with 1.0% of SMA fibers by volume
exhibited the highest re-centering ratio, with a minimum of 29% for each loading cycle.
The specimens with 1.0% of SMA fibers by volume displayed the smallest crack
propagation and the highest crack recovery ratio.

The addition of SMA fibers into concrete mixtures did not significantly improve the re-
centering or crack-closing capabilities as compared to steel fiber reinforced concrete. This
is attributed to the straight shape configuration of the used SMA fibers. The lack of
mechanical anchorage due to hooked ends or friction resistance due to textured surface
caused poor bond behavior and pull-out of the SMA fibers was observed.

The combination of SMA and steel fibers showed potential for further investigations as the

concrete specimens with the hybrid fibers had the highest increase in load carrying
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capacity, the least residual mid-span displacement and the best control of crack
propagation.

e Few acoustic events were observed during unloading for the control specimen and for the
early loading cycles of the SMA fiber reinforced mortar specimens. However, large
number of acoustic events with scattered durations were present during unloading phase of
latter cycles in SMA fiber reinforced specimens.

e Cumulative energy histories showed that the energy remains constant during unloading for
all loading cycles of control specimen and the early cycles (cycles 1 to 8) of SMA fiber
reinforced mortar. An increase in the cumulative energy was observed in SMA fiber
reinforced specimens at the latter loading cycles. It was demonstrated that the increase in
energy can be correlated with crack-closure.

e The acoustic emission confirmed the experimental results obtained by the DIC and a direct
correlation between the crack width propagation and the cumulative energy was
established.

These results illustrated the potential of using SMAs as a fiber-reinforced mechanisms.
However additional work is needed to study the performance of SMA fibers in mortar and concrete
materials and determine optimum fiber geometry and fiber volume ratio. The use of SMA fibers
with hooked ends or irregular or crimped surface may provide better mechanical interlock and
bond to the concrete and mortar materials as compared to straight fibers. The enhanced bond
between the SMA fibers and matrix will likely improve the overall performance of SMA-based

cementitious composite systems.
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5 Self-Post-Tensioning of Concrete Members Using SMAS

(Most of the discussions presented in this section were published in the following conference

and journal papers [345-347])

51 Overview

This section investigates the feasibility of self-post-tensioned (SPT) concrete elements by
activating the SME of NiTiNDb, a class of wide-hysteresis SMAs, using the heat of hydration of
grout. First, the process of self-post-tensioning with SMA tendons and the required conditions on
the transformation temperatures of the SMAs were discussed. The microstructure characterization
of the NiTiNb wide-hysteresis shape memory alloys was reported then. The tensile stress-induced
martensitic transformations in NiTiNb SMA tendons were studied. Next, the temperature increase
due to the heat of hydration of four commercially available grouts was investigated. Pull-out tests

were also conducted to investigate the bond between the grout and SMA bar.

5.2 Proposed Self-Post-Tensioning Mechanism

As discussed earlier, SMAs have four characteristic temperatures at which phase
transformations occur: (1) the austenite start temperature As, where the material starts to transform
from twinned martensite to austenite, (2) austenite finish temperature As, where the material is
completely transformed to austenite, (3) martensite start temperature Ms, where austenite begins
to transform into twinned martensite, and (4) martensite finish temperature Ms, where the
transformation to martensite is completed. If the temperature is below My, the SMA is in its twinned
martensite phase. When a stress above a critical level is applied at a temperature below M, the
twinned martensitic material converts into de-twinned martensite phase and retains this phase upon
the removal of the load. It can regain its initial shape when the SMA material is heated to a
temperature above Ar. Heating the material above At results in the formation of the austenite phase
and, in the ideal case, a complete shape recovery. By a subsequent cooling, the SMA transforms
to initial twinned martensite phase without any residual deformation.

During the hardening of cementitious composites, significant heat is generated due to the
hydration of cement products. Numerous factors such as the type and composition of cement, the
proportion of the mix, and the ambient temperature affect the heat evolution during the hydration

process. In concrete structures, internal temperatures of 70 °C are not uncommon [348]. Since grout
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is generally composed of very high portion of cement, temperature increases can also be observed
during grouting applications. Therefore, hydration heat of grout can be used to trigger the SME of
SMAs to obtain SPT concrete members. Figure 5-1 shows the process for development of the SPT
concrete beams using SMAs. First, the SMA tendons, in the martensitic state, are pre-strained.
Then, concrete is poured and the SMA tendons are installed in post-tensioning ducts after concrete
hardening. The void between the duct and the SMA tendons is filled with grout. Due to the heat
of hydration of grout, the temperature of the SMA tendons increases, which induces the
transformation of the material to austenite when the temperature is above that of the As. A complete
transformation to austenite phase occurs when the temperature reaches the As. As the SMA tendons
attempt to return back to their original shorter length, while being constrained at both ends, a tensile

stress is produced in the tendons, causing pre-stress in the concrete beam.

Twinned
At T<As, Pre-stretch Martensite
original SMA while in STEP |

martensite phase l

|

Cast concrete, and
install tll§ tepdon in STEP 2
post-tensioning duct

' Detwinned
Martensite

Fill the ducts with grout, and
trigger the tendons using the STEP 3
heat of hydration

= — g Austenite

= ey

Figure 5-1. Self-post-tensioning process
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The conditions on the phase transformation temperatures and the required temperature
window (service temperature) for self-stressing application are shown in Figure 5-2. First, the As
should be higher than the highest possible ambient temperature as the pre-strained SMA tendons
must stay in the martensite state at ambient temperature. This will prevent pre-stretched SMA
tendons from recovering their deformations at the storage temperature or during the installation of
tendons to the concrete member. Second, the Ms should be below the lowest possible ambient
temperature. This will ensure that the heated SMA tendons maintain their recovery stress after
cooling to the ambient temperature. If the temperature of the SMA tendons becomes lower than
the Ms, the SMA tendons will lose their recovery stress due to a phase transformation to martensite.
This requirement for Ms coupled with the aforementioned requirement for As necessitates the use
of the current NiTiNb class of wide-hysteresis (i.e. ATy = A; — Mg) SMAS. The ternary alloying
with Nb facilitates hysteresis ranges from 130 °C to 150 °C as compared to 30 °C in binary NiTi
alloys [349, 350]. Furthermore, the Ar should be as close as possible to the As, which requires
minimizing the differential AT, = Ar — A;, to complete the phase transformation using the
hydration heat. When the temperature rises above the As, the SMA tendons start to transform to
austenite, and thus, recovery stresses are induced. However, the maximum recovery stress will not

be obtained until the microstructure is completely austenitic, at a temperature above the As.
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Figure 5-2. Phase transformation temperatures of SME SMAs

5.3 Materials Characterization

The phase transformation temperatures As and Ar and their differential AT, = A — A, depend
on the microstructure of the NiTiNb alloy, that is, the composition and the micro-constituent
morphology. The influence of Nb addition has been systematically investigated with respect to the
microstructure and transformation temperatures [351, 352]. A common ternary alloy composition
for widening the thermal hysteresis (M; — Ag) while providing useful SME recovery behavior is
Nis7Ti24Nbg (%) [353]. Tailoring the micro-constituent morphology via deformation processing is
the fundamental means to control the phase transformation temperatures [352]. The alloys are
typically cast and further cold- or hot-worked into final forms for practical application.

In this work, the microstructure of a cast and deformation-processed (sheet) alloy with similar
compositions are reported. Atlantic Metals and Alloys LLC supplied a cast alloy with the
composition of Nis7.3Tias.1Nbg 6 (%). Medical Metals LLC supplied a deformation-processed sheet
that was 6 mm wide and 0.25 mm thick with the composition of Nis77Tis35Nbss (%). The

compositions of both alloys are nearly equal to Nis7Ti24Nbg (%), which is the recommended ternary
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composition for wide-hysteresis applications above. The grain sizes for the cast and sheet material
were determined as 300 mm and 300 nm, respectively, using the Intercept Procedure from ASTM
E112-12. Texture is rarely reported [355] and it is likewise beyond the scope of this work. The
impact of differential thermo-mechanical processing was contrast by studying an extruded rod
material (3.45 mm diameter) provided by Memory Corporation with the composition of
NisseTis28Nb126 (%). Specimens for mechanical testing and microstructure analysis were wire
electro-discharge machined from the rod material with an 8 mm gage length and 1.1 x 0.5 mm?
cross-section and from the sheet material with a 10 mm gage length and 3 x 0.25 mm? cross-
section.

The microstructure was characterized along with the characteristic thermally induced
martensitic transformation temperatures and mechanical properties. The cast microstructure
consists of a net-like arrangement of a characteristic eutectic micro-constituent encompassing a
NiTiNb matrix. A scanning electron microscopy (SEM) image is shown in Figure 5-3a. The
martensitic transformation occurs in the matrix regions. The as-cast microstructure is
representative of the microstructure prior to thermo-mechanical processing. The SEM image in
Figure 5-3b shows the typical eutectic micro-constituent, which is made up of S-Nb-rich particles
and a-NiTiNb matrix [352, 356, 357]. Deformation processing breaks up the net-like structure
[352, 355, 356]. The micro-constituent morphology for the sheet material is shown in Figure 5-3c.
The image revealed a composite like microstructure with g-Nb-rich particles (appearing as the
lighter streaks) that are elongated and discontinuous fiber-like reinforcements aligned in the
primary processing direction within the NiTiNb matrix.

It is well known that the unique stabilization of martensite, which is the cornerstone of NiTiNb
shape memory behavior, is attributed to the micro-constituent morphologies [355-360]. The
microstructure images in Figure 5-3c and Figure 5-3d underscore differential micro-constituent
morphologies that resulted from different thermo-mechanical processing done by the different
companies, which showed the sheet and rod materials, respectively. The images revealed a
composite-like microstructure with S-Nb-rich particles (appearing as the lighter streaks) that were
elongated and discontinuous fiber-like reinforcements aligned in the primary processing direction
within the NiTiNb matrix. The area fractions of the second particles were estimated using a digital
image pixel thresholding technique [361, 362], which takes advantage of the dark and light
contrasts of the matrix and particles, respectively, and uses the average of several SEM images.
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The particle average area fraction for the rod microstructure was 18%. Consistent with the similar
compositions, the fractions for the cast and sheet materials were 10%. The average inter-particle
spacing was determined from cross-sectional SEM images. For the sheet material, the inter-particle
spacing was about 100 nm and it was 500 nm for the rod material. These findings conveyed a
refined micro-constituent morphology for the sheet compared to the rod. Moreover, the
microstructure characterization illustrated that deformation processing after castings affords the

ability to tailor the microstructure, via orienting the micro-constituents and inter-particle spacing.

Matrix p Nb-rich
particles

Matrix
Matrix
a NiTiNb
Matrix

Figure 5-3. SEM images showing (a) the microstructure in a cast Nis7.3Tias.1Nbg s (%) alloy; (b)
the micro-constituents in a cast Nis7.3Tiss1Nbgs (%) alloy; (c) the microstructures of the
Nis7.7Tia35Nbgg (%) alloy sheet; and (d) the microstructure of NisssTis2.8Nb12,6 (%) alloy rod
Differential Scanning Calorimetry (DSC) analysis was carried out to determine transformation
temperatures using a power compensated Perkin-Elmer DSC8500. The temperature scan rate was
40°C/min. The methodology involved the following steps: (1) heat the sample from 50°C to 100°C,
(2) hold for 1 min at 100°C, (3) cool to -120°C, (4) hold at -120°C for 1 min, (5) reheat to 200°C,
(6) hold at 200°C for 1 min, and (7) cool to 50°C. The transformation temperatures for the cast
alloy were Ms = -64°C, Ms = -106°C, As = -81°C, and As = 11°C. For deformation processed NiTiNb
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alloys, endothermic and exothermic events did not arise in DSC measurements down to liquid
nitrogen temperature. Thermal cycling under constant bias load is typically employed to determine
characteristic transformation temperatures for processed NiTiNb materials [360, 363]. Constant
bias loads were increased from 10MPa up to a load that facilitated measurable transformation
strain. Biasing with a constant stress of 150MPa revealed the thermally induced transformation.
The transformation temperatures for the sheet were Ms = -64°C, Mt = -75°C, As = -29°C, and As = -
6°C, and those for the rod were Ms = -52°C, M¢ = -71°C, As = -29°C, and A¢ = -1°C.

The strength properties were determined from uniaxial tension loading until failure. The
stress—strain responses are shown in Figure 5-4. The uniaxial tension test for each material was
determined at room temperature (23°C) with the material in the austenite state and thus the
martensitic transformation is stress induced. The tests were conducted in displacement control
using an equivalent strain rate of 2.0 x 10*%/s. Strain was measured via a miniature extensometer
within the gauge length and computed via DIC. The material properties are summarized in Table
5-1. The moduli for the deformation-processed materials were greater than that for the cast
material. Deformation processing improved ductility and the fracture strain increased when
compared to the cast material. For the cast and rolled sheet materials with similar composition,
deformation processing improved the mechanical strength. The martensitic sheet exhibited higher

strength properties and failure strain.

Table 5-1. Mechanical properties for the NiTiNb alloys

Composition (%) Modulus  Austenite Martensite Ultimate Failure
(GPa) Critical Yield Stress Tensile Strain
Stress (MPa) (MPa) Strength (MPa)
Cast Nis73Tias1Nbsg e 63 330 - - 9.4%
Sheet Nis7.7Tia35Nbs g 70 640 740 980 42.2%
Rod NieTis28Nbi26 54 500 600 710 29.1%
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Figure 5-4. Tensile stress-strain response of the NiTiNb Alloy

5.4 Pre-Straining and Strain-Recovery
The pre-strain experiments were conducted on an MTS 810 servo-hydraulic load frame and

at room temperature, which averaged about 23°C and was well above the Af temperatures.
Therefore the starting microstructure was austenitic. Pre-strain for binary NiTi SMAs is typically
carried out in the martensitic state and martensite reorientation takes place rather than the stress-
induced austenite-to-martensite transformation [356-358, 364]. In this work, the martensite was
stress-induced, which is made possible by the Nb addition in the ternary NiTiNb SMAs. The
specimens were loaded in displacement control at an average strain rate of about 2.0 x 10*/s and
were unloaded upon reaching the desired pre-strain level. Residual strain remained after unloading.
To assess the recovery ratio of residual strain, specimens were heated at zero load (referred to as
free recovery). Thermo-mechanical experiments were conducted for the current work on an MTS
810 servo-hydraulic load frame equipped with a custom thermal cycling set-up. The specimens
were heated via induction heating. The temperature was measured via a thermocouple affixed to
the specimen. The induction coil design minimized thermal gradients in the specimen [365].
Heating and cooling rates were controlled so that they were maintained around 10°C/min to
15°C/min. Specimens were allowed to cool in the ambient back to room temperature. Preliminary
free recovery experiments were conducted on both deformation-processed material in order to

assess the material response of the differential composite-like microstructures.
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For the sheet and rod materials, free recovery was contrast for the pre-straining stress—strain
response shown in Figure 5-5a. After unloading, there was a residual strain &,,;. The strain
recovery began at the A5 temperature, Figure 5-5b. The strain saturated at a temperature Ax when
the reverse transformation was complete. Since saturation was achieved, the reverse
transformation temperature interval ATz = A; — A5 fully activated the SME. As shown in Figure
5-5b, not all the strain was recovered during heating and there was a permanent irrecoverable strain

Eperm. The strain that was recovered during heating is shown as ef;‘C”. The percentage of residual

strain that was recovered via free SME recovery is defined as the recovery ratio g{e“C” [Eres X

100%. The recovery ratio was 58% for the sheet material which was higher than that of the rod
with a recovery ratio of 49%. The recovery will be incomplete if the temperature was raised by a
fraction of ATjy; therefore, the material will be partially activated. In order to achieve full
activation, as well as to maximize the recovery ratio, the material microstructure must be designed
such that ATz matches the heat of hydration of the grout.

The recovery behavior can be further characterized based on heating strain—temperature (¢ —
T) curves. A dotted line was drawn tangent to the curves in Figure 5-5b, demonstrating the extent
of strain recovery within a select temperature range. The strains of the sheet and rod, respectively,
recovered with temperatures at 0.12%/°C and 0.09%/°C. Contrasting the initial slopes, the sheet
exhibited a higher recovery ratio over a smaller temperature interval, which may better match the
possible heat of hydration. After the initial slope, the strain recovered gradually with a AT; = 49°C
and AT = 57°C for the sheet and rod, respectively. However, it can be seen that when the

temperature was increased to 50°C, which corresponded to a 26°C increase from the pre-straining

temperature, 91% and 77% of g{;;” were achieved for the sheet and rod, respectively. The lower
temperature interval and higher recovery ratio of the sheet as compared to the rod confirm that the
extent of deformation experienced by sheet material resulted in a more promising microstructure
for activation via heat of hydration of the grout. Thus, understanding the microstructure property
relationships can enable tailoring the eutectic micro-constituent orientation (giving rise to an
apparent elongation in Figure 5-3d as compared to Figure 5-3c) and inter-particle spacing in order
to tune the activation strain and ATk. The following section focuses on stress generation during

heating with a fixed displacement constraint for the sheet material, as the martensite exhibited
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higher strength and fracture strain and the recovery ratio was substantial above the lower

temperature interval.
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Figure 5-5. (a) Stress-strain curves for pre-straining of sheet and rod; and (b) the subsequent strain-
temperature (& — T) response during shape memory recovery for sheet and rod materials

5.5 Assessment of Pre-Straining and Pre-Stressing
The stress—strain responses for the pre-straining of the sheet material are shown in Figure 5-6.

Pre-strain levels of more than 12% are commonly suggested by Otsuka et al. [353]. In this work,
pre-strain levels exceeded 12%. The pre-strain levels were 5.4%, 8.8%, 10.1%, 12.2%, and 16.1%
in order to deform martensite to different extents of the stress—strain response. During loading, the
curve exhibited an initial linear-elastic response was observed up to a stress peak, followed by a
stress drop. Then, a stress plateau indicative of the phase transformation was observed. The
evolution of the morphology depends on whether the pre-strain in Figure 5-6 is within the plateau
region, at the completion of the plateau, within the linear-elastic response of martensite after the
plateau, or within the strain-hardening type behavior of martensite after the elastic response. For
the 5.4% pre-strain level, the microstructure was a mixture of martensite and austenite. The
martensite volume fraction increased throughout the plateau and the material completely achieved
the martensitic status at the 8.8% pre-strain. Beyond the plateau, the martensite deformed for the

10.1% pre-strain and the stress—strain response exhibited a linear-elastic type response. The
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highest pre-strain levels (12.2% and 16.1%) were within the non-linear response and the martensite
likely yielded.

Residual strain remained after unloading in Figure 5-6 and the corresponding displacement
was fixed during heating which constrained SME recovery and generated recovery stresses. The
stress generation experiments utilized the heating set-up described in the previous section. The
displacement sensor of the MTS machine measures the change in actuator position and thus the
change in length of the specimen and the grips. However, in this work it was not possible to mount
an extensometer on the thin sheet specimens. Hence, the displacement was used for stable feedback
that maintained the constant constraint and avoided damaging the extensometer. Note that ASTM
standard E328 outlines Standard Test Methods for Stress Relaxation for Materials and Structures
at constant temperature and recommends mounting an extensometer within the gage section to
fix/constrain the strain [354]. Using the extensometer measurements to maintain a fixed strain
constraint can fix the sample length, as the grips would be excluded from the constraint, and the
impact on the results can be considered in future work. The current experiments represented the
constraining conditions for pre-stressing via heat of hydration of the grout. During heating, the
displacement was programmed so that it was fixed at the residual strain after pre-straining and the

stress generation results are reliable for the context of the discussion in this work.
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Figure 5-6. Tensile stress-strain curves for the sheet pulled to increasing pre-strain levels at
room temperature

The recovery stress was plotted as it evolves throughout heating in Figure 5-7. The stress

generation began at the onset of heating and thus approached the test temperature. For the lowest
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pre-strain in Figure 5-7a, the recovery stress reached a maximum/peak and dropped. For the higher
pre-strain levels in Figure 5-7b and Figure 5-7c, the recovery stress increased to a maximum and
then decreased slightly up to the maximum temperature. The temperature at the maximum stresses
generated during heating should correspond to the temperature at which Stress-Induced Martensite
(SIM), which was stabilized during pre-straining deformation, recovers deformation. Note that the
deformation recovery mechanism may be attributed to de-twinned SIM reverting to twinned
martensite to recovery of reoriented SIM or deformation-induced martensite to the conventional
reverse martensite-to-austenite transformation [350, 366, 367]; or to multiple mechanisms
occurring in different volume fractions of martensitic material. Hence, in Figure 5-7, that

temperature was designated as A¢" (associated with constrained residual strain recovery). Recovery

stresses reaching maximum values during heating have been observed for NiTiNb and a Fe-based
SMA [356, 368]. For each pre-strain level, recovery stress accrues after heating is complete as the
temperature decreases to room temperature. Recovery stresses increased during cooling for the Fe-
based SMA [368]. The observations that the generated stress reached a maximum value during
heating and that it increased during cooling merit further study beyond the scope of the current
work. The findings pertinent to the pre-stressing application, which are presented later in the
concluding remarks, indicate that the maximum recovery stresses were generated under constraint

after straining to 12.2% and the resulting transformation temperature interval is ATz" = A¢" — Ag”.
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Figure 5-7. Stress-temperature response during constrained heating and cooling of specimens that
have been pre-strained to (a) 5.4%; (b) 10.1%; and (c) 12.2%. The double arrows indicate heating,
and the single arrows indicate cooling
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5.6 Heat of hydration of grout

Portland cement and potable water along with any admixtures to obtain required properties
are the basic grout materials. The chemical reaction between Portland cement and water is
exothermic, i.e., producing heat. This heat is called the heat of hydration. In order to determine the
temperature increase during grouting post-tensioning ducts, four commercially available tendon
grouts were tested. All grouts were prepackaged and approved by Virginia Department of
Transportation for post-tensioning applications. The water-to-grout ratios for each commercial
grout were set per manufacturer’s direction and are given in Table 5-2. To prepare test specimens
with each grout, a mixing cylinder was cleaned, a bag of selected grout, and the required water
were placed in the cylinder. The contents were mixed in the cylinder for 3 min with a variable
speed high shear mixer and the resulting grout mixture was poured into a 102 x 203 mm (4 x 8
in) cylinder with a thermocouple attached to a single tendon placed in the center. The thermocouple
was connected to a data logger that monitored the temperature of the curing grout every minute
for 48h.

Time versus grout temperature plots for each specimen as well as ambient temperature are
given in Figure 5-8. Three specimens were prepared and tested for Grout | and Grout Il on three
different days. The results for Grout | were consistent for each specimen. The highest temperature
recorded during curing is 41°C, which indicated a temperature increase of 19°C - 20°C from initial
temperature of 21°C - 22°C due to the heat produced by the cement hydration. The temperature of
Grout Il reached 48°C for two specimens and 51°C for one specimen. At three different tests of
Grout 11, the average temperature increase was 28°C. The peak temperature and average increase
in temperature for Grout 11 and Grout IV were similar to the results obtained from Grout I. For
Grout 1V, two samples at two different water-to-grout ratios were tested. It is observed that the
peak temperature is slightly higher and occurs a few hours earlier when a lower water-to-grout
ratio was used as shown in Figure 5-8d. The grout temperature reached its peak value at 10 - 18h
after casting for Grout I, Grout I, and Grout IV, whereas the peak temperature occurred at 2.5h
after casting for Grout I1l. For all specimens, the grout temperature reduced to values between
22°C and 24°C near 30h after casting and remained almost constant thereafter. The results of
experimental tests conducted to characterize the grout temperature during curing are summarized

in Table 5-2. These results suggested that a commercially available tendon grout (Grout I1) can
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provide an average of 28°C increase in temperature during the hydration process, which can be
used to activate SMA tendons.

Table 5-2. Summary of grout temperature test results

Specimen  Grout Water-to- Initial Maximum Temperature
grout ratio  temperature (°C)  temperature (°C) increase (°C)
S1 Grout | 0.25 21 41 20
S2 Grout | 0.25 22 41 19
S3 Grout | 0.25 21 41 20
S4 Grout 11 0.24 21 48 27
S5 Grout 11 0.24 22 53 31
S6 Grout 11 0.24 21 48 27
S7 Grout 111 0.25 22 41 19
S8 Grout 111 0.25 22 41 19
S9 Grout IV 0.27 22 41 19
S10 Grout IV 0.27 22 41 19
S11 Grout IV 0.32 22 40 18
S12 Grout IV 0.32 22 40 18
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Figure 5-8. Temperature measured in different commercially available grouts during curing for:
(@) Grout I; (b) Grout Il; (c) Grout I1I; (d) Grout IV
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5.7 SMA-Grout Bond Behavior

When the post-tensioning ducts are filled with grout after the tendon has been anchored at
both ends, it is possible to obtain some degree of bond between the pre-stressing tendon and the
concrete. The bond of pre-stressing tendon is important with regard to failure behavior, cracking,
and the factor of safety. For pre-stressed concrete beams with well-bonded pre-stressing tendons,
the ultimate tensile stress of tendon is an important factor that affects the strength of the member.
However, if the bonding of the grout to the post-tensioning tendon is not satisfactory or the tendon
is un-bonded, the tendon rarely reaches its ultimate resistance before the failure of concrete in
compression. The insufficient bond will also result in a uniform distribution of tensile strains along
the length of the tendon, which leads to the development of fewer but wider cracks in concrete
[369]. In addition, in case of a ruptured tendon, good bonding between the grout and pre-tensioning
tendon enables re-anchoring of ruptured tendon and contributes to the residual structural capacity
[370].

To investigate the bond behavior of SMA bars with grout, pull-out tests were conducted. SMA
bars with a diameter of 3.5 mm were cut into 220 mm segments using a cutoff wheel. Two 102 x
102 mm (4 x 4 in) cylindrical molds were used to manufacture pull-out specimens. Holes with a
diameter of 3.5 mm were drilled at the center of the top and bottom of the molds to allow SMA to
pass through. The SMA bar was secured at the bottom hole of each mold and Grout Il was poured
inside the mold. The specimens were left to cure for 3 days. Figure 5-9a shows a schematic diagram
of the specimen used for the pull-out test.

Since it is difficult for standard grips to fully hold on to SMA bars because of their small
diameter size, special aluminum sleeves were fabricated. Two 50 mm long sections were cut from
a 10mm aluminum rod. These sections were then placed on a lathe, and a 3.5 mm hole was drilled
all the way through. The sleeve was then attached to the specimen by means of twisting since the
aluminum sleeve hole was a little bit smaller than the diameter of the SMA bar. The tight fit was
useful to establish a mechanical interlock to help the SMA resist slippage out of the sleeve during
testing.
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The pull-out tests of the SMA bar was conducted using an MTS servo-hydraulic load frame.
The specimen was held in place by a testing cage attached to the top head of the load frame by a
large bolt. The load was applied to the SMA bar at a rate of 0.075mm/s and measured by a built-
in load cell of the load frame. The slip of the SMA bar relative to grout was measured using DIC
method at the loaded and free ends of the specimen. Two cards with a speckle pattern were attached
to the loaded and free ends of the SMA bar. The bottom card was attached directly at the end of
the grout cylinder to reduce any errors in the calculation of slippage due to strains in the SMA.
The optical system captured the movement of speckle patterns on the cards and provided an output

of the average vertical movements at each time step. Figure 5-9b shows pull-out test set-up.

| SMA Barin
| Grout

(b)
Figure 5-9. (a) Pull-out test specimen and (b) test setup

Two specimens were tested and the applied tensile force and the slip of the bar were recorded.
Bond strength is defined as the shear force per unit surface area of the bar and calculated by the

following equation:

T, (6)
T[db lb

where Ty is the tensile load on the SMA bar, dp is the nominal bar diameter, and Iy is the embedment
length of the bar. Figure 5-10 illustrates bond stress-slip curves both at the loaded and free ends of
the SMA bar. The bond behavior is characterized by an initial increase in the bond stress up to 1.2
MPa for the first specimen and up to 1.4 MPa for the second specimen, and with insignificant

slippage and a softening thereafter. Since SMA bars had a very smooth surface, mechanical bearing
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forces were very low and the load transfer was primarily provided by friction. Maximum pull-out

load was found to be 1.4 and 1.6 kN for the two specimens.
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Figure 5-10. Bond stress-slip relationship for SMA bars for specimen 1 at (a) loaded end and (b)
loaded end; and for specimen 2 at (c) loaded end and (d) free end
5.8 Feasibility of SPT

The comparison of the rod and sheet material demonstrated the importance of microstructure
to tailor AT, to the thermal inputs that the heat of hydration can provide. It has been postulated
that the increase in reverse transformation temperatures after pre-straining in these alloys is related
to the interaction of the martensitic transformation with the g-Nb-rich particles [364, 371, 372].

The deformation of these particles could lead to the stabilization of transformed martensite in the
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surrounding matrix. Stabilization refers to the reverse martensitic transformation requiring a higher
thermal driving force, which facilitates an increase in the reverse transformation temperatures
[373]. Pre-strain for NiTi-based SMAs is typically carried out at temperatures between Ms and As;
the stress-induced austenite-to-martensite transformation is expected to remain after unloading and
thus, heating facilitates recovery via SME [356, 358, 359, 364]. This work demonstrated that SIM
remained after pre-strain deformation at a constant room temperature, which was well above At
determined via the thermal cycling, can be partially recovered. The sheet micro-constituent
morphology appeared refined in SEM images as compared to the rod. The results reflected that the
sheet exhibited the highest activation strain and improved martensite strength properties. Hence,
the findings confirmed that the material response can be tuned via tailoring Nb concentration and
deformation processing after casting in order to refine the inter-particle spacing and volume
fraction of the micro-constituent morphology.

The grout temperature characterization tests revealed that it is possible to increase the
temperature of a posttensioning tendon up to about 50°C when a posttensioning duct is filled with
a commercially available grout. When the SMA sheet material is pre-strained at different levels,
the strain remained after unloading, and recovered upon a temperature increase to 50°C, which can
be reached through hydration heat. Table 5-3 provides the strain recovered after fully activating

the material (heating above Ar). Note that A is stress dependent and it increased under applied
stress as shown in Table 5-3. The material should be heated above the Az under generated stress

to achieve maximum strain recovery. It can be seen that a great percentage of the maximum
recoverable strain can be activated when the temperature reached 50°C. For instance, a temperature
increase to 50°C will achieve 91% of recoverable strain during free recovery experiments for an
SMA tendon with a 10.1% pre-strain.

Table 5-3. Characteristic metrics for pre-strain deformation of NiTiNb alloy sheet material

Pre-strain Applied Strain remaining Strain Free Strain recovered
(%) stress (MPa)  after unloading  recovered upto recovery  after heating to
(%) 50°C (%) A (°C) Az (%)
5.4 590 2.3 1.0 63 1.1
8.8 630 5.2 2.7 75 3.0
10.1 720 6.8 4.1 80 4.5
12.2 800 9.0 1.3 111 5.3
16.1 860 12.7 0.5 123 4.8
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Figure 5-11 shows the dependence of the reverse transformation temperature interval AT; =
Ar — A5 and recovery ratio on the pre-strain for the free recovery experiments. The AT, values
continually increase while the recovery ratio reached a maximum for the 10.1% pre-strain and
decreased thereafter. The increasing ATy and the achievement of maximum pre-strain reflected the
role of the Nb-rich particles in the composite-like microstructure. Particles can have a stabilizing
effect and prohibit the reverse martensitic transformation and thus, the thermal energy and As must

increase to complete (or fully activate) the recovery [364].
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Figure 5-11. Variation of (a) ATy and (b) recovery ratio with pre-strain level for free recovery
experiments

Figure 5-12 shows the variation of the AT;* and recovery stress with the pre-strain for the
constrained recovery experiments. For the pre-strain level of 10.1% and 12.2%, the stresses
generated during constrained recovery are 530 and 550 MPa, respectively. The temperature
intervals under constrained recovery are, in general, larger than the ATy during free recovery,
especially when the pre-strain level is greater than 8.8%. Presumably, the constraining stress
augments the stabilization effect. This disparity needs to be considered when designing such
alloys.
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Figure 5-12. Variation of (a) AT and (b) recovery stress with pre-strain level for constrained
recovery experiments

The results obtained from free and constrained recovery tests showed that pre-stressing
significantly affects the transformation temperatures and shape recovery. Figure 5-13a showed the
amount of strain recovered per unit temperature increase for free recovery experiments at different
pre-strain levels. It can be seen that the optimum pre-strain level that results in maximum strain
recovery for a unit temperature increase is 10.1%. Pre-strain level also provided the maximum
recovery ratio as can be seen from Figure 5-11b.

On the other hand, for constrained recovery, the recovery stress developed per unit
temperature increase declined with the increase of pre-strain level as shown in Figure 5-13b.
However, the maximum recovery stress increased with the pre-strain level up to 12.2% pre-strain
and decreased thereafter as shown in Figure 5-12b. Therefore, if the SMA tendons will be activated
partially with limited temperature increase, a relatively low level of pre-strain (6%-9%) can be
more favorable. If the SMA tendons will be fully activated with sufficient heat, then a pre-strain
level that was just beyond the plateau region (10%-12%) is more preferable.
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Figure 5-13. (a) Strain recovered per unit temperature increase as a function of pre-strain level,
and (b) recovery stress per unit temperature increase as a function of pre-strain level

It should also be noted that only four types of grouts approved by the state transportation
agency were considered here. The hydration heat of grout was a result of a number of exothermic
chemical reactions that can be influenced by several factors such as water/cement ratio, air
entrainment, chemical admixtures, cement type, cement fineness, and ambient temperature.
Therefore, further studies can be conducted to obtain larger hydration heat (i.e. higher increases in
temperature) by altering some of these factors. However, this needs to be done carefully since
excessive hydration heat can cause other problems during grouting and adversely affect the
performance of the grout.

Pull-out tests showed that the bond between the SMA bars and the grout is low. However, it
was comparable to the bond strength (<1 MPa) between a single steel bar and grout and the bond
strength (<2 MPa) between smooth pre-stressing bars and normal strength concrete. In self-post-
tensioning with SMAs, the pre-stress is transferred to the concrete element by the end anchorages.
Therefore, the recovery stresses in the SMA bar will be transferred through the anchorage system
at the end of the beam despite the low bond strength. Nonetheless, as discusses earlier, good
bonding is still favorable for better cracking behavior and ultimate strength response. The use of
SMA strands instead of a single SMA bar can provide better bond performance as higher bond
strength was reported for steel strands compared to steel bars in the literature. Superelastic SMAS
in the strand or cable form have recently been developed and studied by several researchers. When
SMA strands with SME properties are developed, they can be used in pre-stressing applications

with better bond characteristics.
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5.9 Summary

This section explored the feasibility of activating SMA tendons using heat of hydration of

grout in order to develop SPT concrete elements. Material characterization tests were conducted

on NiTiNb SMAs. In particular, the influence of differential thermo-mechanical processing on

shape memory behavior is assessed for a rolled sheet and extruded rod. The recovery behavior of

the material was studied during free and constrained recovery experiments. The increase in

temperature during the hydration of four commercially available grouts was evaluated. A typical

cylinder specimen was filled with the grout and a thermocouple and a data acquisition system were

employed to measure the temperature during 48h. In addition, two pull-out tests were conducted

on cylindrical specimens to investigate the bond between the grout and SMA bar. The major

findings can be summarized as follows:

Tailoring deformation processing after casting, such that the eutectic micro-constituent is
oriented and closely spaced, can facilitate tuning the activation strain and reverse
transformation interval.

Pre-strain level considerably influences the reverse transformation interval and recovery
ratio or stress.

For free recovery experiments, reverse transformation interval increases with the
increasing pre-strain level while recovery ratio reaches a maximum value and then
decreases.

For constrained recovery experiments, both reverse transformation interval and recovery
stress increase up to 12.2% strain and then slightly decrease with the increasing pre-strain.
A recovery stress more than 550MPa could be achieved after cooling to ambient
temperature.

An average of 28°C temperature increase was observed during hydration of a prepackaged
grout material.

The temperature increase due to heat of hydration of the grout can activate most substantial
percentage of recoverable strain during a free recovery experiment. However, for
constrained recovery, higher temperature increases are needed to fully activate the SMA
material.

Bond strength between plain SMA bars and grout material is found to be about 1.3 MPa.
To achieve higher bond strength, the surface of SMA bars can be sand-blasted.
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Although this feasibility study indicated that the concrete elements can be pre-stressed by
partially activating NiTiNb SME bars using hydration heat of the grout, pre-straining in the
austenitic state via the SIM transformation has limited potential. Decreasing prestrain deformation
temperatures below room temperature down to Ms and below Mt can facilitate lower critical stress
levels and differential reverse transformation intervals for SME recovery as well as higher
recoverable strains and recovery stresses. Hence, a similar systematic study for pre-straining
NiTiNb in the martensitic state is warranted. Further research is needed to investigate other SMA
materials that possess more favorable phase transformation ranges for self-stressing and higher
recovery stresses. Potential of achieving higher temperature increases during the hydration of grout
can also be explored. Furthermore, long-term pre-stress losses, the use of larger size SMA tendons,

and the effects of field conditions need to be examined.
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6 Summary, Conclusions and Recommendations

6.1 Summary

Concrete represents the most common material that is being used in the vast majority of civil
structures at the global level. However, traditional cementitious materials are subject to cracking
and have limited or no functional properties. The vulnerability and exposure of concrete structures
to rapid deterioration due to cracking, rebar corrosion, seismic events, and extreme weather
conditions have always been a concern in the engineering community. In addition, extreme
weather events including hurricanes, tropical storms, and prolonged intense temperatures have
been encountered more frequently in recent years.

Shape Memory Alloys (SMASs) are smart materials that can recall and restore their original
shapes upon being deformed. Their shape recovery ability is attributed to reversible phase
transformations between two different solid phases of the material. SMAs are classified into two
main groups: shape memory effect SMAs and superelastic SMAs. The shape recovery in shape
memory effect SMAs occurs due to thermal activation; while for the superelastic SMAs shape
recovery is mechanically (stress) induced. Due to their excellent re-centering and good energy
absorbing capabilities, superelastic SMAs have received a great interest for applications in
concrete structures.

This dissertation explored the development and characterization of shape memory alloy
materials and composites to enhance resilience and sustainability of concrete structures. The first
SMA material investigated in this research was relatively large-diameter NiTi SMA cables. The
complete characterization of these cables was carried out in this work. To illustrate their potential
use as a component of seismic control device that can be installed in concrete structures for
dynamic response mitigation, a passive control device was fabricated and tested. Secondly, the
development of SMA fiber reinforced cementitious composites was studied. In particular, the
behavior of cementitious composites that contains short distributed SMA fibers was systematically
evaluated. Another SMA material studied in this research was wide-hysteresis NiTiNb shape
memory effect SMAs. The feasibility of self-pre-stressing concrete members using this SMA
materials was evaluated.

The dissertation is composed of six sections. Section one provides a review of the innovative
technologies and methodologies that have been reported in the literature and investigated by

different researchers to mitigate the deficiencies of concrete structures. The motivation of

MUHAMMAD M. SHERIF 137|157



Dissertation: Design and Characterization of Innovative Materials and Structural Systems for Resilient
Concrete Structures

conducting this research work and its scope are presented. Section two provides an overview of
the discovery and composition of SMAs and elaborates the development and mechanical response
of SMAs and their applications in concrete and steel structures. A comprehensive review of fiber
reinforced cementitious composites and the latest research activities in the field of SMA fiber
reinforced cementitious composites are presented. The use, and different applications, of shape
memory effect SMASs in pre- and post-stressing concrete members are discussed.

Section three is devoted to the characterization of superelastic SMA Cables. It investigates the
mechanical response of superelastic cables and strands subjected to various strain amplitudes and
rates under tensile loading protocols. The stress-strain response and the degradation of various
properties of the superelastic SMAs under fatigue loading are examined. The thermal and electrical
response are investigated and SEM images of the fracture of a superelastic SMA cable due to
fatigue loading are presented. At the end of this Section, the manufacturing, testing and preliminary
results of a superelastic viscous damper are presented and discussed.

Section four focuses on fiber reinforced cementitious composites. It discusses the use of
randomly distributed superelastic SMA fibers in mortar and concrete beams to resist flexural loads.
The enhancement of various properties such as, flexural strength, residual deformations, and crack
recovery are also investigated. The energy dissipation that would occur during each loading and
unloading cycle for fiber reinforced concrete specimens is evaluated and the acoustic emissions
signal data is acquired using two transducers placed at each end of the specimens. Section five is
devoted to the study of self-post-tensioning of concrete members using SMAs. The mechanisms
and material characterization of self-post-tensioning are discussed. The pre-straining and strain-
recovery is presented. Finally, the heat of hydration of grout, the behavior of SMA-grout bond,
and the feasibility of self-post-tensioning are elaborated and assessed.

Section six includes a summary of the conducted research and provides the main conclusions
of the study. Recommendations for future work are also provided. A comprehensive list of relevant

references that have been cited in this study is also attached.
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6.2 Conclusions and Recommendations

The characterization of tensile tests of cables at different strain amplitudes and rates revealed
that SMA cables are viable alternative that can be implemented in real-world structural
applications. SMA cables have very good mechanical properties and have a lower production cost
when compared to same size monolithic SMA bars. The uniaxial tensile tests, revealed that SMA
cables exhibit excellent superelastic behavior similar to thin SMA wires. Also, the non-
conventional complex configuration experienced minimal residual deformations when subjected
to 6% strains, which represents the unique re-centering properties of SMAs. While, a maximum
of 0.76% residual strain was observed when the cable was subjected to 10% strains. The influence
of cyclic fatigue loads is apparent in the first 100 cycles (i.e. most of the degradations occur during
the first 100 cycles). The residual strains of the cable were 2% and 2.18% at the end of the 5000™"
loading cycle for strain amplitudes of 4% and 5%, respectively.

In general, SMA cables provide high tensile forces, good energy dissipation, and redundancies
which are advantageous properties for civil applications. The redundancy of the cable was
observed for the cable subjected to 7% strain amplitudes fatigue loadings. By the end of the 5000™"
cycle, the inner core of cable fractured, but the outer cores were still intact. However, the complex
geometrical configuration of the SMA cables influenced the tensile response, and reduced the
transformation stresses, elastic modulus and the maximum tensile stress for the applied strain
amplitude. This is mostly due to the non-uniform distribution of the applied strains on the cross-
section of the cable. Therefore, the geometrical configuration of the SMA cables need to be tailored
for a given application.

Moreover, preliminary experimental tests conducted on a SMA cable based control device
illustrated a good hysteretic response which enabled a good dissipation of energy. Some
modifications such as the enhancement of the bond between the steel plates and the rubber
compound need to be considered. Also, the bending of the top and bottom plates should be limited
to apply high strains on the SMA cables and achieve the re-centering capabilities.

The results of thermal imaging illustrated the feasibility of predicting the applied stress and
strains, and a good correlation between the changes in temperature with the re-centering
capabilities can be established. Also, the investigations concluded that there is a direct correlation
between the electrical resistance and applied strains for a conventional strand configuration (1 x
7), but it revealed the complexity of sensing the applied strains for a multi-layered cable. The
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thermal imaging and electrical resistance are essential capabilities that enhance the functionality
of the SMAs for self-sensing applications. However, further research is needed to evaluate the
effect of the strain rate on the thermal response.

The flexural results of the SMA fiber reinforced mortar revealed that the addition of the SMA
fibers increased the overall ductility of the mortar composites. The specimens with 1.0% SMA
fibers exhibited a deflection hardening behavior, with residual strength up to 26% of their peak
strength. All other types of the SMA-fiber reinforced mortars exhibited a deflection softening
behavior. Also, the specimens with 1.0% of SMA fibers by volume displayed the smallest crack
propagation and the highest crack recovery ratio. Moreover, to better understand the behavior of
the SMA fiber reinforced composites, acoustic emissions were monitored and characterized.

Few acoustic events were observed during unloading for the control specimen and for the
early loading cycles of the SMA fiber reinforced mortar specimens. However, large number of
acoustic events with scattered durations were present during the unloading phase of latter cycles
in SMA fiber reinforced specimens. Cumulative energy histories showed that the energy remains
constant during unloading for all loading cycles of control specimen and during the early cycles
(cycles 1 to 8) of SMA fiber reinforced mortar. An increase in the cumulative energy was observed
in SMA fiber reinforced specimens at the latter loading cycles. It was demonstrated that the
increase in energy can be correlated to the crack-closure pattern. The events with higher average
frequency, which indicate a tensile mode behavior, were observed when the mortar experiences
crack closure. Results suggest that the AE cumulative energy and average frequency can be used
to characterize crack width growth and recovery in SMA fiber reinforced mortars. However,
further investigations are needed to confirm the exact nature of this relationship and reveal the
correlation between the relative increase of cumulative energy during the loading and unloading
stage and crack opening and closure (i.e., quantification of crack width increase/recovery).

The flexural response of the SMA fiber reinforced concrete confirmed that the addition of
SMA fibers into concrete mixtures did not significantly improve the re-centering capabilities as
compared to the steel fiber reinforced concrete. This is mainly attributed to the straight shape of
the SMA fibers used in this study. The lack of mechanical anchorage, such as hooked ends or
friction resistance of a textured surface, caused poor bond behavior. SMA fiber reinforced

specimen suffered from excessive pullout offsetting the crack recovery or re-centering capabilities.
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However, specimens with SMA fibers displayed a better crack-width control (i.e. smaller crack
width) as compared to its counterpart steel fiber reinforced concrete specimen.

Hybrid fiber reinforced specimens displayed the least residual mid-span displacement, better
crack-closure capabilities and a slightly higher flexural strength. The combination of SMA and
steel fibers increased the energy dissipation for almost all loading cycles. Furthermore, the acoustic
emission confirmed the experimental results obtained by the DIC and a direct correlation between
the crack width propagation and the cumulative energy was established. Overall, the use of hybrid
fibers in cementitious composites showed good potential and can be the subject matter of further
investigations. In particular, the use of SMA fibers with mechanical anchorage needs to be studied.

The feasibility of the self-post-tensioning of concrete members was investigated. It was shown
that a recovery stress of more than 500 MPa could be achieved after cooling to ambient
temperature. Further studies are currently being conducted to optimize the phase transformation
temperatures for self-post-tensioning application. The record of temperature increase during the
hydration of four commercially available grouts revealed that the highest temperature increase was
for Grout Il. At three different tests of Grout Il, an average of 28°C temperature increase was
observed. The increase of temperature increases in the other grouts were between 18°C and 20°C.
The results indicated that commercially available grouts can provide considerable temperature
increase during the heat of hydration of grout, which can be used to activate SMA tendons. In
addition, the pullout tests concluded that the maximum pullout load is between 1.4 to 1.6 kN and
the bond stress is between 1.2 and 1.4 MPa for 3.5-mm plain SMA bars.

The use SMA tendons, which possess high fatigue and corrosion resistance, as post-tensioning
elements in concrete girders will provide a better performance, increase the service life, and allow
for life-cycle cost savings for concrete bridges. The replacement of steel tendons with SMA
prestressing tendons will prevent corrosion-induced deterioration of tendons in concrete structures.
The use of heat of hydration of grout to activate the shape memory effect of SMA tendons will
provide self-stressing capability. This will greatly simplify and facilitate the tendon installation.
The need for jacking equipment or electrical source can then be eliminated. This will also enable
to form the reinforcement in any shape in two or three-dimensional space without special devices.
The use of SMA tendons will lead to a better control of the prestress and higher levels of effective
prestress. During the service life of a bridge, heat-triggering the SMA tendons can repair possible

damage observed in girders and reduce excessive deflections.

MUHAMMAD M. SHERIF 141|157



Dissertation: Design and Characterization of Innovative Materials and Structural Systems for Resilient
Concrete Structures

The presented dissertation established a framework for developing resilient and sustainable
structures through extensive and thorough experimental investigations, backed up with critical
analysis of the results. The study presented thorough experimental data and analysis needed to
advance the work in this field. Future investigations may include the investigation of large scale
structural components incorporating the shape memory alloys cables, bars and fibers. Furthermore,
it is necessary to investigate the use of superelastic SMA fibers with hooked ends in a concrete
matrix and their effects on the compressive, tensile and flexural strength of the composite. Further
analysis is required to investigate the optimal strain amplitudes for achieving highest energy
dissipations with the minimal degradation of the SMA cable under various strain rates. This would
help to develop an effective SVD.

The interfacial bond between the high demand butyl compound and steel plates may need to
be investigated and enhanced, to overcome the de-bonding issues under dynamic loading. The
bending effect of the steel plates on the energy dissipation of the SVD should also be considered.
Finally, a large scale experimental investigation might be carried out using the self-post-tensioning

technique to investigate the actual pre-stressing forces in a conventional structure.
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