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Abstract

Extreme loading events such as impact, blast, and earthquakes have often led to partial or total
collapse of structures, associated with economic and human life loss. Therefore, civil engineers
have been seeking innovative materials and systems that would allow designing resilient and
smart structures which can withstand such catastrophic events. Recently, engineered
cementitious composites (ECC) and shape memory alloys (SMA) have emerged as strong

contenders in the production of smart and resilient structural systems.

The aims of this study are to explore possible synergy between ECC and SMA for developing
a novel hybrid fibre-reinforced ECC incorporating randomly dispersed SMA and polyvinyl-
alcohol short fibres (HECC-SMAF) with possible strain recovery and superior impact
resistance. The mechanical properties of the composite, including uniaxial tensile and strain
recovery performance were examined. Moreover, the behaviour of the composite under impact
loading was explored using a drop weight impact test. Test specimens were also heat-treated
to investigate possible pre-stressing effects of SMA fibres on the impact resistance of the ECC.
A two-parameter Weibull distribution was used to analyze variations in experimental results
in terms of reliability function. Furthermore, numerical simulation was developed to predict

the behaviour of the composite under impact loading.

Results indicate that SMA fibres significantly enhanced the performance of the composite both
under static and dynamic loading. Adding fibres beyond a certain dosage led to fibre clustering,
thus, no further gain in tensile and impact performance was measured. The impact resistance
of HECC-SMAF specimens was further improved after exposure to heat treatment. This
highlights the significant contribution imparted by the local pre-stressing effect of SMA fibres
to the impact resistance of the composite. The Weibull distribution was adequate to predict the
impact failure strength of the new composite, allowing to avert additional costly experiments.
Also, numerical simulation predictions of the impact behaviour of the hybrid composite were
in good agreement with experimental findings, thus offering a suitable predictive tool and

allowing to preclude costly and time-consuming experiments.



This research underscores the potential to engineer new cementitious composites with superior
tensile properties and impact resistance for the protection of critical infrastructure in the event

of explosive or impact loading.
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Chapter 1
1 INTRODUCTION

1.1 GENERAL

Concrete is the most utilized construction material in the world. Although it primarily
carries compressive loads, concrete is also subjected to tensile stresses under the complex
combination of dead and live loads, shrinkage and thermal deformation, and other
mechanical and environmental loads in field exposure. Concrete is also often exposed to
impact and dynamic loading. Recent explosions have caused extensive economic and
human losses around the world due to the poor performance of reinforced concrete (RC)
structures. The impact resistance of conventional RC frame structures largely depends on
the energy dissipation ability of key structural components such as beams, columns, and
their connection zones. Extreme loading events such as blast, impact, and earthquake
events have shown that failure of these structural elements often led to partial or total
collapse of buildings (Alemdar and Sezen, 2010). Such a hazardous failure mechanism is
unacceptable and must be prevented in design. After a strong impact or explosion, if the
structure experiences excessive deformation, although the structural elements may remain
functional, it will not be able to fully recover its original shape. Thus, the occupants/users

of that structure will not feel safe to use it.



Furthermore, the study of the impact resistance of structures, especially military and
defense facilities and those with strategic importance against explosive waves and
penetration of fragments has attracted great research interest in recent years. One of the
ballistic impact loads against which these structures should be protected is the localized

impact from high-velocity projectiles caused by small arms or blast-induced fragments.

Therefore, civil engineers have been seeking innovative materials and solutions to design
structural members and smart systems that possess enhanced deformation capacity and
ductility, higher damage tolerance, better concrete confinement, decreased or minimized
residual crack sizes and recovered or reduced permanent deformations (Parra-Montesinos
et al., 2005). If such RC elements can be tailored, this would allow the design of structures
having enhanced ductility, exhibiting little damage, thus minimizing concrete repair. This
goal could be achieved for instance using shape memory alloy (SMA) bars in structural
elements as full or partial replacement for traditional steel reinforcement. This was
explored for example by Saiidi et al. (2007), Xiaopeng et al. (2015), and Choi et al. (2015).
It is also possible to use SMA bars as reinforcement in joints of RC frames while the other
structural elements are reinforced with regular steel (Nehdi et al., 2010).

Another alternative would be using hybrid polyvinyl alcohol-engineered cementitious
composites (PVA-ECCs) incorporating randomly dispersed nickel titanium (NiTi) SMA
short fibres as a replacement for traditional RC, which has not yet been fully investigated.
The main drawback of using large-diameter SMA bars is that it reduces the hysteretic area
of the SMA, thus impacting its ability to dissipate energy compared to small-diameter
wires. This is due to the accumulation of more distorted martensite crystalline structure
and inherent deficiencies that exist in larger-diameter SMA rods as compared to smaller-
diameter wires. From a technical standpoint, the larger the diameter of SMA rods, the more
distortion and inconsistency are observed at the microstructural level, which impacts the
hysteretic behaviour of the SMA (Zafar and Andrawes, 2014). Moreover, short fibres have
advantages over continuous wires in that the distribution of fibres is more uniform; thus,
they enable crack closing in any direction. Also, if SMA fibres could be used instead of
straight tendons or continuous wires, then thin or curved shaped SMA-reinforced structural

members could be easily constructed.



The rapid progress in missile and explosives technology coupled with the poor behaviour
of structures against such events emphasize the need for dedicated research to develop

smart and novel structural materials with superior resistance against impact loading.

The concept of smart structures and adaptive systems has gained global importance. Smart
systems can automatically adjust their structural characteristics in response to unexpected
severe loading and/or disturbance towards enhancing structural safety and serviceability.
In particular, smart materials can be integrated into structures to provide functions such as
sensing, self-adapting and self-healing (Song et al., 2006). An example of such smart

materials is shape memory alloys (SMAS).

1.2 RESEARCH SIGNIFICANCE

In response to substantial economic and human life loss incurred due to blast, impact and
earthquakes inflicted on civil infrastructure, there has been substantial research attempting
to develop resilient, smart and sustainable systems that can withstand such extreme loading
events. Yet, this research remains scattered. This dissertation is an attempt to create
synergy between two emerging materials: engineered cementitious composites and shape
memory alloys. It is believed that when these two materials are combined, smart systems
that are sustainable and resilient under extreme loading events could be developed with
endowed self-centering and self-healing capability.

1.3 SPECIFIC RESEARCH OBJECTIVES

This dissertation aims at exploring the fundamental characteristics of hybrid PVA-ECC
incorporating short, randomly dispersed NiTi-SMA fibres with consideration of possibly
using this novel composite in structural applications with vulnerability to impact hazards.

The specific objectives of this research are:

1) Examining the effects of incorporating NiTi-SMA fibres having 0.625 mm in
diameter and 16 mm in length at 0.5%, 1.0% and 1.5 % volume fraction on the
compressive, tensile and flexural strength of PVA-ECC composites.

2) Exploring the effect of SMA fibre addition on the fracture toughness of the ECC
material and how it affects the ductile behaviour of the composite.



3) Providing a correlation between the tensile properties and flexural characteristics
of the composite in order to overcome the problems associated with complicated
tensile tests.

4) Experimentally investigating strain recovery as a self-healing mechanism in
flexural damaged HECC-SMAF prisms exposed to controlled high temperature
stimuli and evaluating its performance under re-loading.

5) Acquiring superior capability to recover large deformations in ECC elements to
enhance structural safety and service life performance.

6) Achieving large energy dissipation and crack control capability utilizing NiTi-
SMA fibres.

7) Experimentally investigating the impact resistance of cylinders made with mono
and hybrid fibre-reinforced ECC mixtures.

8) Exploring the impact behaviour of the new composite after exposure to high
temperatures.

9) Developing a numerical model using finite elements (FE) to evaluate the
performance of HECC-SMAF cylinders under impact loading in terms of extent of
damage, load-time history, and energy absorption capacity, and verifying its results

versus that acquired from the experimental investigation.

1.4 RESEARCH CONTRIBUTIONS

This research is considered the first study that provides a novel investigation on the synergy
of utilizing two emerging materials in developing damage resilient infrastructures, ECC
and SMA fibres. Evaluating the behaviour of the novel hybrid fibre-reinforced composite
subjected to static and dynamic loading under normal exposure and subsequent to both
heat-treatment and fire exposure provides a new contribution to the state-of-the-art. The
new composite is endowed with strain recovery and superior impact resistance. Moreover,
this study provides a numerical investigation demonstrating that the finite element
modeling technique can be used to successfully simulate the response of the novel

composite exposed to impact loading.



1.5 THESIS OUTLINE

This dissertation has been prepared according to the integrated-article format predefined
by the Faculty of Graduate Studies at Western University, London, Ontario, Canada. It was
organized in seven chapters covering the scope of the study: Tensile and impact resistance

of shape memory alloy fibre reinforced engineered cementitious composite.

The current chapter 1 provides a brief introduction along with the research

significance and objectives.

Chapter 2 presents a critical literature review of research on ECC, its composition,
specifications and design procedures. It also provides a brief discussion on SMA with
specific background of NiTi-SMA. The shape memory effect as well as the super-elastic
and super-plastic characteristics of NiTi-SMA are explained at a micro-structural level.
The chapter concludes with a summary of the research conducted on ECC and how it is
being used in civil engineering applications. In addition, a brief review of current structural
applications of NiTi-SMA, focusing on beams, columns and their connection zones, is also
provided.

Chapter 3 presents an experimental program covering the fabrication and analysis
of the mechanical performance of hybrid PVA-ECC incorporating randomly dispersed
NiTi-SMA fibres (HECC-SMAF) at 0.5%, 1% and 1.5% by volume fraction having 16 mm
in length. The compressive strength, tensile properties, and flexural performance of the

new composite are examined and discussed.

Chapter 4 provides a proposed tool based on experimental results to predict the
uniaxial tensile characteristics of the ECC composite using simple flexural test results in

order to overcome the problems associated with complicated direct tensile testing.

Chapter 5 reports the performance of the new composite under impact loading and
its impact behaviour after exposure to a high temperature stimuli in terms of energy

dissipation capability, pre-stressing effect, first crack strength, and fracture energy.



Chapter 6 presents the proposed numerical models using a commercial Finite
Element (FE) software (ABAQUS/Explicit) to simulate the behaviour of the new
composite under drop weight impact loading in terms of energy absorption capacity,
applied impact loading-time history, and extent of damage.

Chapter 7 summarizes the results of the study, draws conclusions and discusses

needed future research.
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Chapter 2

2 EXPLORING SYNERGY OF ENGINEERED
CEMENTITIOUS COMPOSITES AND SHAPE
MEMORY ALLOYS IN CREATING RESILIENT CIVIL
INFRASTRUCTURE!

2.1 INTRODUCTION

ECC was developed in 1993 by Li (Li, 2003) at the University of Michigan. It is made of
a cementitious binder, small particle size sand, fillers, and high-modulus, short random
fibres micro-mechanically designed to achieve high damage tolerance under severe loading
and high durability in normal service conditions (Sahmaran and Li, 2010). Furthermore,
supplementary cementitious materials are used as partial replacement for cement in ECC
production to improve its sustainability and durability in aggressive environments
(Suleiman and Nehdi, 2017). ECC is categorized as a sustainable high-performance
cementitious material, with growing efforts to incorporate in it increasing contents of
recycled by-products and mineral admixtures. It has been produced in ready-mix concrete
plants and transported to construction sites using conventional transit trucks. The ECC
mixture can be placed without need for vibration due to its self-consolidating ability. The
relatively low fibre content (2% by volume fraction) has also made ECC shotcrete viable.
Moreover, the costliest component of the composite, fibres, is minimized resulting in ECC
that is more acceptable to the cost-sensitive construction industry. Under flexure, normal
concrete (NC) fractures in a brittle manner. In contrast, due to presence of fibres, very high
curvature can be achieved by ECC at increasingly higher loads, much like the yielding of

a ductile metal plate, as shown in Fig. 2-1.

L A version of this chapter was accepted for publication in the Magazine of Concrete Research Journal
(2017).



Multiple
fine cracks

Figure 2-1: Four-point bending load-deformation behaviour of PVA-ECC.

Extensive inelastic deformation in ECC is achieved via multiple micro-cracks having a
width of usually less than 60 um (about half the diameter of a human hair). This inelastic
deformation of ECC is similar to plastic yielding in ductile metals in which the material
undergoes distributed damage throughout the yielding zone (Dhawale and Joshi, 2013).

Figure 2-2 displays the typical tensile stress-strain behaviour of ECC compared to that of
NC.
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Figure 2-2: Typical tensile stress-strain curve NC and ECC.
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Recently, the concept of smart structures and adaptive systems has gained global
importance. Smart systems can automatically adjust their structural characteristics in
response to unexpected severe loading or disturbance towards enhancing structural safety
and serviceability. In particular, smart materials can be integrated into structures to provide
functions such as sensing, actuation and information processing essential to monitoring
(Song et al., 2006). Also, using such materials in concrete structures can help achieving
autogenous-healing. Smart materials have recently found numerous applications in many

civil engineering areas, especially shape memory alloys (SMAs).

SMAs are a class of metallic alloys that "remember" their original shapes, with unique
ability to undergo large inelastic deformation and regain its un-deformed shape when
subjected to stimulus such as radiations, thermo-mechanical or magnetic variations, and
electric heating. The properties of SMAs were discovered by accident (Buehler and Wang,
1968). Anecdotally, samples of the alloy were being subjected to strength tests by being
pounded with hammers to see how much force was necessary to deform them. After several
dents were created, the researchers left the samples on a windowsill and went for lunch.
Upon their return, they discovered that the dents had "repaired” themselves. The main types
of SMAs include copper-zinc-aluminum, copper-aluminum-nickel, iron-manganese-

silicon and nickel titanium (NiTi) alloys.

A concrete structure can be considered intelligent if it has the ability to sense and self-
rehabilitate itself. There are fertile opportunities for exploiting SMA in engineering smart
and resilient structures. For instance, Song and Mo (2003) proposed the concept of
intelligent reinforced concrete (IRC) whereby in the presence of cracks due to explosions
or earthquakes, by electrically heating SMA wires, the wire strands contract and reduce the

crack width, as shown in Fig. 2-3.

SMA wire ~. _>}\4_ Reducing cracks

Figure 2-3: Schematic diagram of electric heating effect on RC element

incorporating SMA wire.
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The present chapter first examines ECC and NiTi-SMA production techniques and their
mechanical properties. The shape memory effect as well as the super-elastic characteristics
of NiTi-SMA are broken down and explained at a micro-structural level. A general
description of modelling aspects of ECCs and SMAs with information on built-in ECC and
SMA models available in some finite element (FE) packages is provided. In addition,
current structural applications of these materials, such as beams, columns and their
connection zones, are critically discussed. Furthermore, the impact resistance of ECC
structural elements reinforced by traditional steel and/or SMA is highlighted with a
proposed view on further research needed on the applicability of such promising materials
in structural applications. It is demonstrated that ECC and SMA possess a substantial
potential to replace or complement conventional structural materials, while achieving great

gains in terms of performance, resilience and safety.

2.2 GLOBAL MARKET FOR SMART MATERIALS

Research (e.g. McWilliams, 2014) reported that the global market for smart materials was
about USD 19.6 billion in 2010, USD 22 billion in 2011 and estimated to reach over USD
40 billion by 2016 with a compound annual growth rate (CAGR) of 12.8% between 2011
and 2016. The largest application segment (55% of the total market) is motors and
actuators, with sales of nearly USD 10.8 billion in 2010, expected to reach USD 25.4 billion
(approximately 64% of the market) by 2016 with CAGR of 15.4% between 2011 and 2016,
as shown in Fig. 2-4. It was reported that the global market for these materials totaled about
$26.0 billion in 2014 and is forecasted to reach $42.2 billion in 2019, registering a CAGR
of 10.2% for the period of 2014-2019. More recently, Transparency Market Research
(2016) estimated that this market will reach USD 63.2 billion by 2020, with rising demand
for piezoelectric devices to drive the growth. It is believed that smart materials will find
growing applications in civil infrastructure systems. Thus, researchers ought to explore this
potential and pursue opportunities offered by such intelligent materials and systems to
yield, smart, resilient and sustainable infrastructure with superior performance and lower

service life cost, maintenance and repair requirements.
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Figure 2-4: Global market forecast for smart materials for 2013-2019 (modified
after McWilliams, 2014).

2.3 ENGINEERED CEMENTITIOUS COMPOSITES
(ECCs)

2.3.1 ECC Production

ECC utilizes similar ingredients to that of FRC. However, coarse aggregates are not used
in ECC because they tend to adversely affect the unique ductile behaviour of the composite.
A typical ECC mixture composition employs cement and supplementary cementitious
materials of nano to millimeter scale, micro-silica sand or limestone powder of 300 um
particle size diameter or less, water, water reducing admixtures and about 2% by volume
of discrete fibres. Typically, fibres are of the order of a few millimeters in length and tens
of micrometers in diameter, along with a nano-scale surface coating. A variety of fibres
have been used in ECC production, such as polyvinyl alcohol (PVA) (Said et al., 2015),
polypropylene (PP) (Zhang et al., 2015), polyethylene (PE) (Qudah and Maalej, 2014), and
steel fibres (SE) (e.g. Soe et al., 2013). Recently, Ali et al. (2017) have pioneered the use
of short shape memory alloy (SMA) fibers in ECC production. Because of the relatively
small amount of fibres and its chopped nature, the mixing process of ECC is similar to that

of normal concrete.
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2.3.2  Mechanical Properties of ECC

The mechanical properties of ECC depend mainly on various mixture design parameters
and the type of fibres used (Pan et al., 2015). ECCs have two inherent characteristics:
ability of multiple micro-cracking in the matrix instead of one large crack formation before
failure, along with strain hardening capability (i.e. rise in tensile deformation accompanied
by a rise in load carrying capacity after first cracking), as shown in Fig. 2-2. What makes
ECC different from normal concrete and other fibre-reinforced concretes is the unique
properties associated with its specially tailored composite nature. As portrayed in Fig. 2-2,
these properties include smaller crack width, metal-like ability to carry higher load after
first cracking while undergoing further deformation, significantly higher ductility, self-
healing ability, and relatively low fibre volume fraction (Sahmaran and Li, 2010). Such
properties contribute to improving the safety, mechanical strength and sustainability of
structures made with ECC. It was reported that ECC has a typical moderate tensile strength
of 4 to 12 MPa, compressive strength of 20 to 95 MPa, flexure strength of 10 to 30 MPa
and a high ductility of more than 1%, which is hundred times that of normal concrete.
These properties can be tailored depending on the demands of a particular structure. Table
2-1 summarizes some of the mechanical properties of ECC retrieved from recent research

works.

2.3.3  Engineering Properties of ECC

For the sake of the aforementioned superior behaviour of ECC, several researchers have
been motivated to further explore its performance, for instance under impact and blast
loading, its sustainability, self-healing capability, etc. Table 2-2 summarizes some of these

unique characteristics retrieved from various studies.

2.3.3.1 Impact Resistance of ECC

Military facilities, mountainous rock sheds and protective walls of nuclear power plants
must be designed to resist severe loading conditions such as impact and blast loads
imparted by missiles, falling rocks, crushing vehicles and aircrafts (Alhadid et al., 2014).
Impact testing is an effective way for determining the impact responses of RC structural
members (Adhikary et al., 2015, 2016).



Table 2-1: Findings of recent research work on mechanical properties of ECC
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Mechanical Achievement Reference
property
Increasing fly ash (FA) partial replacement of cement (C) by 50%, 100 and 150% decreased the compressive strength
by 19%, 33% and 52%, respectively. Increasing water/binder (w/b) ratio (0.28 control) by 7% and 14%, decreased | "anetal
compressive strength by 22.2% and 26.67%, respectively. Increasing sand/binder ratio (0.3 control) by 20% and 40%, (2015),
. increased compressive strength by 7.7% and 65.4%, respectively.
Compressive . . . . Huang et al.
strength and Increasing the flb_re volume fraction (1.2 control) by 8.3% and 16.6%, decreased the compressive strength by 12.5% (2013),
elastic modulus and 25%, respectively.
Partial or total replacement of silica sand by limestone powder increased the ECC compressive strength. Turk and
Incorporation of 10% tire rubber as partial replacement for fine aggregate in ECC mixtures significantly reduced Demirhan
compressive strength and elastic modulus of the composite by more than 50%. (2013)
The higher the fibre dispersion, the higher was the tensile ductility and ultimate tensile strength of ECC.
Highly inclined fibres by more than 20 degrees with respect to the tensile load axis, reduced the fibre bridging efficiency Tosun-
by up to 64%, and consequently reduced the tensile ductility of ECC specimens. Felekoglu et
Tensile strength Incorporating tire rubber in ECC mixtures can achieve tensile strain capacity of 2-3% at 28 days. al. (2014),
The first cracking strength of ECC significantly decreased with existence of tire rubber in ECC mixtures.
The incorporation of tire rubber in ECC mixtures substantially reduced the tensile capacity of the composite by about | Huang et al.
50% compared to that of the ECC mixtures not including tire rubber. (2013)
Producing ECC mixtures with low-modulus fibres such as PP and nylon 66, achieved high flexural strength. However,
PVA-ECC mixtures still acquire higher flexural strength compared to that of low-modulus fibres.
Generally, the first crack strength of the composite decreased with increasing FA/C and/or wi/b ratio. Pan et al.
Elexural Increasing the FA/C and/or w/b raj[io by more than 1_.2 a}nd 0.28, respectively, g;nerally decreased the ECC’s flexural (2015),
strength strength. Also, flexural capacity slightly increased with increasing the sand/b ratio by more than 0.3. _
The flexural deflection capacity tended to increase with an increase in both the w/b and FA/C ratios. Halvaei et
The number of cracks in ECC increased as the FA/C and/or w/b ratios increased. Additionally, higher FA content | al. (2014)
tended to reduce the flexural crack width.
ECC specimens had a reserve capacity against shear failure ranging between 14% and 27% relative to similar specimens Zhang et al
made with normal 45 MPa concrete. (2315) '
The failure process of ECC beams was less brittle than that of normal concrete beams. Also, critical cracks were
Shear strength propagated in ECC beams when the shear test progressed beyond the peak load. Qudah and
The shear capacity of beams produced with and without stirrups increased by 20.6% and 107.6%, respectively, when Maalej

replacing normal concrete with ECC.

(2014)




Table 2-2: Unique characteristics of ECC
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Property Main Findings Reference
The use of ECC in RC structural elements as replacement for traditional concrete and/or transverse reinforcement,
Behavi enhanced the seismic energy dissipation ability of the element and the shear resistance and cracking response, and reduced Qudah and
eur?(\j/:r)ur reinforcement congestion and construction complexity. Maalej
reversed Replacing conventional concrete with ECC allowed developing spalling-free concrete elements with adequate seismic | (2014), Yuan
cycling energy dissipation even when stirrups reinforcement was not used. et al. (2014),
loading ECC/reinforcement bond was not degraded under the effect of reverse loading cycles, consequently, delaying the failure | Gencturk et
of key structural elements such as columns, beams and their connection zones. al. (2013)
Drvi Drying shrinkage of ECC was higher than that of normal concrete due to the absence of coarse aggregates. Using tire H tal
Tying rubber in ECC mixtures can accommodate shrinkage deformations without localized fracture failure. uang et al.
shrinkage, ECC id llent f . d 1o that of fibreless ECC . (2013), Zhu et
frost and provides excellent rgst prgtectlon compare tot a_to ibreless matrices. . al. (2012),
corrosion The de_zvel(cj)pment of multiple fine cracks in ECC specimens compared to large cracks in normal concrete can reduce Mihashi et al.
resistance corrosion damage. (2011)
Behaviour The tensile strength of ECC specimens achieved under accelerated curing at high temperature was higher than that .
. . . . . . Qian and
under acquired at normal curing, while a reverse trend was observed for the tensile strain capacity.
. . . . - . Zhang (2012),
different The tensile strain capacity of ECC specimens generally decreased when the curing age was prolonged. Zhu et al
curing The tensile crack width in ECC enlarged with curing age compared to that in specimens tested at earlier age. (2012) '
conditions
The unique micro-crack property and tight crack-width behaviour of ECC along with its relatively high dosage of
cementitious materials and lower w/b ratio compared with that in conventional concrete endowed ECC with a high of self-
healing capability. Wu et al
Self- Preloaded ECC specimens showed negligible recovery of strain when the crack width was larger than 150 um, partial '
. . (2012),
healing recovery was observed when the crack width was between 50 and 150 um, and full recovery occurred when the crack Sahmaran et
capability width was lower than 50 um. al. (2007)

The healing ability of cracked ECC specimens, in terms of stiffness recovery, was found to be less at early age compared
to that for more mature specimens.
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The response of a structure subjected to impact loading is complex (Naik and Doshi, 2008),
depending on its geometry, material properties, along with the characteristics of the
projectile or explosive load. When a projectile strikes a target, stress waves inducing
considerable energy are produced at the surfaces of the target, resulting in time-dependent
zones of tensile stress. When the tensile stresses exceed the dynamic tensile strength of the
target material, tensile failure occurs. To resist such vigorous loads, the structural material
must possess sufficient strength at high strain rate and adequate energy absorption capacity
to maintain its integrity without shattering and failing. Incorporating fibres in structural
elements, even in those pre-damaged by static loads was found to have significant positive

effect on their response under impact loading (Mindess et al., 1986).

Research on ductile materials and smart systems that exhibit excellent resistance to low
and high velocity impacts has attracted major interest. For instance, Maalej et al. (2005)
studied the behaviour of hybrid-fibre ECC panels incorporating 1.5% PE and 0.5% steel
fibres under high velocity projectile impact from a small-mass projectile (15 g). The ECC
panels were 300 x 170 mm [12 x 6.8 in] prismatic specimens with thicknesses of 55, 75,
100, 120, and 150 mm that were subjected to various impact velocities ranging from 300
to 750 m/s. The test results indicated the potential of utilizing ECC panels as a protective
material in various applications, such as enhancing shatter resistance with minimized
scabbing and spalling associated with distributed micro-cracking. Zhang et al. (2007)
further explored the damage pattern and failure mode under drop weight impact loading of
full-scale 2000 x 1000 x 50 mm hybrid- fibore ECC panels made with similar constituents
to that tested by Maalej et al. (2005). Their hybrid-fibre ECC panels had enhanced impact
resistance against multiple impacts, high ductility and energy absorption capability
compared to that of both RC and FRC counterparts. Furthermore, Yang and Li (2012)
carried out a series of drop weight impact tests on hybrid-fibre ECC panels and beams
reinforced by PVA and steel fibres. The 305 x 305 x 25.4 mm panels and 305 x 76 x 51
mm beams were subjected to drop mass of 12 kg. Results demonstrated that the load

carrying capacity and energy dissipation ability of the ECC panels were improved.
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Li and Zhang (2011) developed a numerical model for the impact behaviour of hybrid-fibre
ECC panels using the LS-DYNA software. The results were in good agreement with
experimental data obtained by Maalej et al. (2005). Moreover, Soe et al. (2013)
investigated the impact resistance of hybrid-fibre ECC panels incorporating a combination
of 1.75% PVA and 0.58% steel fibres. The 300 x 170 x 50 mm ECC panels were subjected
to high velocity projectile impact ranging from 300 to 657 m/s. The ECC panels achieved
superior behaviour and absorbed higher energy than that of its normal concrete counterpart.
The ECC panels withstood multiple impacts at velocity of 460 m/s, reflecting superior
performance under impact loading. More recently, Zhuge et al. (2014) developed a
lightweight ECC via replacing a volume fraction of cement by lightweight hollow glass
additives. They tested the 30 mm x 9.6-14.7 mm cylindrical specimens under pressurized
impact loading produced using Split Hopkinson Bar (SHB). Results showed that the
dynamic compressive strength increased with increasing strain rate, while it decreased with
higher replacement level of hollow microspheres compared to that of normal ECC
specimens produced without hollow glass additives. Considering the aforementioned
studies, ECC has become as promising engineering material for the construction of impact

pI’OtECtiVG structures.

2.3.3.2  Sustainability of ECC

Every ton of cement produced generates around one ton of CO: released into the
atmosphere, which is responsible for about 7% of global greenhouse gas emissions (Black
and Purnell, 2016). When structures such as roads are built using pure portland cement,
they often need to be repaired more frequently, thus consuming more cement and releasing
additional greenhouse gas. During road repair, traffic crowding in the area leads to
increased fuel use and emissions (Li et al., 2004). Using ECC in such applications can help
decrease this environmental impact, thus improving the sustainability of the project. Li et
al. (2004) investigated the effects of using ECC, concrete made with portland cement, and
hot mixed asphalt (HMA) on important environmental parameters. It was concluded that
the energy required to produce ECC is less than that utilized for regular concrete and HMA
by about 21% and 72%, respectively. Also, the CO2 emission due to ECC is less than that
of regular concrete and HMA by about 33% and 38%, respectively. Yet most proposed
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ECC mixtures include a considerable amount of cement. By partially substituting cement
with industrial by-products such as cement kiln dust and fly ash, the environmental
footprint of ECC could be reduced, while also disposing of waste. Moreover, by-products
such as fly ash could facilitate self-healing reactions in ECC. Building sustainability
features such as the ability to reduce negative environmental impacts, increased life-span
of structures via decreasing resources needed for maintenance and repair, all seem to

indicate that ECC is a sustainable strong contender against conventional concrete.

2.3.4  Material Modelling of ECC

Many research works attempted to develop models that can predict the structural
performance of ECC without need for costly and time-consuming experimental
investigations. Models could for instance help in determining the structural response of
ECC under missile attack or explosion, which are difficult to test in laboratories. A
numerical model was developed by Li and Zhang (2011) to simulate the impact behaviour
of hybrid fibre ECC panels incorporating SE and PE fibres using the LS-DYNA
commercial software. The panels were similar to that tested by Maalej et al. (2005), thus
the numerical model was validated against these experimental results. It was concluded
that the numerical model was effective in modelling the impact response of hybrid-fibre
ECC panels. Following similar concept, Zhang et al., (2007) also analyzed the global
performance and energy absorption capacity of RC and hybrid fibre ECC panels using a
Single Degree of Freedom (SDOF) concept. The high ultimate resistance and maximum
allowable deflection of the ECC panels appeared to be the main factors contributing to its
superior energy absorption capacity and overall improved global resistance compared to

that of its RC counterpart.

Moreover, the high ductility of ECC motivated investigating the effects of using this
composite in wall elements. For instance, Kesner and Billington (2005) performed a two-
dimensional finite element simulation following that proposed by Han et al. (2003) to
identify adequate infill geometries under fully reversed cyclic loading. They reported that
rectangular ECC wall panels outperformed ordinary rectangular RC wall panels in terms
of peak load and energy dissipation. An infill wall system has been developed for use in

steel framed structures using precast panels made of ECC. A series of finite element
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analyses were performed to determine panel sizes and geometries. The infill system was
developed specifically for use as a retrofit strategy to improve the seismic performance of
critical facilities such as hospitals and emergency response structures. The experimental
and simulation results demonstrated the potential of the infill system as a retrofit.

Moreover, Artificial Neural Network (ANN) models have been developed as tools for
predicting the mechanical and durability properties of concrete (e.g. Sadrmomtazi et al.,
2013, Shahriar and Nehdi, 2011, Hewayde et al., 2007, EI-Chabib and Nehdi, 2005). ANN
models identify the patterns between an input and its output. Recently, Hossain and Samani
(2015) used the Levenberg Marquardt back propagation method to develop models for
predicting the 28-days compressive strength of ECC based on 134 ECC mixtures retrieved
from the literature. It was found that the degree of agreement (&) and ratio between model
and experimental outputs for the testing and validating data of the ANN model was very
close to 1. It was concluded that the model can be used as a tool for the design of ECC
mixtures based on desired strength or for predicting the compressive strength of a given
ECC mixture.

2.3.5 Laboratory Investigations on Small Scale ECC Structural
Elements

Research has been conducted over the last few decades to optimize ECC constituents and
explore the applicability of using ECC in full-scale structural elements. For instance, Pan
et al. (2015), Soe et al. (2013), and Tosun-Felekoglu et al. (2014) attempted to optimize
the fly ash, silica sand, fibres, and water reducing agent contents in ECC. Also, Turk and
Demirhan (2013) and Halvaei et al. (2014) explored the feasibility of replacing silica sand
by limestone powder and using different types of fibres on the mechanical properties of
ECC. Using ECC in full-scale structural elements, such as beams (Yuan et al., 2014),
columns (Gencturk et al., 2013), beam-connection zones (Qudah and Maalej, 2014), slabs
(Soe et al., 2013) and walls (Maalej et al., 2010) and retrofitting/repairing of existing ones
(Huang et al., 2013) was investigated. Moreover, Zhang et al. (2013) studied the potential
applications of low drying shrinkage ECC (LSECC) in strips placed between traditional
concrete slabs for forming joint-less concrete pavement systems and accommodating

temperature and shrinkage deformations. It was found that a composite slab containing
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both plain concrete and LSECC, using steel bars at the LSECC/concrete interface, could
localize tensile cracks into the LSECC strip instead of cracking in adjacent concrete slabs,

which reduces the cost and time of maintenance needed for such elements.

2.3.6  Constraints of Using ECC

A cost comparison of ECC and regular concrete should not only consider their
manufacturing costs, but also account for the structure’s lifetime costs. Regular concrete
has an initial cost roughly about three times less than that of ECC, but this can come at the
expense of quality (Dhawale and Joshi, 2013). Initial costs are in favor of regular concrete,
but long-term benefits are sufficient to favor ECC. To lower the cost of ECC, lower cost
and more sustainable cementitious materials can be used as partial replacement for cement.
Also, smaller ECC structural member size, reduced or eliminated reinforcement, and faster
construction offered by self-compacting ECC can further reduce costs (Dhawale and Joshi,
2013).

Using ECC can have further long-term benefits on the reduction of maintenance costs
compared to that of regular concrete. Being more sturdy, less brittle, more flexible, and
self-healing, it normally requires less maintenance and repair, which is particularly
desirable for large-scale infrastructure such as highways and tunnels that need to be in
continuous service. Under such circumstances, automatic repair, or self-healing, of cracks
without onerous labor and capital requirements could be very attractive. Repair work may
also be difficult or impossible because of existing conditions such as difficult access to
damage in the affected structure (Wu et al.,, 2012). When long-term costs and
environmental benefits are accounted for, the advantages offered by ECC over

conventional concrete become more prominent.

2.4 SHAPE MEMORY ALLOYS (SMA)

2.4.1 SMA Fabrication

Several SMAs having different compositions have been developed (Choi et al., 2015,
Debbarma and Saha, 2012, Nehdi et al., 2010, and Maruyama et al., 2008), including Cu-
Al-Ni, Cu-Zn-Al, Cu-Al-Be, Cu-Sn, Cu-Zn, Fe-Mn-Al-Ni, Fe-Mn-Si-Cr, Fe-Ni-Nb, Fe-
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Cr-Ni-Mn-Si, Fe-Ni-Co-Al-Ta-B, Mn-Cu, Ti-Ni-Hf, Ni-Ti-Fe, Ni-Ti-Nb, Ni-Ti-Al, Ni-Ti-
Cu and Ni-Ti. Most popular amongst SMAs are Ni-Ti alloys, known as a ‘Nitinol’. There
are various ways to manufacture Nitinol. Current techniques of producing NiTi alloys
include vacuum melting techniques such as electron-beam melting, vacuum arc melting or
vacuum induction melting. The alloys are then hot or cold worked to the desired shape (e.g.
wire, ribbon, tube, sheet, or bar). Carbide and diamond dies are used to produce wires
ranging from 0.075 to 1.25 mm in diameter (Gupta et al., 2012). The final stage of the
fabrication process is the shape memory treatment that characterizes SMA distinctively
from other structural metals, in which alloys undergo appropriate thermomechanical
processing to exhibit shape memory effect and super-elasticity. Cold working of Nitinol
causes marked changes in the mechanical and physical properties of the alloy than the hot
working technique (Alam et al., 2007). This results in a finished shape with enhanced

mechanical properties.

2.4.2  Mechanical Properties of SMA

Tables 2-3 and 2-4 provide mechanical and physical properties of various SMAs, pointing
to the superiority of NiTi versus other alloys. The NiTi alloy has higher yield and ultimate
strengths as well as better failure elongation and recoverable strain. Yet, the properties of
NiTi SMAs can vary greatly. A slight shift in the Ni/Ti ratio or minor modifications to the
manufacturing process can make great variations, even for the same alloy. For instance,
the addition of a third metal to NiTi to compose a threefold alloy can result in desirable
properties for specific applications. For example, Copper based alloy (NiTiCu) has lower
hysteresis associated with phase transformations, which makes it a better choice for
actuator applications. Likewise, Niobium based alloy (NiTiNb) has wider thermal
hysteresis, associated with minimal response to large temperature changes and is preferred
for coupling applications. It is possible to obtain SMAs for applications operating at high
temperatures by adding to NiTi a third element such as palladium, platinum, hafnium, and
gold (Ozbulut et al., 2011). This sensitivity makes careful planning necessary to choose

SMA that is optimal for a given application.



Table 2-3: Mechanical properties of various SMAs
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Type (GEPya) (Mféa) (I\/Tlll:’a) (f/i) (i/?) (n;F;a) Source
NiTiNb 21 i 1270 | 106 i i Kim et al. (2015)
NiTiFe i 688 1443 10 8 i Memry Corp. (2015)
TiNiCu | 1516 | 300 : - | 4575 27%% Liu (2003)

Maruyama et al.
FeMnSiCr | 140-170 | 200 650 | 8-29 | 345 i (2008), Janke et al.
(2005)
CuznAl | 70-100 | 150-350 | 400-000 | 10-15 | 35 i
FeMnAINi - - 1200 - 13 - Janke et al. (2005)
CuAINi | 80-100 | 150-300 | 500-1200 | 810 | 2 i
CuAlBe 25 | 110-210 ; - | 810 | 220 | Rejzneretal. (2002)

Table 2-4: Mechanical and physical properties of Ni-Ti alloy

Property Phase Range Unit Source
, Austenite 30-98 Kim et al.
Young's modulus, Ey Martensite 14-52 GPa (2015),
. Austenite 100-800 Hung and
Yield strength, f, Martensite | 50-300 Pa Yen
Ultimate tensile strength, f Austenite 800-1900 (2014),
g, fu Martensite | _800-2000 Tarlig and
) . Austenite 5-50 ul
Elongation at failure, & Martensite 20-60 % (2014),
Recovered pseudoelastic strain, &p; Austenite 8 or less A'(ngo‘;t)al'
Maximum recovery stress, fpy Austenite 600-800 MPa Janke et al.
(2005)
Density - 6.45 g/cm?®
- ) Adustenite 11x10° o Sharma et
Coefficient of thermal expansion Martensite 6.6x10° cm/cm/°c al. (2015)
Resistivity - 80-100 uQ cm

In addition, Fig. 2-5 exhibits typical stress-strain

relationship of SMA (austenite or

martensite) under tensile and compressive stresses (Alam et al., 2007). The curve is

composed of four linear branches that are connected by smooth curves. For simplicity, the

linear branches are assumed to intersect by broken lines. The first line represents the elastic

behaviour of the alloy at the start of the test, with a modulus of elasticity Ey until it reaches

the pseudo-yield stress, fy. A significant reduction in stiffness occurs after crossing fy, where

the modulus of elasticity, Epi, decreases to about 10%-15% of Ey. Such stiffness is

maintained up to a stress of fp1 and strain of &p1. As soon as it passes €pi, the specimen
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becomes stiffer and its modulus of elasticity Ep> reaches about 50%-60% of Ey. Another
pseudo-yield point, fe2, occurs at a strain of &, which is followed by a pseudo-yield
plateau with a modulus of elasticity Ey (3-8% of Ey) until failure occurs by reaching the
ultimate stress, fy, at a strain of &,. The stress-strain curve of SMA under shear and torsion

follows a similar pattern to that of the stress-strain curve under tension/compression.
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Figure 2-5: Typical stress-strain curve of SMA under tension/compression

(reprinted from Alam et al., 2007, with permission from NRC research press).

SMAs are mostly known for their ability to revert to their initial shape upon heating from
their low temperature state, or martensite, to the high temperature phase, or austenite.
Depending on the crystal orientation direction, martensite can exist in two forms; twinned
(TM) or de-twinned (DM). These two phases have different mechanical properties and can
be transformed into each other under different stress and thermal conditions. Figure 2-6
shows a stress-strain curve of SMAs at different temperatures. In the parent phase, austenite
occurs at high temperature and its crystal structure has a high order of symmetry. In the
martensitic phase, it is stable at low temperatures and under high stresses. The unique
ability of SMAs to recover its shape is due to the ordered crystalline structure between the
austenitic and martensitic phases. SMAs could be transformed from austenite to martensite
either by reducing the temperature or by applying a mechanical stress and vice versa. The
four temperatures that define the SMA’s transformation from one phase to the other (Fig.

2-6) are: austenite start temperature (As), where the austenite starts to develop in the alloy;
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austenite finish temperature (As), where the development of austenite is 100% complete;
martensite start temperature (Ms), where the development of martensite starts; and

martensite finish temperature (Ms), where the development of martensite is 100% complete.
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Figure 2-6: Typical stress-strain curve of super-elastic SMA at different
temperatures (reprinted from Dolce and Cardone 2001, with permission from

Elsevier).

2.4.3  Unique Characteristics of SMA

SMA s have two unparalleled characteristics, which grant this material superior behaviour:
the shape memory effect (SME) and super-elasticity (SE). SME or super-plasticity is a
characteristic that shows thermo-elastic phase transformation. It is defined as the ability of
the alloy to recover its original shape after being deformed via thermal cycling. Through
shape training (ability to change the alloy into a desired shape), the material has the ability
to memorize a very specific physical configuration or shape in either the martensite or
austenite phase. The key to the SME is the build-up of residual stress fields within the SMA
by deforming the material plastically, and then these stress fields control the phase
transformation. The magnitude of the temperature-induced strains depends on the applied
stress. If martensite SMAs are strained beyond their elastic point, a residual strain results
when the stress is removed. Upon raising the temperature of the alloy above the Ay, this
strain is recovered. This phenomenon is known as the one-way effect and can be used to

recover, with negligible residual deformation, strains of up to 8%. Some alloys such as



25

NiTi-SMA can show two-way effect (Jani et al., 2014), which is the ability of the alloy to
remember a shape at low temperature and a different shape at high temperature and can
repeatedly transition between the two when heated or cooled. However, two-way shape
memory effect is less applied commercially due to the training requirements and to the fact
that it usually produces about half of the recovery strain provided by the one-way shape

memory effect and its strain recovery tends to deteriorate, especially at high temperatures.

On the other hand, PE is the ability of the alloy to accommodate large strains (up to 8%)
due to stress-induced phase change at a sufficiently high temperature and recover its initial
shape upon unloading. If a sufficiently high stress is applied to the alloy when it is in the
austenite phase or by other meaning when the temperature is higher than As, the SMA
transforms into the de-twinned (DM) form. When the load is released, a reverse
transformation to the austenite state takes place, which results in complete shape recovery
and a substantial hysteretic loop. The typical flag shaped hysteresis of super-elastic SMAS
is shown in Fig. 2-6. Furthermore, if the temperature is below the A, but above its start
temperature, there will only be partial shape recovery. Also, if the temperature in the
austenite phase exceeds the maximum temperature at which martensite occurs, Mg, the
alloy is stabilized in the austenite phase and the martensitic transformations cannot be

induced by loading, thus the PE of SMA is completely lost, as shown in Fig. 2-6.

In recent years, SMA has been used for the seismic retrofit of buildings owing to its unique
shape memory effect and super-elastic behaviour. When a SMA specimen is subjected to
a cycle of deformation within its SE strain range, it dissipates a certain amount of energy
without permanent deformation. This results from the phase transformation from austenite
to martensite during loading and the reverse transformation during unloading, showing a
net release of energy. When SMA is loaded in the martensite phase, it yields at a nearly
constant stress after initial elastic deformation and displays strain hardening at larger
strains. Upon unloading, there remains some residual strain at zero stress. This martensitic
composition of SMA generates a full hysteresis loop. Thus, martensite SMA dissipates a
much higher amount of energy compared to that of the austenite phase due to its larger

hysteresis loop.
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2.4.4  Modeling SMA

Several constitutive models that simulate the behaviour of SMA have been proposed. Such
models can be characterized as: (i) Phenomenological macroscopic constitutive models in
terms of stress, strain, temperature with assumed phase transformation kinetics described
by pre-established simple mathematical functions proposed for instance by Sun and
Rajapakse (2003); (ii) One-dimensional polynomial models which allow super-elasticity
and SME description, presented by Falk and Konopka (1990); (iii) Thermodynamic models
based on the free energy and dissipation potential developed by Huang and Brinson (1998);
and (iv) Plastic flow models based on dislocation theories of solid state physics presented
by Zhang and Zhu (2007).

2.4.4.1 Phenomenological and Thermo-Dynamical Models of SMA

Although three dimensional (3D) constitutive models are available, 1D models are more
common since they are able to characterize the behaviour of SMAs in their most
predominant form, which is the wire form. In recent years, the modeling of SME and PE
behaviour has been an active area of research. The constitutive models of SMAs are more

commonly represented by phenomenological or thermos-dynamical approaches.

The phenomenological modeling is essentially a macroscopic approach, which attempts to
capture the SMA’s response at the macroscopic level using phenomenology. In these
models, the material’s parameters are defined based on SMA experimental tests and vary
in number with the complexity of the model. Phenomenological models of SMA have been
utilized in several finite element software packages such as ANSYS (Moradi and Alam,
2015), Opensees (Zafar and Andrawes, 2015), VecTor2 (Abdulridha et al., 2013),
ABAQUS (Ghassemieh et al., 2012), and SeismoStruct (Billah and Alam, 2012). In the
field of civil engineering, SMAs are mostly used as bars and wires. Several
phenomenological models have been proposed to capture the response of SMA due to their

relative simplicity and accuracy.

On the other hand, thermomechanical models have been developed based on the
micromechanics theory and crystallographic data used to estimate the evolution of

martensitic transformation (Alam et al., 2007). One of the first thermomechanical models
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of SMAs was developed by Muller (1979). This model was based on potential energy
principles. Tanaka and Nagaki (1982) expanded this model by considering the temperature
and stress effect on the potential energy. Following the same concepts, several models have
been proposed, some of which are presented by Patoor et al. (1996) and Huang and Brinson
(1998). Unfortunately, these models proved to be impractical for design because they were
based on thermomechanical parameters that are extremely difficult to obtain. SMA
thermomechanical-models used in SMA composites were studied by Zak et al. (2003) who
compared the uniaxial version of several models. This study found that the Brinson’s model
performed well and is recommended for modeling super-elastic SMAs in composites.
Generally, micromechanical constitutive models are more complex and computationally
intensive than phenomenological models because they present a highly sensible technique
to derive accurate three-dimensional constitutive law. Consequently, one-dimensional

phenomenological models are often considered suitable.

2.4.4.2 Modelling of SMA in Civil Structures

Several researchers have conducted series of experiments on SMAs and developed several
related models. For instance, Moradi and Alam (2015) generated and analyzed 3D models
for beam-column connection using the FE software ANSYS to capture the SE behaviour.
The SE behaviour of SMA was simulated using Auricchio’s (2001) model where the
material undergoes large strain without showing permanent deformation under isothermal
conditions. The FE model was verified by comparing the cyclic behaviour of the steel
beam-column connection model with previous experimental results. Moreover, Zafar and
Andrawes (2015) modeled a 2-D three-story one-bay RC moment resisting frame (MRF)
using the OpenSees software to investigate the behaviour of steel and SMA-FRP composite
reinforcement under the effect of sequential ground motions. SMA uniaxial material model
“Pinching4” available in the OpenSees library was used to represent the behaviour of SMA
wire. Parallel material command was employed to link the epoxy and SMA/glass fibre
material models in which the strains are equal, while stresses and stiffness are additive. It
was concluded that the proposed model incorporating SMA-based wires was simple and
effective in estimating the response of a building frame under the effect of sequential

ground motions.
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Furthermore, a numerical model presented by Abdulridha et al. (2013) utilizing the
VecTor2 program was developed to assess cyclically loaded SMA reinforced beams.
Rectangular plane stress elements were used to represent the concrete; truss bar elements
were used to model the longitudinal reinforcement and the transverse shear reinforcement
was smeared within the concrete elements. The results obtained from the numerical
investigation were compared to that experimentally acquired. It was concluded that the
proposed preliminary model consisting of a series of linear segments provided reasonable
simulations, indicating its applicability to SMA reinforced members. Also, the behaviour
of shear walls subjected to seismic excitations was investigated numerically by
Ghassemieh et al. (2012). They introduced two ordinary and coupled shear walls modeled
by the finite element (ABAQUS) software as reference structures. The SMA material was
defined in ABAQUS via a FORTRAN subroutine material model attached to the main
program. The dynamic response of the shear walls subjected to seismic loading was
investigated through time history analyses under EI-Centro and Koyna earthquake records.
It was concluded that the model was successful in estimating the increased displacement
capacity of the tested shear walls, especially the one reinforced with SMA.

On the other hand, Billah and Alam (2012) conducted an analytical investigation on the
effects of seismic loading on the plastic hinge region at the base of columns using a finite
element (FE) program (SeismoStruct). The fibre modeling approach was employed to
represent the distribution of material nonlinearity along the length and cross-sectional area
of the member. SMA was modeled per the model of Auricchio and Sacco (1997) as in
Alam et al. (2009). They tailored the columns such that SMA or stainless steel bars are
used at the base and FRP or stainless steel rebar are located in the rest of the structural
member. They found that the model could consider both geometric nonlinearities and

material inelasticity and can predict large displacements.

2.4.5 Restrictions on Utilizing SMA

SMA reinforced elements could allow structural engineers to design RC members
displaying little damage and mitigating structural repairs. In recent years, there have been
substantial research on the applicability of SMAs as partial/total replacement of

conventional steel in new structural applications such as dampers, bearings, beams,
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columns, and connections. Table 2-5 summarizes some of these applications. However,
there are certain hurdles currently hindering the usage of smart materials generally and
SMAs specifically in structural applications. These include cost, lack of knowledge of

mechanical properties, and difficulties in joining technology.

The cost of SMAs is perceived to be high, which is a major reason for the relatively slow
development of its civil engineering applications. This is particularly true for NiTi, which
is one of the costliest SMAs. Consequently, low cost Cu and Fe based SMAs have attracted
interest, despite their inferior performance. Considering commodity prices for metals and
comparing the cost of Ni and Ti versus that of Fe, Mn, Si, and Cr on the other hand, the
ratio is about 8 to 12. This means that the cost of an iron-based SMA could be a fraction
of that of the high-performance Ni-Ti system. Nevertheless, the use of SMA composites
could lead to economically viable solutions. One could achieve a great effect on the
behaviour of structures even if the unique properties of NiTi are utilized only in small
devices or selected regions of the structure (Nehdi et al., 2010). SMA dampers, isolation
devices and bracings have proven to be of the same order of cost as that of conventional
steel devices. With increased demand and streamlined production, the cost of SMAs has
and will continue to drop, which will continue to increase its applications. Furthermore,
providing buildings with re-centering properties can prevent damage in other structural
systems. That is, SMA applications can reduce economic losses and minimize human risks
associated with natural disasters such as earthquakes. Li et al. (2013) contended that
developing low-cost Fe-based SMAs with improved properties can lead to significant
reduction in the fabrication and final cost of SMA. SMA devices have been desirable
because they do not require additional maintenance or replacement costs. Therefore, there
has been growing research interest over the past decade on utilizing SMA in civil

engineering applications.



Table 2-5: Utilizing SMA in new structural applications
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Application Main Findings Reference
The performance of moment resisting frames reinforced with hybrid steel-SMA was better than that reinforced with steel Baioria and
Partial/total or SMA alone by about 30% in terms of spectral acceleration and effective damping. Ka duékar (2015)
replacement of SMA-reinforced beams could fail under cyclic loading due to fracture of the SMA-steel connection. Hung and Yen '
_ steel Beam-column connections reinforced with SMA bars had adequate energy dissipation under earthquake loading and could (2014), Nehdi et al
reinforcement carry 89% of its load capacity beyond the collapse limit. &2010) '

SMA confined-columns had enhanced strength and ductility due to the ability of the SMA spirals to apply active confining
pressure on the damaged region of the columns and increasing its ultimate strain.

Active Using a simple method for heating SMA wires (flame torch), activated the alloy to apply the confinement pressure on | Shin and Andrawes
g p g y pply p
confinement damaged columns similar to that of the wires heated utilizing thermal champers. (2011), Choi et al.
for columns SMA wire jackets can be installed manually (low cost) and introduce active confinement via heating, avoiding both (2010)
corrosion problems of steel jackets and FRP jackets failure problems.
The damping capability of SMA could be used to improve the seismic behaviour of cable-stayed bridges.
The synergistic effect of SMA can significantly reduce both the peak and residual story drifts of RC frames and has T .
. . . . - . ang and Lui
Dampers potential to bring the frame back to its original configuration upon frequent earthquakes. (2014), Mortazavi
SMA dampers were able to reduce RC bridge base shear, bending moment, and maximum displacement by about 65%, ot ai (2013)
69%, and 65%, respectively, compared to that of bridges made without SMA dampers. '
Utilizing a combination of SMA and ECC in bridge bearings could keep the bridge in service after exposure to the N tal
maximum design earthquake, therefore minimizing economic losses due to earthquakes. O?;(ffge) al.
Bearings SMA-bridge bearings have base shear lower than that of traditional steel-reinforced bearings by about 59%. Khodaverdi a’n etal
SMA rubber bearing could recover up to 95% of its original shape and decrease deck-pier relative displacement. (2012)
Steel frames braced with SMA can reduce storey drifts and eliminate residual drift.
Steel frames equipped with SMA braces could substantially reduce the peak relative displacements and peak accelerations Boroschek et al
Bracings of the frame. o o _ ) N (2007), zhu
SMA-braces could enhance seismic performance of frames similar to that of steel braces, while having an additional self- (2007b)

centering feature.

Actuators and
restrainers

SMA restrainers could significantly reduce the relative hinge displacements compared to steel restrainers.
SMA could transfer larger force to bridge frames than that transferred by traditional steel cable restrainers.
SMA restrainer was effective in limiting movements of bridge decks subjected to near-field ground motion.

Cho et al. (2005),
DesRochs and
Delemont (2002)
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There are several other problems preventing wider usage of SMASs in structural
applications. For instance, SMA can be heated using electric current for actuation. But
short activation times in the range of seconds are not yet possible for large cross-sections.
A high capacity power supply with a current of several hundred Amperes is needed to
considerably reduce activation times (Janke et al., 2005), which would not be practical and
can cause greater costs for setting up the actuator and keeping up the high temperature state
for long time. Another difficulty regarding the application of SMA is the machining of
large diameter bars using conventional equipment, due to the SMA high hardness.

Designing civil engineering structures requires proper knowledge of the engineering
properties of the material to be used. The mechanical properties of SMA largely depend on
the heat-treatment temperature, where a slight variation can cause significant changes in
properties. To implement wider use of SMA in the construction industry, manufacturers
are required to produce SMAs in mass scale with proper control of its properties and
transformation temperatures. The poor ductility of Cu-based alloys, poor shape recovery
and lower shape recovery stress of Fe-based alloys are two major problems which prevent
such alloys from wider use in civil engineering applications (Alam et al., 2007). Other
problems include difficulty in welding and machining. There is a lack of welding
technology for joining SMA bars to each other or to steel. Zhou et al. (2012) reported on
the joining of Fe-based SMA using crossflow laser welding. At this point, an effective
SMA welding technology is not readily available.

2.5 FULL SCALE APPLICATIONS OF ECC AND SMA

ECC was originally developed for earthquake resistant structures. It has since been applied
in full-scale buildings, transportation, water and energy infrastructure, and for enhanced
safety, durability and sustainability (Zhang and Li, 2014) owing to its unique
characteristics. Some ECC and SMA structural applications are outlined in Table 2-6.
There are more than 10,000 SMA related patents proposed in many sectors (Jani et al.,
2014), such as biomedical (artificial muscles, toxic free SMAs and SMA implants), micro-
electromechanical systems (rotary robotics, fast and accurate actuators), automotive and

aerospace (dampers, high temperature actuators, smart tire and airbags). SMAs have also
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been applied in medicine, for example, as fixation devices for osteotomies in orthopedic

surgery and in dental braces to exert constant tooth-moving forces on the teeth.

Table 2-6: Full-scale structural applications of ECC and SMA

Material Application Reference
e Precasting of R/ECC coupling beams in the core of Glorio Roppongi
high-rise R/C residential building in central Tokyo.
e Precasting of ECC beams in the 41 storey Yokohama tower in Japan.
e ECC permanent formwork.
e Utilizing ECC material as a binder in radioactive waste treatment. Lepech and Li
e Cast-in-place ECC link slabs in bridge decks in the United States. (2009), Li et al.
ECC e ECC covering layers in Mihara Bridge, Hokkaido, Japan. (2009), CCEH
e Repairing of Mitaka Dam and irrigation channel in Hiroshima, | (2008), Wu et
Japan. al. (1996)
e Repairing a damaged earth retaining wall in Gifu, Japan.
e Utilizing ECC in tunnel linings in South Korea, and for prototype
pipe extrusion in Australia.
o Retrofitting of existing bridge-deck link slab in Michigan, USA.
e Patching railway viaducts in Shizuoka, Japan.
e Earthquake resistant retrofit of 17 m tall masonry San Giorgio
Church Bell-Tower, Italy. I&g(ig?;“(izgtlgl)’
. !Enha_nci_ng shear resistance of a cracked region of RC bridge girder (2009), Song ei
SMA in Michigan, USA. al (’2006)
e Hydraulic line couplings for jet fighters in the 1970's. Jaﬁke ot aI'.
. IIEtaIrthquake resistant retrofit of Basilica San Francesco at Assisi, (2005)
aly.

Furthermore, SMA was proposed for safety devices. Anti-scalding devices and fire-
sprinklers utilizing SMAs are already commercialized. Anti-scalding valves can be used in
water faucets and shower heads. Beyond a certain temperature, the device automatically
shuts off the water flow. Aircraft companies, such as Boeing and General Electric Aircraft
Engines, developed the “Variable Geometry Chevron” using SMA to reduce the aircraft
engine noise (Wang and Wu, 2012). Also, the military has been using NiTi couplers in F-
14 fighter jets since the late 1960s (Gupta et al., 2012). These couplers join hydraulic lines
tightly and easily. SMAs are not only used in the engineering community, but also in the
arts field. SMAs have been used as actuation materials to move sculptress. Thin SMA wire
rises and falls upon heating and power cutoff respectively in artificial mimosa. Similarly,
very thin SMA wire can be used to design artificial wigs (Sharma et al., 2015), which are

capable to suddenly change styles, e.g., from straight to curly.
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2.6 SMA REINFORCED ECC ELEMENTS

Over the last few decades, substantial research has explored the materials science and
possible uses of SMAs in structural applications, most of which focused on the
applicability of utilizing SMA as bars and wires. Reinforcing ECC structural elements with
SMA bars has been explored by several researchers. For instance, Noguez et al. (2010)
produced a numerical model to evaluate the performance of ECC bridge pier reinforced by
SMA bars as compared to traditional RC and SMA-RC piers based on earlier investigation
by Saiidi et al. (2009). To validate their results, Noguez and Saiidi (2013) developed full-
scale details for three unconventional plastic hinge regions of bridge columns subjected to
seismic loads. They used post-tensioned columns and elastomeric bearings in three
different piers made with ECC reinforced by SMA bars to improve the seismic
performance of the bridge in terms of minimizing damage and reducing residual
displacements. The columns were subjected to a series of biaxial earthquake excitations
with increasing amplitudes. The experimental results showed that a combination of SMA
and ECC or built-in shimmed elastomeric pads with de-bonded bars could keep the bridge
in service after exposure to the maximum design earthquake, thus minimizing economic

losses due to earthquakes.

Utilizing SMA bars as reinforcement for structural elements exhibits extraordinary
performance in energy dissipation, ductility, strain recovery, and minimizing damage and
residual displacement. However, it was observed that using SMA wires is more practical
and efficient than using SMA bars for the following reasons; (i) Producing small-size SMA
wires is easier and more cost-effective compared to producing large-size SMA bars. (ii)
The hysteretic damping capability of SMAs decreases significantly with the increase in bar
diameter. (iii) Threading large diameter bars for connections reduces the strength of SMA
due to its sensitivity to notches (Zafar and Andrawes, 2014; Wierschem and Andrawes,
2010).

By taking into consideration the aforementioned drawbacks, a new technique of smart self-
repairing concrete beams with damage self-repairing performance was proposed by Sakai
etal. (2003). They used SMA wires as main reinforcement for the concrete beams to enable

large cracks propagated during loading to be mechanically closed after unloading. The
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same concept was followed by Kuang and Ou (2008). They embedded SMA wires and
brittle fibres into concrete during fabrication to form a smart self-repairing concrete. To
obtain sufficient adhesive for repairing cracks, the fibres were connected with a vessel by
rubber pipes containing a repairing adhesive that can be supplied. In the presence of
damage and cracks due to earthquakes, fibres around the cracked areas rupture. Once the
loads are removed, the super-elasticity of SMA wires can recover deflections and
deformations of the structural member. At the same time, the switch of the repairing vessel
containing the adhesive is turned on and repairing adhesives flow out from the broken open
fibres to fill/repair cracks. Moreover, Li et al. (2015) conducted a series of cyclic loading
tests on small scale flexure beams made of ECC reinforced by SMA wires, RC, ECC, and
SMA-RC. The SMA-ECC beam achieved superior energy dissipation capability, reduced
residual deformation, enhanced strain capacity, minimized micro-crack width, and full self-
repairing compared to its counterparts. The unique ductile feature of ECC in synergy with
the super-elasticity characteristic of SMA wires exhibited great promise in enhancing the
resilience of structural members under extreme loading events without relying on steel

reinforcement.

Although numerous researchers have reported the usefulness of utilizing SMA wires in
concrete, only a few have reported the use of SMA fibres for crack repairing. Short fibres
have advantages over continuous wires in that the distribution of fibres is more uniform;
thus, they enable local crack closing in any direction. Also, if SMA fibres could be used
instead of straight tendons or wires, then thin or curved shaped SMA reinforced structural
members could be easily constructed. Incorporation of SMA fibres in composite systems
was introduced by Birman et al. (1996). Thereafter, Moser et al. (2005) explored the pre-
stressing ability of loop- and star-shaped SMA fibres imbedded in cement mortar
specimens. They found that a major prestress (about 7 MPa) was obtained in the paste
specimens at the age of 7 days stimulating the alloy fibres via heating. Following a similar
concept, Freed and Aboudi (2008) developed thermos-micromechanical framework to
simulate the pre-stressing ability of SMA-fibre-reinforced matrix (SMAF-M) specimens.
It was observed that the proposed framework could capture the tensile and compressive
responses of the prestressed composite with adequate accuracy. Likewise, Shajil et al.

(2013) investigated the self-centering capability of SMAF-M beams under cyclic loading.
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The test specimens achieved a self-centering factor of 0.7 compared to only 0.1 acquired
by its counterpart made with steel fibres. Recently, Kim et al. (2016) performed uniaxial
tensile tests on prestressed SMAF-M coupon specimens. It was observed that the used pre-
stressing technique enhanced the tensile elastic modulus of the composite while it

decreased its tensile capacity compared to that of normal SMAF-M specimens.

The investigations above provide valuable information for implementing SMA fibres in
real concrete structures. However, further work needs to be carried out on other aspects
such as utilizing micro-short SMA fibres in structural elements and how that could affect
the overall structural performance under static and dynamic stimulus such as explosions
and impact loads (Ali and Nehdi, 2017; Ali et al., 2017). Producing hybrid-ECC elements
incorporating micro SMA and PV A short fibres could be a promising alternative for mono-
PVA-ECC and traditional RC elements. Also, producing numerical models capable of
capturing the performance of such innovative composite under extreme events such as
explosions, seismic and impact loading, is needed to minimize the cost and complications

involved in purely experimental investigations.

2.7 CONCLUSIONS

This chapter discussed the engineering properties and potential civil infrastructure
applications of engineered cementitious composites and shape memory alloys, with
particular focus on creating possible synergy between these two materials to coin resilient
structures that can withstand extreme load events under explosive, seismic or impact

excitation. Based on this discussion, the following conclusions are drawn:

e Owing to its superior impact resistance compared to that of conventional concrete,
ECC is a promising material for the construction of protective civilian and defense
structures.

e ECC can be a sustainable construction option requiring less energy consumption
and generating less CO2 emissions, particularly when it uses recycled by-products.

It would also need less maintenance, repair and replacement.
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Ductile ECC structural elements could be produced with self-centering capability
by incorporating SMA as partial or total replacement for traditional steel
reinforcement.

SMA was utilized in several structural applications in the form of bars or wires.
However, the usage of SMA fibres in structural applications still needs further
investigation.

The material cost, activation technique, difficulty of welding and strength
degradation due to threading are chief problems preventing wider usage of SMA in
structural applications.

Further investigations are required on using SMA fibres in structural elements.
Incorporation of SMA short fibres in the production of hybrid-fibre-reinforced ECC
elements has not been duly investigated. Such composite could achieve unique
behaviour under static and dynamic loadings, possibly achieving major gains in
structural performance and safety.
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Chapter 3

3 INNOVATIVE CRACK-HEALING HYBRID FIBRE
REINFORCED ENGINEERED CEMENTITIOUS
COMPOSITE?

3.1 INTRODUCTION

The concept of using fibres to reinforce brittle materials has been utilized for thousands of
years, for instance when sunbaked bricks reinforced with straw were used to build the 57-
m high hill of Agar-Quf near Baghdad (Hannant, 1995). Cement products have also been
reinforced with asbestos and cellulose fibres for about 90 years (MacVicar et al., 1999).
Glass, polypropylene and steel fibres have also been used in reinforcing cement-based
matrices over the past 70 years (Hannant, 1995). Concrete, which is the world’s most
utilized construction material, is often subjected to various combinations of compressive,
tensile and shear stresses via gravity, seismic and wind loads, explosive forces, shrinkage,

thermal contraction, etc.

2 A version of this chapter was published in the Construction and Building Materials Journal (2017). Parts
of this chapter were also published in the 11" International conference on Civil and Architecture
Engineering, Cairo, Egypt, (2016) and in the 5" International conference of the CSCE, London, Canada,
(2016).
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Past research has primarily focused on the mechanical performance of mono-fibre-
reinforced-cement-based materials (Li and Xu, 2009; Song et al., 2005). Since micro-
fibres can restrain the growth of micro-cracks, while large fibres inhibit the growth of larger
cracks, there is growing interest in using hybrid fibres involving two or more fibre types
and sizes that could create synergistic effects through their different elastic properties
and/or various sizes and shapes (Almusallam et al., 2015; Soe et al., 2013; Nehdi and
Ladanchuk, 2004). Said et al. (2015) investigated the flexural behaviour of mono-fibre
ECC slabs reinforced with 1%, 2% and 3% PVA fibre under four-point bending. Results
indicated the potential of PVA fibres in reinforcing ECC slabs. Increasing the reinforcing
index (product of fibre content by its aspect ratio) led to improving the deflection at failure
(corresponding deflection at 25% of ultimate load in the descending part of load-deflection
curve), flexural capacity, ductility and energy absorption capacity. However, this decreased
the compressive strength of the ECC composite by up to 15% at 7 days. Moreover, Yuan
et al. (2014) explored the mechanical performance of steel-fibre-reinforced ECC beams
subjected to reverse cycling loading. It was revealed that ECC beams exhibited 46% higher
load carrying capacity and 400% larger energy dissipation ability compared to that of
traditional concrete beams. Furthermore, Huang et al. (2013) showed that incorporating
recycled tire rubber in the production of ECC composites significantly enhanced the
cracking resistance, while it generally decreased the tensile and compressive strengths of
the ECC composite, thus compromising potential structural applications. Soe et al. (2013)
observed that the young’s modulus of hybrid fibre-reinforced ECC composites is lower
than that of conventional concrete having comparable compressive strength at all testing
ages. Similar observation was reported by Huang et al. (2013) for mono-fibre-reinforced
ECC.

Utilizing hybrid ECCs incorporating both randomly dispersed PVA and nickel titanium
(NiTi) SMA short fibres as a replacement for traditional RC is yet to be explored.
Therefore, in the present chapter, the mechanical performance of novel hybrid fibre-
reinforced ECC mixtures incorporating a combination of randomly dispersed polyvinyl
alcohol and nickel titanium shape memory alloy (NiTi-SMA) short fibres was investigated.
The study aims at ultimately developing a composite with eminent mechanical properties

and possibly crack-healing capability, thus minimizing concrete repair.
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3.2 EXPERIMENTAL PROGRAM

3.2.1 Materials and Mixture Proportions

ASTM C150 (Standard Specification for Portland Cement) Type | portland cement was
used in the production of the ECC mixtures. It has a specific gravity and surface area of
3.15 g/cm® and 371 m?/kg, respectively. Class-C fly ash (FA) meeting the requirements of
ASTM C618 (Standard Specification for Coal Fly Ash and Raw or Calcined Natural
Pozzolan for Use in Concrete) with a CaO content of 16% was also used. The chemical

compositions of the cement and fly ash are given in Table 3-1.

Table 3-1: Chemical analysis of cement, fly ash, and silica sand

Component (%) Cement Fly ash Silica sand
Ca0 64.35 16.00 0.01
SiO; 20.08 52.19 99.70
Al,O3 4.63 17.56 0.14
Fe,03 2.84 3.66 0.016
MgO 2.07 1.57 0.01
SO3 2.85 2.40
K20 0.90 0.04
Na,0O 0.70 0.01
Loss of ignition 2.56 1.60

Micro-silica sand (SS) with a maximum particle size of 200 um and specific gravity of
2.65 was also utilized. The laser diffraction particle size distribution curves for the OPC,
FA and SS are displayed in Fig. 3-1.
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Figure 3-1: Particle size distribution of cement, fly ash, and silica sand.
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The ECC mixture was reinforced with NiTi-SMA fibres conforming to ASTM F2063
(Standard Specification for Wrought Nickel-Titanium Shape Memory Alloys for Medical
Devices and Surgical Implants), along with PVA short fibres. Table 3-2 summarizes the
mechanical properties of the PVA and SMA fibres. The tensile stress-strain behaviour of
the utilized Ni-Ti SMA fibre and its strain recovery performance were tested elsewhere
(Nehdi et al., 2010). To control the workability of the different ECC mixtures, a
polycarboxylate high-range water reducing admixture (HRWRA) according to ASTM
specifications C494 (Standard Specification for Chemical Admixtures for Concrete) was

added by percentage of cement weight.

Table 3-2: Mechanical properties of SMA and PVA fibres

Mechanical Ultimate tensile Diameter Length Young’s Elongation Density
properties strength (mm) (mm) modulus (%) (kg/m?)
(MPa) (GPa)
SMA 869 0.635 16 41 38 6450
PVA 1620 0.039 8 43 6 1300

Table 3-3 displays the proportions of the tested ECC mixtures with a target 28-days
compressive strength of 65 MPa. The first number in the mixture label shows the PVA
fibre content, while the second indicates the SMA fibre content. For example, ECC2-0.5
refers to an engineered cementitious composite incorporating 2% PVA and 0.5% SMA

fibre by volume fraction.

Table 3-3: Mixture proportions of ECC mixtures

Mixture Cement ESI%/ 852:10(? w/cm HRWRA (E)/‘\)/\'/Af‘ ) (SO/I:J/IVA;)

ECC0-0 1.00 120 | 0.80 0.26 0.012 0.00 0.00

ECC2-0 1.00 120 | 0.80 0.26 0.012 2.00 0.00

ECC2-0.5 1.00 120 | 0.80 0.26 0.012 2.00 0.50

ECC2-1 1.00 120 | 0.80 0.26 0.012 2.00 1.00

ECC2-15 1.00 120 | 0.80 0.26 0.012 2.00 1.50
3.2.2 Mixture Preparation, Casting and Curing

First, a 20-L rotary mixer was used to dry mix the solid ingredients including the cement,
FA, and silica sand for one minute. Then, the mixing water and HRWRA were gradually
added to the dry mixture over three minutes until a homogeneous mixture was produced.

This was followed by the gradual addition of PVA and SMA fibres and mixing continued
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for another three minutes until fibres were uniformly dispersed. Finally, the specimens for
testing mechanical properties were prepared by direct pouring of the mixture into molds
without compaction. All specimens were demolded after 24 h and cured inside sealed
plastic bags for 7-days at laboratory temperature (21 + 2 °C) without external moisture
supply, which is a common curing method for ECC. All reported test results represent

average values obtained on identical triplicate specimens.

3.2.3 Test Procedures

Flow table tests were conducted on freshly mixed ECC mixtures to evaluate the effect of
SMA and/or PVA fibre addition on the workability of freshly mixed ECC mixtures as per
the guidelines of ASTM C230 (Standard Specification for Flow Table for Use in Tests of
Hydraulic Cement). For each ECC mixture, nine cubic specimens of 50 mm x 50 mm x 50
mm [2 in X 2 in X 2 in] were made and tested at the ages of 3, 28 and 90 days to determine
the compressive strength as per ASTM C39 (Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens), using a standard MTS compression testing
machine with a capacity of 2000 kN. The elastic modulus and Poisson’s ratio for all ECC
mixtures were evaluated according to ASTM C469 (Standard Test Method for Static
Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression). Three 75 mm in
diameter by 150 mm in height [3 in x 6 in] cylindrical specimens from each ECC mixture
were tested at the age of 28 days using a standard MTS machine. The elastic modulus and
Poisson’s ratio for all ECC mixtures were calculated using (EQs. 3-1 and 3-2):

— (Q2—Q1) )
E= (€2—0.000050) (Eq. 3-1)

_ _ (E2—Et1) ]
H= (& -0.000050) (Eg. 3-2)

Where E is the elastic modulus in GPa, [ is the Poisson’s ratio, Q2 and Q1 are stresses in
MPa corresponding to 40% of the ultimate compressive load and a longitudinal strain of
50 millionths, respectively. &, &p, and & are the longitudinal strains produced by stress
Q2, transverse strain at mid-height of the cylinder produced by stress Qz, and Qq,
respectively. From each ECC mixture, nine cylindrical specimens of 75 mm in diameter
by 150 mm in height [3 in X 6 in] were tested at the ages of 3, 28 and 90 days to obtain the
splitting tensile strength as per ASTM C496 (Standard Test Method for Splitting Tensile
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Strength of Cylindrical Concrete Specimens). The splitting tensile strength was calculated
as follows (Eq. 3-3):

2%P

(Eq. 3-3)

T mslxd

Where T is the splitting tensile strength in MPa, P is the maximum applied load indicated
by the testing machine in Newton, | and d are the length and diameter of the cylinder in
mm, respectively. For the determination of flexural capacity (modulus of rupture) of ECC
specimens, nine 40 mm x 80 mm x 360 mm [16 in x 32 in X 144 in] prisms were tested as
per the guidelines of ASTM C1609 (Standard Test Method for Flexural Performance of
Fibre-Reinforced Concrete - Using Beam with Third-Point Loading) at testing ages of 3,
28 and 90 days, using a MTS machine with capacity of 250 kN under a loading rate of 0.05
mm/min. A data acquisition system together with two linear variable displacement
transducers (LVDTSs) were used in the testing procedure to measure the applied force and
mid-span deflection. The number of cracks and their corresponding width were measured
after each test using an optical microscope, as exhibited in Fig. 3-2. The modulus of rupture
(MOR) was calculated as follows (Eq. 3-4):

PxL
bxd?

MOR = (Eq. 3-4)

Where P is the applied load in Newton. L, b, and d are the beam’s span, width and depth
in mm, respectively. After testing the specimens, heat treatment for 3 minutes was applied
using a heat gun fixed at 35 mm away from the specimen’s tensile (cracked) side to
investigate the strain recovery performance of SMA fibres, as displayed in Fig. 3-3. The
heat treatment process was similar to that proposed by Kim et al. (2016). The gun was able
to heat the specimens by up to 150°C. The heat treatment process was used to activate the
SMA fibres, which were in the martensite phase before heating, and investigate its strain

recovery capability.
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Figure 3-3: Heat treatment gun.

Additionally, in order to estimate the ductility and energy absorption capacity of ECC
specimens, ASTM C1018 (Standard Test Method for Flexural Toughness and First-Crack
Strength of Fibre-Reinforced Concrete - Using Beam with Third-Point Loading) was
deployed. The toughness indices 15, 110, 120, 130 and 140 were determined through
calculating the ratio between the area under flexural load-deflection curves up to 306, 5.54,
10.50, 15.56 and 20.54, respectively, and that of 6. Where ¢ is the flexural deflection at first
crack. The first crack deflection was determined for each specimen through estimating the

point on the load-deflection curve at which the form of the curve first becomes nonlinear.
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These indicators describe the flexural toughness and ability of ECC specimens to absorb
energy and achieve high ductility. The higher the toughness, the higher is the ductility and
energy absorption capacity. Furthermore, microanalysis was carried out on chips from
different ECC specimens to observe the possible effects of utilizing PVA and SMA fibres
on the microstructure of ECC, as per the guidelines of ASTM C1723 (Standard Guide for
Examination of Hardened Concrete Using Scanning Electron Microscopy). The analysis
was conducted both on non-heated and heated ECC specimens to investigate the effects of
heat treatment on the ECC’s microstructure. The specimen cross-sections were examined
using scanning electron microscopy (SEM) coupled with energy dispersive X-ray analysis
(EDX) using a Hitatchi SU-3500 Field Emission SEM.

3.3 RESULTS AND DISCUSSION
3.3.1  Workability

Figure 3-4 illustrates the relative reduction in flow diameter for the different ECC mixtures
compared to that of the control specimen. Flow table tests indicated that the ECC matrix
(control) mixture could flow under its self-weight, while fibre addition led to an overall
reduction in workability as expected. This in consistent with previous study by Said et al.
(2015). For example, as shown in Fig. 3-4, the flow of the mixture incorporating 2% PVA
fibre decreased by 5.6% compared to that of the control ECC0-0 mixture.
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Figure 3-4: Relative reduction in flow diameter due to fibre addition.
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Likewise, the flow decreased by about 15.6%, 33.3% and 43.1% due to 0.5%, 1% and 1.5%
SMA fibre addition, respectively compared to that of the ECC mixture made with 2% PVA
fibre alone. It should be noted that flow reduction can affect the compactness of the
composite, acting as an exogenous parameter, which can affect the mechanical
performance. Attempts of using higher superplasticizer dosage were not effective at
increasing the flow since it may lead to bleeding of the matrix. Although, SMA and/or
PVA fibre addition had led to general reduction in workability, all tested mixtures flowed
and effectively filled the moulds without need for external compaction.

3.3.2 Compressive Strength

Figure 3-5 displays the variation in compressive strength for the different ECC mixtures
at testing ages of 3, 28 and 90 days. As expected, the compressive strength of the different
ECC specimens increased with age. The compressive strength of ECC specimens at 3, 28
and 90 days ranged from 37 to 41, 60 to 66 and 66 to 71 MPa, respectively, depending on
the fibre content. Generally, SMA and PVA fibre addition induced a slight decrease in the
ECC’s compressive strength at all testing ages. This can be ascribed to the increased
porosity (as shown later) induced by the lower compactness, which emanates from
increasing the fibre dosage, thus resulting in reduced compressive strength.
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Figure 3-5: Compressive strength of ECC mixtures at different testing ages.
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3.3.3 Elastic Modulus and Poisson’s Ratio

The elastic modulus and Poisson’s ratio test results of ECC mixtures at 28-days are
displayed in Figs. 3-6 and 3-7, respectively. The elastic modulus of the various ECC
mixtures was generally lower than that of comparable strength conventional concrete. This
is ascribed to the absence of coarse aggregates in ECC mixtures. The elastic modulus and
Poisson’s ratio of ECC incorporating SMA and/or PVA fibres ranged from 18.8 to 22.7
GPa and 0.14 to 0.21, respectively depending on the fibre content.
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Figure 3-6: Elastic modulus of various ECC mixtures.

The incorporation of 2% PVA in the ECC mixture led to 12% and 13% reduction in the
elastic modulus and Poisson’s ratio, respectively, compared to that of the control mixture.
Similar performance was observed due to SMA fibre addition. For instance, 0.5%, 1%, and
1.5% SMA fibre addition led to a reduction in elastic modulus by about 15.9%, 16.5%, and
16.8%, respectively compared to that of the control fibreless mixture.

Similar trend was observed for the Poisson’s ratio. For example, specimens ECC2-0.5,
ECC2-1, and ECC2-1.5 had Poisson’s ratio of 14%, 20.2%, and 34.3% lower than that of
the control ECCO-0 specimens, respectively. The overall reduction in elastic modulus of
the ECC mixtures can be attributed to the reduced compressive strength caused by
increased porosity due to fibre addition as a result of the reduced workability and possibly
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fibre clustering. The reduction in Poisson’s ratio imparted by fibres is due to the fibre

restriction on lateral strain.
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Figure 3-7: Poisson’s ratio of different ECC mixtures.

According to ACI 318-11 (Building Code Requirements for Structural Concrete and
Commentary), the elastic modulus of concrete with density ranging from 1440 to 2560
kg/m?® can be calculated using Eq. 3-5. Since, in this study, the density of the various ECC
mixtures ranged from 1736 to 1960 kg/m?®, Eq. 3-5 was used to estimate the elastic modulus

of ECC mixtures.

E =0.043 x p® « |[f, (Eq. 3-5)

Where E is the elastic modulus in MPa, p is the density in kg/m?3, and f. is the compressive
strength in MPa at 28 days. Figure 3-8 exhibits the correlation between the average elastic
modulus measured at 28 days (shown as solid line) and that calculated using the empirical
relation of Eq. 3-5 (represented by a dashed line). It can be observed that the calculated
elastic modulus values followed similar trend to that of the experimentally measured values
with maximum tolerance of 25%, which reflects the dependency of the elastic modulus of

ECC on its compressive strength and density, similar to other concrete types.
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Figure 3-8: Correlation between measured and calculated elastic modulus of ECC

mixtures.

3.3.4  Splitting Tensile Strength

Figure 3-9 displays the variation in splitting tensile strength of the different ECC mixtures
at testing ages of 3, 28 and 90 days, which ranged from 1.5 to 12.1 MPa, depending on the
fibre dosage and maturity of specimens. It can be observed that the splitting tensile capacity
of the different ECC specimens increased with age, as expected. Furthermore, the tensile
capacity of the composite was enhanced due to fibre addition. For example, the tensile
capacity at 3, 28 and 90 days of the mixture incorporating 2% PVA fibre increased by about
84.8%, 42.9% and 41.6%, respectively compared to that of the fibreless ECC mixture.
Likewise, SMA fibre addition exhibited similar behaviour at all testing ages. For instance,
the tensile capacity of the hybrid-ECC mixtures incorporating 2% PVA and 0.5%, 1% or
1.5% SMA fibre was enhanced by about 153.9%, 193.8% and 158.4% compared to that of
the fibreless matrix mixture at 3 days; by 85.9%, 98.7% and 87.7%, at 28-days; and by
71%, 81% and 76% at 90 days, respectively. This enhancement in tensile capacity can be
ascribed to the fibre-matrix interfacial bond (both chemical and frictional) which enhanced
the load transfer across cracks with increasing fibre content, consequently improving the

overall tensile load carrying capacity of the composite.
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Figure 3-9: Splitting tensile strength of ECC specimens.

3.3.5 Flexural Behaviour
3.3.5.1 Flexural strength

Table 3-4 summarizes the four-point bending test results for specimens from all tested
ECC mixtures at 3, 28 and 90 days. As expected, the flexural strength of ECC specimens
generally increased with fibre addition. The ultimate flexural strength (MOR) of ECC
specimens varied from 2.3 to 12.5 MPa, depending on the curing age and fibre dosage. For
instance, at 3 days, the ECC mixture incorporating 2% PVA fibre achieved first crack and
ultimate flexural strengths of about 90.1% and 130% higher than that of the control
fibreless ECC mixture at the same testing age, respectively. Similar performance was
observed at later age whereby the first crack and ultimate flexural strength of the ECC2-0
specimens were 56% and 131% higher than that of the control ECCO0-0 specimens at 28-
days, and by about 30.3% and 153.7% at 90 days, respectively, confirming the well
documented beneficial effect of PVA fibres in ECC composites (Said et al., 2015; Pan et
al., 2015).



Table 3-4: Flexural strength and corresponding deflection of HECC-SMAF at different ages

3 days 28 days 90 days
Specimen First crack MOR Defle_ctlon First crack MOR Deﬂe_ctlon First crack MOR Deflection at
strength (MPa) at failure strength (MPa) at failure strength (MPa) failure (mm)
(MPa) (mm) (MPa) (mm) (MPa)
ECCO0-0 2.33 2.33 0.25 2.68 2.68 0.22 2.81 2.81 0.21
ECC2-0 4.43 5.36 4.76 418 6.19 2.66 3.66 7.13 2.93
ECC2-0.5 4.23 5.49 8.55 3.92 6.49 3.49 3.53 8.11 3.66
ECC2-1 5.67 8.15 12.07 5.28 12.22 6.46 4.25 12.52 6.17
ECC2-1.5 5.31 7.76 13.18 5.05 10.40 6.07 4,92 10.54 4.24
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Similarly, the flexural strength of ECC specimens significantly increased with increasing SMA
fibre addition at all testing ages. For instance, the ECC2-0.5, ECC2-1 and ECC2-1.5 specimens
achieved 135.6%, 249.8% and 233% higher flexural capacity than that of the ECCO0-0 specimen,
respectively at 3-days. Similar behaviour was observed later; for example, the ECC2-0.5, ECC2-
1 and ECC2-1.5 specimens acquired flexural strength of 142.2%, 356% and 288% higher than that
of ECCO-0 at 28-days, respectively and about 188.6%, 345.6% and 275% higher at 90-days,
respectively. Furthermore, using 2% PVA and 1% SMA fibres by volume fraction in ECC
achieved the highest flexural capacity among all tested mixtures. This is consistent with other
investigations by Said et al. (2015) and Hirata et al. (2009) who also observed that higher fibre
dosage led to enhanced higher flexural strength ECC. However, increasing the fibre dosage beyond
this threshold value led to general reduction in flexural capacity of the composite. This is attributed

to fibre clustering and the associated increased porosity.

Figures 3-10a, b and c illustrate the load-deflection curves of specimens from the different ECC
mixtures tested under four-point bending at 3, 28 and 90 days, respectively. The fibreless ECC
specimens exhibited brittle failure under flexural testing. Conversely, adding SMA and/or PVA
fibres enhanced the composite’s behaviour under bending and yielded ductile performance. For
example, the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5 specimens sustained flexural loading
about 138.3%, 155.5%, 317%, and 265.4% higher than that of the control ECCO0-0 specimens.
Furthermore, the recovery of ultimate flexural strength of ECC specimens was investigated
through conducting post-cracking heat treatment, immediately after removing the cracked ECC
specimens from the flexural bending test. Both heat-treated and non-heat treated cracked ECC

specimens were re-tested under flexural loading.
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Figure 3-10: Load-deflection curves of ECC specimens at different ages: a) 3 days, b)
28 days, and c¢) 90 days.

Figure 3-11 portrays the load-deflection curve of ECC cracked specimens with and without heat
treatment. It can be observed that the heat-treated PVA-ECC specimens did not achieve any
recovered ultimate strength, but rather exhibited a deterioration of about 24.7% compared to its
non-heat treated counterpart. This can be attributed to the deterioration of PVA fibres due to the
heating process. Conversely, the heat treated HECC-SMAF specimens showed superior
performance under flexural loading compared to its non-heated counterparts. For instance, the
ultimate strength of the heated ECC2-0.5, ECC2-1 and ECC2-1.5 specimens increased by about
90.8%, 163.8% and 131.6% compared to that of the non-heated HECC-SMAF specimens,
respectively. This can be attributed to the shape memory effect of SMA fibres, which applied a
local pre-stressing effect upon heat treatment, leading to superior performance of the heat-treated
HECC-SMAF specimens.



65

- ECC2-0N
---ECC2-05N
—ECC2-1N
----ECC2-1.5N
24 ECC2-0H
- -ECC2-05H
1.5 4 —ECC2-1H
---ECC2-15H

Load (kN)

0 1 2 3 4 5 6
Displacement (mm)

Figure 3-11: Load-deflection curves of non-heated and heated ECC specimens.

3.3.5.2  Flexural toughness

The toughness characteristics of ECC specimens were estimated through evaluating toughness
indices as per the ASTM C1018 standard, which describes the method of determination of
toughness indices s, 110 and I2o and allows for higher indices as well. In the present study, due to
the high deflection results achieved for ECC specimens (Fig. 3-10), Is, l1o, l20, I30 and lag were
estimated through calculating the area under load-deflection curves up to ¢ (deflection value at
first crack), 34, 5.50, 10.54, 15.5¢6 and 20.56, respectively.

Figure 3-12a, b and c illustrates the correlation between the toughness indices and total fibre
volume fraction incorporated in the different ECC specimens at different ages. A total volume
fraction (V, %) of fibres refers to the addition of PVA and SMA fibres in each ECC mixture. For
example, a total Vs of 2% represents ECC2-0 specimens which incorporate 2% PVA and 0% SMA
fibres, while a total Vr of 2.5% denotes ECC2-0.5 specimens, which incorporate 2% PVA and 0.5%
SMA fibres, and so on. It can be observed that all toughness indices increased with increasing
SMA fibre addition at all testing ages. The fit lines for toughness indices at all ages were found to
be linear with a coefficient of determination (R?) of 0.7024 or higher. According to Rahmani et al.
(2012), a coefficient of determination of 0.7 or higher is sufficient for a reasonable reliability
model.
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Figure 3-12: Effect of fibre volume fraction on toughness index of ECC specimens
at different ages: a) 3 days, b) 28 days, and c) 90 days.

On the other hand, the slope of these lines increased with increasing toughness indices. For
instance, the slope values of the fit lines corresponding to Is, l1o, I20, I30 and lso were 0.65, 1.41,
3.30, 11.54 and 8.69 at 3 days, 1.89, 2.40, 9.21, 8.15 and 8.72 at 28 days, and 0.75, 2.24, 6.32,
13.91 and 26.50 at the age of 90 days, respectively. At lower toughness indices, Is and lio, the
slope values were low, nearly parallel to the x-axis. However, at higher toughness indices, 120 and
40, the fit lines had higher sloping trend. This is attributed to the fact that at the post-cracking stage
(typically at lower toughness indices), the crack propagation and crack-arresting behaviour of
fibres had not been fully activated yet. Conversely, at higher loading levels associated with higher
deflections, the multiple cracks started to show up and the effect of fibre-bridging capability, which
functions as a crack arrestor, started to activate. This performance reflects the higher flexural
toughness, ductility and energy dissipation ability acquired at higher toughness indices (typically
I20 and higher) as observed by Said et al. (2015). It can also be observed that using 2% PVA and
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1% SMA fibres in ECC specimens (total V of 3%) achieved highest toughness indices at all testing
ages, thus yielding superior ductility and energy dissipation capability, in agreement with tensile

and flexural test results.

Since the toughness indices obtained using the ASTM C1018 method depend mainly on the
location of the first crack, which is not easy to accurately determine, the post-cracking strength
(PCS) method was utilized in this study to check the toughness characteristics of ECC specimens
at all testing ages. The PCS method was first presented by Banthia and Trottier (1995) to evaluate
the flexural toughness of beams. It can be used to check toughness properties during the loading
process using the peak load point instead of the first crack point, which is easier to be accurately
estimated. PCS was determined in this study for different ECC specimens, for a minimum

deflection value at failure of 2.66 mm (typically span/120), as shown in Table 3-4.

Figure 3-13 displays the correlation between PCSi20 and total V¢ of fibres for different ECC
specimens at all testing ages. It can be observed that PCS values increased with increasing SMA
fibre addition at all testing ages. However, the ECC specimen with 2% PVA and 1% SMA fibres
(ECC2-1) achieved the highest PCS at all testing ages. The general increase in PCS values and
superior results of ECC2-1 reflect higher ductility and energy dissipation capability of the
composite, confirming the results acquired using the ASTM C1018 method.
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Figure 3-13: Effect of fibre volume fraction on post-cracking strength of ECC specimens.

To further investigate the effect of SMA fibre addition on ECC flexural toughness characteristics,

the results were compared with the findings of previous study. Said et al. (2015) explored the
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effects of the PVA fibre dosage on the toughness properties of ECC. The comparison focused on
results acquired herein on ECC2-1 (2% PVA and 1% SMA fibres) and that of Said et al. (2015)
for ECC incorporating 3% PVA fibres. Figure 3-14 illustrates the relative enhancement in
toughness indices acquired in both studies compared to that of control specimens incorporating
2% PVA fibre alone. It can be observed that all toughness indices were enhanced due to 1% SMA
fibre addition, which is 5 times higher than that achieved by a similar volume of PVA fibre,
reflecting better energy absorption capacity and superior ductility and confirming the beneficial
effects of SMA fibres in ECC in view of SMA’S superior engineering properties.

120

®82.5%PVA
100 4 B2%PVA+0.5%SMA
3%PVA

801 w2nspva+1%6sMA

Relative Enhancement (%)

15 110 120 130 140

Toughness Index

Figure 3-14: Relative enhancement in toughness index of ECC2-1.

Moreover, Table 3-5 illustrates the toughness ranges achieved in the present study compared to
that stated by ASTM C1018 and that acquired by Said et al. (2015). The toughness indices
estimated in this study increased due to using SMA fibres.

Table 3-5: Toughness ranges for different concrete materials

Toughness indices range
: Elastic- . e
I_ndex_ Deflec'_uon Plain perfectly Mono-fibre- Hybrid-fibre-
designation criterion concrete plastic reinforced ECC reinforced ECC
) Said et al. (2015) (HECC-SMAF)
material
Is 30 1.0 5.0 1to6 1t09
l10 5.50 1.0 10.0 1to 12 1t0 18
I20 10.50 1.0 20.0 1to 25 1to 44
[EN 15.50 1.0 30.0 1to 38 1to 64
l40 20.50 1.0 40.0 1to 50 1t0 86
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Since the ASTM C1018 defines the range of toughness indices Is, 110 and I2o only, the present study
points to the possibility of defining new ranges for such indices for hybrid-fibre-reinforced
cementitious composites. Additional indices such as Iz and ls could indeed be defined and
calculated as per ASTM C1018 for superior ductility composites.

3.3.5.3 Deflection

The mid-span deflection under four-point bending tests of specimens from the various ECC
mixtures was measured as displayed in Fig. 3-15. The fibreless ECC matrix specimens exhibited
brittle failure under flexural loading, suddenly shattering into three segments. Conversely, the
mono- and hybrid- fibre reinforced ECC specimens incorporating SMA and/or PVA fibres
deflected under flexural loading by 4 to 13 mm (depending on the fibre dosage and curing age)
without fracturing. The fibre reinforcement transformed the mode of failure from brittle to ductile.
Furthermore, it was observed that the mid-span deflection decreased as the curing time increased.
This is attributed to the increase of volume of hydration products with curing time. Consequently,
increasing the fibre-matrix interfacial bond, which in turn causes a decrease in the flexural

deflection capacity. Similar conclusion was drawn by others (Altwair et al., 2012; Li and Li, 2011).
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Figure 3-15: Flexural deflection of ECC prisms at different ages.

Generally, the hybrid-fibre reinforced ECC specimens displayed higher ductility than that of PVA-
ECC specimens owing to SMA fibre addition. For instance, specimens ECC2-0.5, ECC2-1 and
ECC2-1.5 deflected under flexural loading at 3-days by about 79%, 153.2% and 176.2% higher
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than that of ECC2-0, respectively. Similar behaviour was observed at later ages. The mid-span
deflection at failure of ECC2-0.5, ECC2-1 and ECC2-1.5 specimens increased by about 13.3%,
88.4% and 76.7% at 28 days, and by 25%, 110.2% and 44.3% at 90 days, respectively, compared
to that of the control ECC2-0 at the same testing ages.

3.3.5.4 Crack pattern

The number of cracks which formed on the tensile side of flexure loaded ECC specimens was
monitored to determine the effect of the fibre type and content on crack propagation. The crack
pattern changed from two main cracks in the case of the fibreless specimens to multiple fine cracks
with an average width of less than 100 um on the tension face of the mono-ECC specimen
reinforced by 2% PV A fibre. There were typically several main cracks running through the tension
side of the specimen without crushing at the compression side. A similar trend was displayed by
the hybrid fibre-reinforced ECC specimens utilizing hybrid PVA and SMA fibres. Figure 3-16
displays the average number of cracks which propagated under four-point flexural bending for all
ECC specimens at 3, 28 and 90 days.
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Figure 3-16: Average number of cracks of ECC prisms at different ages.

It can be observed that the number of cracks induced by flexural loading increased with the
increase of the SMA fibre content at all testing ages. For instance, the number of cracks generated
in the ECC2-0.5, ECC2-1 and ECC2-1.5 specimens increased by about 50%, 187.5% and 400%
at 28 days, and by 42.9%, 57.1% and 114.3% at 90 days, respectively, compared to that of the
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ECC2-0 specimens at the same testing age, owing to the SMA fibre crack bridging ability (Fig. 3-
17).
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Figure 3-17: Fibre bridging capability of SMA.

3.3.5.5 Strain recovery

Strain recovery of ECC specimens was explored through applying heat treatment, immediately
after removing the ECC cracked specimens from the flexural bending test. The strain recovery is
defined as the percent difference in the average flexural crack width at the tensile face of prismatic

specimens before and subsequent to heat treatment, as illustrated in Eq. 3-6:

Strain Recovery (%) = % * 100 (Eq. 3-6)
B

Where Wa and Wz are the average flexural crack width after and before the heat treatment,
respectively. Figures 3-18 and 3-19 portrays the effect of heat treatment on the ECC specimens.
Specimens showed multiple fine cracks, typically less than 10 um wide, particularly at the front
surface exposed directly to the heating (Fig. 3-18).
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Figure 3-18: Surface cracking of ECC specimens due to heat treatment.

Moreover, PVA fibres were heat damaged, especially at the front surface facing the heat gun, thus

jeopardizing the PVA mechanical properties (Fig. 3-19).

o

PVA fibre
deterioration due to
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Figure 3-19: PVA fibre deterioration due to heat treatment effect.

Despite the appearance of multiple fine cracks and the deterioration of PVA fibres, the addition of
SMA fibres contributed to superior performance of the heat-treated specimens subsequent to
flexural loading. It was observed that the cracks were self-healed by up to 36% owing to the shape
memory effect of SMA fibres. Figure 3-20 illustrates the strain recovered by ECC specimens after
heat treatment. The ECC matrix and PVA-ECC specimens did not achieve any recovered strain,

but exhibited deterioration due to the heating process.
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Figure 3-20: Percent enhancement in recovery strain of cracked ECC specimens.

Conversely, for the HECC-SMAF, the average crack width at the tension face of specimens ECC2-
0.5, ECC2-1 and ECC2-1.5 decreased by about 20.8%, 29.1% and 35.9% upon the heating process
compared to that of non-heated control specimens at 3, 28 and 90, respectively. This can be
attributed to SMA fibres, which led to strain recovery, reflecting the unique possible benefits of
SMA fibres in ECC composites.

3.3.6  Microstructural analysis

Both backscattered (BSE) and scanning electron microscopy (SEM) imaging of ECC specimens
with and without SMA fibre were carried out. BSE images (Figs. 3-21 and 3-22) display the pore
structure of the fibreless ECC matrix and that of the HECC-SMAF, respectively. Dark features
represent pores, while the large white spots denote SMA fibres.
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Figure 3-21: BSE images of ECCO0-0 specimen.
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Figure 3-22: BSE images of ECC2-1.5 specimen.

Generally, the microstructure around SMA fibres was dense, with no presence of cracks (Fig. 3-
22). The improved mechanical performance of the HECC-SMAF composite can be attributed to
the dense fibre-matrix interfacial bond, mobilizing fibres to restrain the growth of micro-cracks,
in agreement with previous studies (Choi et al., 2015; Lee et al., 2010) on steel fibre-reinforced

concrete.

While the ECC matrix indicated smaller and more refined porosity (Fig. 3-21), once fibres have
been added, larger size pores appeared (Fig. 3-22), likely due to the negative effect of fibres on
workability and consolidation of the composite. The downward trend in mechanical properties of
ECC specimens incorporating more than 2% PVA and 1% SMA fibres is likely due to such
increased porosity along with fibre clustering induced by high fibre dosage. Fracture surfaces of
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HECC-SMAF specimens subsequent to flexural tests were explored under SEM. Figure 3-23
displays the fracture of a PVA fibre under flexural loading, while separation between SMA fibre

and the matrix due to de-bonding at the fibre matrix interface is shown in Fig. 3-24.

Fracture of PVA fiber |

Figure 3-23: SEM for fracture of PVA fibres.

Pullout of SMA fiber

Figure 3-24: SEM for pullout of SMA fibres.

It has been reported (Soliman and Nehdi, 2012; Rathod and Patodi, 2010) that rupture of micro
fibres, rather than pull-out, reflects strong adhesion between the micro fibres and the matrix. For
instance, the effect of PVA fibre depends on the ability to transfer shear stresses between the matrix
and fibres, which is a function of the interfacial fibre-matrix bond strength (Hameed et al., 2009).

Thus, the general improvement in splitting tensile and flexural strengths of PVA-ECC specimens
can be attributed to the frictional bond between PV A fibres and the cementitious matrix. Also, the
enhanced mechanical behaviour of the SMA-ECC specimens is likely due to the ability of SMA

fibres to effectively restrain cracks under tensile stresses.
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It is intriguing to note that while the PVA fibre has a tensile strength of 1620 MPa and the SMA
fibre has a tensile strength of 869 MPa, Fig. 3-23 shows that PVA fibres tended to fracture while
SMA fibres experienced pullout, as shown in Fig. 3-24. The fracture behaviour of micro-fibres
implemented in composite materials depends mainly on the concept of critical fibre length and
load carrying performance of composites. The critical fiber length is that length beyond which
fibres rupture rather than pull-out. According to Bentur and Mindess (2007), the critical fiber
length is determined as follows (EqQ. 3-7):

orxd
L. =2

(Eq. 3-7)

2%T

Where L. is the critical fibre length, of is the ultimate tensile strength of fibre, d is the fibre
diameter, and 7 is the elastic shear stress at the interface (fibre-matrix bond strength). It can be
observed that the fracture behaviour of fibres depends on its aspect ratio as well as the fibre-matrix
interfacial bond strength. In order to better investigate the performance of PVA and SMA fibres
in the ECC material, the critical fibre length for both fibres was estimated. The determined critical
fibre length of PVA fibres in the composite is 3.8 mm, which is lower than the utilized PVA fibre
length (8 mm). This reflects the tendency of PVA fibres to rupture within the ECC composite.
Conversely, the critical fibre length of SMA fibres in the composite is 94.5 mm (higher than 16

mm), which reflects pull-out of SMA fibres rather than fracture.

On the other hand, as the cementitious matrix cracks, the load carried by the matrix starts to transfer
to the PVA and SMA fibres bridging the crack. PVA fibres having slightly higher modulus and
being larger in number carry a significant part of the load. The PVA fibres start fracturing as the
crack opens due to their much lower elongation (6%) compared to that of SMA fibres (38%). The
SMA fibres accommodate crack opening via their much higher ductility and end up pulling out of
the matrix. The type of bond between the matrix and PVA fibres and matrix and SMA fibres could
also play a key role. The much larger SMA fibre (diameter of 0.635 and length of 16 mm) offers
much greater bond area than that of the PVA fibre (Diameter of 0.039 mm and length of 8 mm).
Thus, the SMA fibre will first elongate till the PVA fibres fracture due to the excessive strain, then

de-bond and pull out of the matrix.
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Concrete repair strategies often depend on the width of cracks propagating in structural elements
since the crack width controls permeability and the ingress of hostile media that can compromise
durability (Huang et al., 2013). Figure 3-25 displays the crack pattern on the surface of an ECC
specimen after unloading from the flexural test. Previous studies have shown the existence of a
correlation between water permeability of ECC and the third power of its crack width (Wang et
al., 1997), while chloride ions penetrability increased exponentially with the crack width
(Tsukamoto, 1990). Thus, cracked HECC-SMAF, which is endowed with strain recovery
capability, will have lower permeability than that of both traditional concrete and conventional

ECC, and should consequently achieve superior durability.

Flexural
microcracks

Figure 3-25: SEM for flexural crack pattern of ECC specimens.

Furthermore, thin sections from non-heated and heated ECC specimens were explored under SEM
to investigate the effects of heat treatment on the microstructure. It was observed that heat
treatment initiated a grid of multiple fine cracks (typically 10 um in width or lower) in the ECC
matrix (Fig. 3-27) without affecting the SMA fibre-matrix interfacial zone (Fig. 3-26). Yang et
al. (2009) found that crack width smaller than 10 um could be self-healed in cracked ECC sections,

which can reduce its permeability and improve service life performance.
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Figure 3-26: SEM for crack pattern of ECC specimens without heat treatment.
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Figure 3-27: SEM for crack pattern of ECC specimens after heat treatment.

3.4 ANALYSIS OF VARIANCE OF TEST RESULTS

The analysis of variance (ANOVA) has been widely utilized for the analysis of experimental test
results on cement-based materials (e.g. Ahmad and Alghamdi, 2014; Soliman and Nehdi, 2013;
Nieves-Mendoza et al., 2012). To explore whether an experimental variable such as SMA fibre
addition is statistically significant using ANOVA, an F, value is evaluated and compared to a
standard F (critical) value of an F-distribution density function estimated from statistical tables
correlated to a significance level (a1) and degrees of freedom of error evaluated from an experiment
using the number of variables and observations. The tested variable, namely SMA fibre addition,

significantly affects the mean of the results if its Fo value exceeds the critical value of an F-
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distribution density function, and vice versa (Montgomery, 2012). The F, value can be determined

after obtaining the sum of squares of test results as follows (Egs. 3-8, 3-9 and 3-10):

Vi
SSr = [Xim1 Xt vl — [] (Eq. 3-8)
—rlya 2 J’%
SSrreatments = [; i=1Yi ] - [W] (Eq. 3-9)
S$Sg = 857 — SStreatments (Eq 3'10)

Where SSr is the total corrected sum of squares, SStreatments IS the sum of squares due to using
different SMA fibre reinforcement ratios, SSe is the sum of squares due to error (using replicates
rather than testing only one specimen), a is the number of treatments (variables), n is the number
of observations (specimens), yij is the j™" are observations under factor level of treatment i, and N

is the total number of observations. The mean square of test data can be calculated as follows:

MStreatments = W (Eq. 3-11)
SS
MSg = N__’i (Eq. 3-12)

Where MSrtreatment and MSg are the mean square due to treatments and error, respectively. The Fo
value can be determined as the ratio of the mean square due to treatments to that of obtained due
to error as follows (Eq. 3-13):

_ MSrreatments ;
F, = sy (Eq. 3-13)

ANOVA at a significance level a1 = 0.05 indicated that variation in the dosage of SMA fibre had
an insignificant effect on the mean value of the compressive strength of the ECC composite. The
obtained F, value for the compressive strength results was 3.299, which is lower than the
corresponding critical F value of 4.07 (Fo.05,3,8). Conversely, variation in the addition level of SMA
fibre indicated a significant effect on the splitting tensile and flexural strengths of the ECC
composite, as well as its recovery strain characteristic. The determined F, values for the splitting
tensile strength, flexural capacity and recovery strain were 17.635, 76.485 and 34.895,
respectively. On the other hand, incorporating SMA fibres in ECC yielded insignificant effect on

the lower toughness indices (Is and 110) of the composite with corresponding Fo values of 2.06 and
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3.43, respectively, which is lower than the corresponding critical Fo 538 value. Conversely, SMA
fibre addition had a significant effect on the higher toughness indices of the ECC composite. The
corresponding Fo values for the toughness indices Iz, 130 and ls were 18.29, 48.7 and 68.41,
respectively, which are significantly larger than the corresponding critical Foos3g value.

3.5 SUMMARY AND CONCLUSIONS

An experimental investigation was conducted to explore the mechanical properties of a novel
composite endowed with strain recovery and crack-healing capability. The engineered
cementitious composite was made with 2% PV A along with 0%, 0.5%, 1% and 1.5% SMA short
fibres by volume fraction and tested at the ages of 3, 28 and 90 days. Based on the experimental

results, the conclusions below can be drawn:

e As expected, flow table values of ECC decreased due to PVA and/or SMA fibre addition.
This can lead to less effective consolidation, thus affecting the mechanical properties.
Hence, fibre-reinforced cementitious systems need to be carefully optimized to eliminate
the effects of workability on mechanical performance.

e The compressive strength of ECC generally decreased due to PVA fibre addition at all
testing ages. The SMA fibre addition did not have a significant effect on the compressive
strength of the composite.

e Generally, the tensile capacity and flexural strength of the ECC composite were enhanced
due to fibre addition. While, the control fibreless ECC matrix exhibited brittle failure, the
mono- and hybrid-fibre-reinforced ECC specimens achieved ductile behaviour. ANOVA
confirmed that the SMA fibre had significant positive effects on the tensile and flexural
capacity and toughness of the ECC composite.

e ECC specimens incorporating 2% PVA and 1% SMA fibres acquired highest tensile and
flexural capacity. Higher fibre dosage (e.g. ECC2-1.5 specimens) did not achieve superior
tensile and flexural capacity due to fibre clustering and higher porosity compared to that of
ECC2-1 specimens.

e Flexural strength and strain recovery by up to 35.4% and 36%, respectively, were achieved
upon heat treatment of ECC specimens incorporating SMA fibres, owing to the crack-

healing imparted by the shape memory effect. Conversely, an overall deterioration was
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observed in the other specimens made with PVA fibres alone due to the heat treatment
process, which caused multiple fine cracks at the front surface of specimens directly

exposed to heating.
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Chapter 4

4  TENSILE AND FLEXURAL BEHAVIOUR OF HYBRID FIBRE
REINFORCED ENGINEERED CEMENTITIOUS
COMPOSITE WITH STRAIN RECOVERY?

4.1 INTRODUCTION

The tensile properties of ECCs have often been characterized via uniaxial tensile testing (UTT).
However, the test is laborious, costly and requires sophisticated test procedures (Kanakubo, 2006;
Ostergaard et al., 2005). Thus, there is interest in developing simpler alternatives. Stang and Li
(2004) proposed the four-point bending test (FPBT) as an efficient alternative to UTT in
determining the tensile behaviour of fibre-reinforced cementitious materials (FRCC). The
proposed test was extended with inverse analysis to transform the bending behaviour into tensile
characteristics. Recently, there has been growing interest in utilizing the inverse analysis of FPBT
in the quality control of cementitious materials (e.g. Qian and Zhang, 2012; Qian and Li, 2008;
Qian and Li, 2007).

3 A version of this chapter was submitted for publication to the Composite Part B Journal. Part of this chapter was
also published in the 5 International conference of the CSCE, London, Canada, (2016).



88

In the present chapter, experimental uniaxial tensile test results obtained on different hybrid self-
centering ECC mixtures will be critically analyzed. Subsequently, the inverse analysis approach
will be discussed to establish an effective approach for acquiring the tensile properties of ECC
from the much simpler and cost-effective four-point bending test data obtained in Chapter 3.

4.2 EXPERIMENTAL PROCEDURES

A series of uniaxial tensile tests were performed on 160 mm x 50 mm x 20 mm ECC coupon
specimens (Fig. 4-1) to investigate the tensile characteristics of the different ECC mixtures. Three
coupon specimens from each ECC mixture were prepared for the evaluation of the tensile

behaviour at the ages of 90 days using an Instron testing machine with a capacity of 250 kN.
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Figure 4-1: lllustration of ECC coupon specimens: a) schematic, and b) photograph.

The tests were carried out under displacement control with a loading rate of 0.5 mm/min as per the
guidelines of the Japan Society of Civil Engineers (JSCE, 2008) for direct tension testing of high-
performance fibre-reinforced concrete (HPFRC). During setup, the wedge pressure was adjusted
to provide uniform friction and pressure, assuring that the failure occurs within the failure zone

(mid-zone) of specimens, as shown in Fig. 4-2.
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Figure 4-2: Failure patterns of ECC coupon specimens: a) PVA-ECC, and b) HECC-
SMAF.

MIP testing was also conducted to determine variations in the pore structure of specimens retrieved
from the tested ECC mixtures. Three samples from each ECC mixture were tested using a
Micromeritics AutoPore 1V 9500. The ECC specimen was dried till reaching a constant mass, then
placed in a glass tube (penetrometer), which was then filled with mercury under low-pressure (less
than 50 um/Hg). Thereafter, the penetrometer including the sample and mercury was placed in a
high-pressure (14.7 psi to 60,000 psi) vertical port to further infiltrate mercury into the pores of
the specimen. The volume of the intruded mercury was recorded at each pressure level.

4.3 INVERSE ANALYSIS FOR DETERMINING TENSILE
PROPERTIES

Considering the complications associated with direct tensile testing of concrete, there is growing
interest in using much simpler four-point bending as an alternative. Different methods have been
proposed to inversely determine the tensile properties of cement-based materials from bending test
results. This includes the iterative method (Roelfstra and Wittmann, 1986), multi-layer procedures
(Hordijk, 1991), cracked hinge model (Stang and Olesen, 1998), and poly-linear approximation
(Kitsutaka, 1995). Qian and Li (2007) developed an inverse analysis that consists of a set of
simplified equations used in evaluating the tensile strain capacity and effective tensile strength of
cementitious materials from FPBT results. The tensile strain capacity and its deviation can be
calculated as follows:
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€ = (0.5%8,) —0.22 (Eq. 4-1)

PD = (0.5 * SD) + 0.18 (Eq. 4-2)

Where & is the predicted average tensile strain capacity in percent, dy is the average deflection
capacity of FPBT in mm, PD is the predicted deviation for tensile strain capacity in percent, and
SD is the standard deviation of the deflection capacity in mm. The tensile strength of cementitious
materials can be evaluated within a lower limit (Naaman and Reinhardt, 1996) and upper limit

(Billington, 2004) using Egs. 4-3 and 4-4, respectively, as follows:

MOR

Otl = (0.09+Ln () +2.69) (Eqg. 4-3)
MOR

Ot = (0 1asLn(Epy) +2.42) (Eqg. 4-4)

Where oy and oy, are the lower and upper limits of the predicted effective tensile strength in MPa,
respectively, MOR is the modulus of rupture obtained from FPBT in MPa, and Ln is the natural

logarithm.

4.4 RESULTS AND DISCUSSION

441 Tensile Performance

Figure 4-3 illustrates typical UTT stress-strain curves of different ECC specimens at 90 days. ECC
specimens exhibited strain capacity of up to 8% with appearance of multiple cracking till failure.
After first crack, the stress continued to raise with inelastic strain and started to decline after
reaching the peak strength. SMA fibre addition generally improved the tensile properties of the
composite. For instance, the ultimate tensile strength of the ECC2-0.5, ECC2-1 and ECC2-1.5
specimens increased by about 29.8%, 74% and 39.8%, respectively compared to that of the ECC
specimens incorporating 2% PVA fibre by volume fraction alone. The achieved tensile strength of
the hybrid ECC reinforced with SMA fibres (coined herein HECC-SMAF) ranged between 6 MPa
and 8 MPa, depending on the SMA fibre content. Likewise, the strain capacity corresponding to

the peak strength was substantially enhanced by SMA fibre addition. The strain capacity of the
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HECC-SMAF specimens reached nearly two orders of magnitude higher than that of the mono-
PVA-ECC specimens. For example, the strain capacity at peak strength of the ECC2-0.5, ECC2-
1 and ECC2-1.5 specimens was improved by about 90%, 146% and 111%, respectively, compared
to that of ECC2-0. The superior tensile performance of HECC-SMAF specimens can be ascribed
to the higher fibre content which enhanced the load carrying capacity of the composite. On the
other hand, the decreased tensile capacity of ECC2-1.5 specimens can be attributed to higher
porosity and non-uniformity of fibre distribution compared to that of ECC2-1 specimens.
However, ECC2-1.5 specimens still achieved superior tensile capacity to that of the mono-PVA-
ECC specimens. The consolidation of the ECC matrix was affected by the high fibre content,
yielding additional porosity due to the development of fibre clustering and appearance of more

fibre free-area. Evidence for the aforementioned issues is provided in subsequent sections.
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Figure 4-3: Typical tensile stress-strain curve of different ECC specimens.

4.4.2  Effect of Porosity

Table 4-1 reports the average mercury intrusion volumes propagated in the different ECC
specimens. Figure 4-4 displays the variation of mercury intrusion volume along with the pore size
diameter in specimens from the different ECC mixtures. It can be observed that most existing pores
in the ECC matrix had diameters ranging between 45 and 90 nm. However, the pore structure of
the composite shifted to a wider range due to incorporating SMA fibres. For instance, the pore

diameter in the mono- and hybrid- fibre reinforced specimens ranged from 25 to 500 nm.



Table 4-1: Cumulative mercury intrusion volume of ECC specimens (mL/g)

Mixture ID Specimen 1 Specimen 2 Specimen 3 Average
ECC2-0 0.09391 0.09135 0.09112 0.09213
ECC2-0.5 0.09539 0.09088 0.10028 0.09552
ECC2-1 0.09306 0.09635 0.10467 0.09803
ECC2-15 0.11066 0.10914 0.10447 0.10809
0012 TTTTT L
@ ----- ECC2-0
—El —ECC2-0.5
E’ - -ECC2-1
_% 0.008 \ —ECC2-1.5
= A
=
S '\ n
S 0.004 b
; J | BN
S A X
- 2 ?‘" X \ A
0 % B &‘W..mﬂt:fﬁ
10 100 1000 10000 00000

Figure 4-4: Incremental mercury intrusion volume and pore size distribution for ECC

The cumulative mercury intruded volume in the ECC specimens is portrayed in Fig. 4-5. It can be

observed that the pore volume in the hybrid- fibre-reinforced ECC specimens was higher than that

of the control ECC matrix.
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Figure 4-5: Cumulative mercury intrusion volume and pore size distribution for ECC
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Incorporating SMA fibres in hybrid PVA-SMA ECC specimens slightly increased the porosity of
the composite compared to that of mono PVA-ECC specimens. For instance, the porosity of the
ECC2-0.5 and ECC2-1 specimens was 3.6% and 6.4% higher than that of the control ECC2-0
specimens, respectively. However, incorporating more than 1% SMA fibres in the composite
exacerbated this effect. For instance, the ECC specimen with 2% PVA and 1.5% SMA fibres had
about 17.3% higher porosity than that of the mono-PVA-ECC specimens.

4.5 UTT AND FPBT data correlation

Table 4-2 summarizes the tensile and flexural test data of mono- and hybrid-fibre ECC specimens
at 90 days. Figure 4-6 displays a comparison between the predicted strain capacity from FPBT
deflection and the tensile strain capacity obtained from UTT for the different ECC specimens. The
tensile strain capacity obtained from UTT on different ECC specimens was compared to

corresponding data predicted by the inverse method (Eq. 4-1) using FPBT results.

Table 4-2: Tensile and flexural behaviour of ECC specimens at 90 days

Tensile behaviour Flexural behaviour

. First Ultimate Tensile . .
Specimen crack tensile strain First crack MOR Defle_ctlon
ID . strength at failure

strength strength capacity (MPa) (MPa) (mm)

(MPa) (MPa) (%)

ECC2-0 1.62 4,71 8.00 3.66 7.13 2.93

ECC2-0.5 2.05 6.00 8.00 3.53 8.11 3.66

ECC2-1 2.76 8.04 8.00 4.25 12.52 6.17

ECC2-15 2.21 6.63 8.00 4.92 10.54 4.24

Reasonable agreement was observed within an average variation of 15%. According to Qian and
Zhang (2012), a difference within 20% reflects adequate agreement and reasonable accuracy of
the proposed method. Furthermore, a comparison of the predicted tensile strength and MOR for
the different ECC specimens with respect to tensile strain capacity is portrayed in Fig. 4-7. Tensile
strength is defined as the average of first cracking strength and ultimate tensile strength. It can be
observed that the effective tensile strength predicted from FPBT results is located within the upper
and lower limit strengths proposed using Egs. 4-3 and 4-4 with an average variation of 8.2% from

the upper limit strength.
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Figure 4-6: Comparison between tensile strain capacity of UTT and FPBT.

According to Rahmani et al. (2012), a coefficient of determination (R?) of 0.7 or higher is sufficient
for a reasonable reliability model. Since the R? value shown in Fig. 4-7 for the MOR/effective
tensile strength ratio of ECC specimens is about 0.75, Egs. 4-3 and 4-4 could reasonably be used
to represent the correlation between the ultimate effective tensile strength and MOR of ECC with

respect to tensile strain capacity.
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Figure 4-7: Predicted tensile strength and MOR relationship with respect to tensile strain

capacity of ECC.
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4.6 STATISTICAL ANALYSIS

4.6.1 Analysis of Variance of Test Results

At a significance level a1 = 0.05, ANOVA of test results indicated that variation in the addition
level of SMA fibre had a significant effect on the mean value of the tensile strength of the ECC
composite. The determined F, values for the tensile strength of test results was 25.21. This value
is higher than the corresponding critical F value of 4.07 (Fo.0s3:8), Which reflects the significant
effect of utilizing SMA fibres in the production of hybrid ECC composites. This is inconsistent

with aforementioned observations in the analysis of experimental results.

4.6.2  Analysis of fibre dispersion

The mechanical properties of fibre-reinforced composites are significantly affected by fibre
distribution and fibre free areas (Akkaya et al., 2001). Better fibre distribution with decreased
fibre-free area can improve the first crack stress, multiple cracking response and fracture toughness
of the composite (Akkaya et al., 2000). Similarly, by achieving enhanced fibre spatial distribution
with minimal fibre clumping, the fibre crack bridging ability and transferring of load to other parts
of the composite could be improved. Fibre-reinforced concrete elements with higher fibre
clumping percentages would crack at lower load than that of similar mixtures with better fibre
dispersion (Akkaya et al., 2001). In the present study, image processing analysis was conducted
for cracked surfaces of ECC prismatic specimens, as displayed in Fig. 4-8. The cracked surface
was finely snipped with diamond cut and then polished and exposed to strong white light.
Subsequently, a Canon EOS Rebel T5 digital camera with a resolution of 18 million (5184 x 3456)
pixels was used to take images of the prepared section. The best contrast between fibres and the
surrounding matrix was obtained using the light reflecting properties of SMA fibres. Cross-
sections of ECC specimens of 80 mm x 40 mm [32 in x 16 in] were divided into eight areas, 17.5
mm x 15 mm [7 in X 6 in] each, to better analyze the fibre dispersion through the composite and a
photo of each was taken. This represents a resolution of about 0.0035 mm/pixel, which was
sufficient for identifying the 0.625 mm dimeter SMA fibres through the section. The edge area
was excluded due to irregularity of fibre dispersion in this zone (Akkaya et al., 2001). The
determination of SMA fibre dispersion through the composite was performed on a fibre spacing
basis as proposed by Romualdi (1964) and utilized by Liu et al. (2011). It was observed that ECC2-
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1 specimens showed better dispersion of SMA fibre with smaller fibre-free areas compared to that
of the ECC2-0.5 specimens. Conversely, ECC2-1.5 specimens displayed less uniform dispersion

of SMA fibre with existence of fibre clustering and appearance of fibre-free areas.

Figure 4-8: Dispersion of SMA fibres: a) ECC2-0.5, b) ECC2-1, and c) ECC2-1.5.

Furthermore, the method of statistical point approaches was utilized for the statistical analysis of
fibre distribution. To statically analyze the SMA fibre dispersion in ECC specimens, two statistical
functions known as K-function and F-function were utilized. The K-function measures the
tendency of fibres to clump, while the F-function evaluates the fibre-free area (Stoyan et al., 1995).
After applying the flexural test, the cracked cross-section orthogonal to the loading direction was
divided into central (defined as all points laying at least 1/8 of the specimen smallest dimension
from edges), edge, and corner zones. The central area was investigated while the other regions
were not investigated due to limitation of the analysis process for these zones (Akkaya et al., 2001).
The K-function can be estimated as follows (Eq. 4-5):

number of fibers withinr for a given fiber
K@) = [Zfipers e aq |+ (Eq.45)

(total number of fibers in Ag)?

Where r is the distance from fibre, ranging between zero and R (R = 15 mm; half the smallest
dimension of central area), Ar is the central area. Thereafter, the calculated K-function was
compared to the complete spatial randomness K-function. The random K-function can be evaluated
as follows (Eq. 4-6):

K(r) = m*7r? (Eq. 4-6)
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A better distribution of fibres can be observed in specimens with K-function of less than the
random distribution pattern (fibres avoid each other), while specimens with a K-function higher
than the random distribution pattern indicates tendency for fibre clumping. Equation 4-7 can be
used to evaluate the percentage of fibres clumping in a specimen with respect to the random

dispersion as follows:

% clumping = (g - 1) %100 (Eq. 4-7)

Where C is a constant. According to Baddeley and Silverman (1984), the fibre clumping
performance cannot be captured using the K-function alone. The F-function together with the K-
function can be used in representing unusual behaviour (Akkaya et al., 2000). The F-function can
be evaluated through planning a regular grid of points on Ar and then finding the nearest fibre to

each grid point. The F-function is calculated as follows (Eq. 4-8):

F(T‘) __ number of grid points in Agp whose nearest fiber is lesser than r away
total number of grid points in Ar

(Eq. 4-8)
Likewise, the F-function is compared to the F-function under the complete spatial randomness

condition and can be estimated as follows (Eq. 4-9):

F(r) = 1— e ™ (Eq. 4-9)

Where 4 is the fibre density, which can be calculated by dividing the cross-sectional area of all
fibres by the area of the cracked section. The term 1-F(r) is utilized in evaluating the fibre-free
area. Higher values of 1-F(r) denote the existence of fibre-free area and vice-versa. Fibre-
reinforced specimens with F-function higher than the complete spatial randomness F-function
denote a uniform distribution behaviour. Conversely, specimens with lower F-function than that

of the random F-function refer to a clumping trend.

Figure 4-9 displays the calculated K-function values of different ECC specimens compared to that
estimated under the random K-function. It can be observed that incorporating 1.5% SMA fibres in
ECC2-1.5 specimens produced a fibre clumping behaviour with a trend higher than that of the K-
function under the spatial randomness condition. The percentage of fibre clumping of ECC2-1.5
is about 22.28% with respect to the random K-function. Conversely, the ECC2-0.5 and ECC2-1
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specimens showed better dispersion of SMA fibres with K-values lower than that of the random
K-function. This is consistent with visual observation mentioned earlier. Although, ECC2-0.5 and
ECC2-1 specimens displayed regular distribution of SMA fibres, ECC2-1 specimens displayed
superior dispersion of SMA fibres than that of ECC2-0.5 specimens, especially at higher r

distances. This can be observed via the lower K-function values at r > 8 mm of ECC2-1 specimens.
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Figure 4-9: Typical statistical K-function of ECC specimens and random dispersion.

Likewise, Fig. 4-10 portrays the estimated F-function values of different ECC specimens
compared to that of the F-function under the spatial randomness condition. The highest F-function
trend was acquired by ECC2-1 compared to that of ECC2-0.5, ECC2-1.5 specimens, and random
F-function, which reflects regularity of SMA fibre dispersion. This is consistent with results
achieved previously by K-function analysis. The F-function of ECC2-0.5 and ECC2-1.5 specimens
had similar trend to that of the random F-function, which indicates their random fibre dispersion
behaviour. However, at higher r distances, this trend was not effective for the ECC2-1.5
specimens. The F-function was much lower than the random F-function (typically at r > 12 mm),

which reflects a probability of fibre clumping.
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Figure 4-10: Typical statistical F-function of ECC specimens and random dispersion.

Furthermore, Fig. 4-11 illustrates the percentage of fibre-free area for different ECC specimens
with respect to r distances. It can be observed that all ECC specimens displayed availability of
fibre-free areas at lower and medium r distances (typically lower than 10 mm). The lowest fibre-
free area was achieved in ECC2-1 specimens, which indicates uniformity of SMA fibre dispersion
with relatively small spaces between fibres. Conversely, ECC2-0.5 specimens yielded the highest

percentage of fibre-free area, followed by ECC2-1.5 specimens.
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Figure 4-11: Fibre-free areas percentage of ECC specimens with respect to r distance.

Furthermore, in ECC2-0.5 and ECC2-1 specimens, it is revealed that the fibre-free area no longer
existed at higher r distances (more than 10 mm), reflecting more uniformity of fibre dispersion.

However, in the ECC2-1.5 specimens, the free areas between SMA fibres at higher r distances still
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existed, which reflects the tendency of SMA fibres to cluster at high fibre dosage. The analysis of
fibre distribution above clarifies the effect of fibre dosage on mechanical performance of the

hybrid- fibre-reinforced ECC composite.

4.7 CONCLUSIONS

In this chapter, uniaxial tensile testing (UTT) was carried out on a novel hybrid-ECC composite
incorporating hybrid PVA and SMA short fibres (HECC-SMAF) at 90 days. An inverse analysis
was used to predict the tensile characteristics of the composite using FPBT data achieved in chapter

3. The following conclusions can be drawn:

e Generally, the tensile characteristics of the ECC composite were enhanced owing to SMA
fibre addition. The ECC specimens incorporating 2% PVA and 1% SMA fibres achieved
the highest tensile strength.

e Fibre dosages beyond 2% PVA and 1% SMA by volume fraction led to fibre clustering
and caused higher porosity in the hybrid ECC composite, which resulted in reduced
performance under tensile loading.

o Statistical ANOVA treatment demonstrated that SMA fibre addition had significant effects
on the tensile capacity of the ECC composite.

e Analysis of fibre dispersion revealed that the ECC2-1 specimens displayed superior fibre
dispersion compared to that of the ECC2-0.5 and ECC2-1.5 specimens, which is consistent
with observed better mechanical performance.

e An inverse method was successfully validated for estimating the tensile properties of
different ECC mixtures based on results of the simple four point bending test. This method
could save time and cost required for conducting complicated uniaxial tensile testing, while
achieving adequate accuracy.
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Chapter 5

5 EXPLORING BEHAVIOUR OF NOVEL HYBRID-FIBRE
REINFORCED ENGINEERED CEMENTITIOUS
COMPOSITE UNDER IMPACT LOADING*

5.1 INTRODUCTION

Concrete reinforced with steel rebar (RC) has been utilized for many decades in the construction
of protective structures to resist impact and dynamic loads (Soe et al., 2013). Subsequent to the
attack on the world trade center twin towers, research on the resistance of structures to impact
loading, explosive waves and penetration of fragments has become a very active research topic,
especially for military and defense facilities. Under impact loading, the failure of RC elements has
often led to partial or total collapse of buildings, causing substantial economic and human life
losses (Alemdar and Sezen, 2010).

4 A version of this chapter was published in the Materials and Design Journal (2017). Parts of this chapter were also
published in the 6™ International conference of the CSCE, Vancouver, Canada, (2017) and in the 11% International
conference on Civil and Architecture Engineering, Cairo, Egypt, (2016).
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Reinforced concrete has been the construction material of choice for critical civilian infrastructure
and defensive structures. Due to its low tensile strength, concrete exhibits brittle failure under
dynamic loading, which can compromise structural integrity and safety within and near protective
facilities. When a structural concrete element is subjected to dynamic loading, such as impacts or
explosions, it experiences unique states of stresses. For instance, near the impacted location, severe
hydrostatic compression can propagate and the state of stress irreversibly compresses the concrete.
Simultaneously, away from the impacted area, confinement stresses are decreased, and the
concrete undergoes compression with a moderate state of stress. Moreover, the reflected rear face
compressive wave of the target produces tensile waves, which interacts with compressive waves

possibly leading to spalling of the concrete (Li and Zhang, 2012).

Most pertinent recent research work focused on the impact behaviour of cement-based materials
reinforced by mono-fibres (Song et al., 2005; Li and Xu, 2009; Yoo et al., 2015) and/or hybrid-
fibres with two different types of fibres or more (Soe et al., 2013; Nehdi and Duquette, 2004; Nia
et al., 2012). For instance, Almusallam et al. (2015) investigated the effect of utilizing more than
two different types and sizes of fibres on the impact resistance of hybrid-FRC slabs. They tested
a set of slabs reinforced with steel (SE), polypropylene (PP) and Kevlar fibres under the effect of
high-velocity projectiles of up to 657 m/s. Results showed that the geometrical properties of fibres
were more influential than their material properties in improving the impact resistance of the
hybrid-fibre reinforced slabs. The notion behind the growing interest in using hybrid fibres with
two or more fibre types and sizes is that they could create synergistic effects through their different
elastic properties and/or various sizes since micro-fibres can control the growth of micro-cracks,

while large fibres restrain the growth of larger cracks.

With the advent of engineered cementitious composites (ECC) and emergence of smart materials
such as shape memory alloys (SMA), new opportunities in tailoring high-impact resistance
cement-based materials have opened up. Maalej et al. (2005) explored the behaviour of hybrid-
fibre ECC panels reinforced with 1.5% polyethylene (PE) and 0.5% steel fibres subjected to a high
velocity projectile. Results demonstrated the potential of ECC to perform as a protective material
in various applications, such as improving shatter resistance with reduced scabbing and spalling
associated with distributed micro-cracking. Moreover, a series of drop weight impact tests were

conducted by Yang and Li (2012) on hybrid-fibre-reinforced ECC panels and beams incorporating
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PVA and PE fibres. It was concluded that the material ductility of ECC specimens led to enhanced
impact resistance through improving the load carrying capacity and energy dissipation ability of
the tested structural elements. Furthermore, Soe et al. (2013) showed that a hybrid-fiore ECC
incorporating a combination of 1.75% PV A and 0.58% steel fibres achieved superior performance,
absorbing more energy than that of the control normal concrete when subjected to high velocity

projectiles.

On the other hand, fire is believed to be one of the main factors in bringing down the world trade
center tower during the catastrophic event in September 2001, New York, USA (Ali et al., 2004).
Hence, researchers became more proactive towards developing advanced fire-resistive materials
for structural applications. Fire resistance is a major requirement for buildings since it could be the
last line of defense when all other sources of restraining a fire fail (Kodur, 1999). Concrete
behaviour under fire stimuli depends mainly on its constituents (e.g. moisture content, aggregates
and cement type), size of concrete element and its geometry, load intensity, and fire duration and

temperature profile (Husem, 2006).

The principal effects of fire on concrete are compressive strength degradation and spalling.
Spalling is described as the explosive ejection of concrete chunks from its surface due to
breakdown in surface tensile strength (Khoury, 2000). As concrete gets exposed to fire, the water
within its internal voids transfers to the gaseous state, thus resulting in an increase in internal
pressure in the concrete pore structure. If concrete prevents water vapor from escaping, high
pressure will be induced in the internal concrete structure, leading to brittle failure, which could
be explosive, leading to catastrophic consequences (Husem, 2006). To avoid such events, several
investigations have been conducted worldwide for the development of concrete with improved fire

resistance.

Although, many research works have been conducted to establish the mechanical properties of
ECC material. However, its performance under fire has not yet been duly studied. Zhang et al.
(2014) developed a spray-applied fire resistive material using ECC technology (SFR-ECC). It was
observed that the essential high ductility of ECC enhanced the overall durability and fire protection
compared to that of conventional concrete and brittle spray-applied fire-resistive materials
(SFRM). Similarly, Zhang and Li (2015) found that the SFR-ECC material showed superior tensile
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characteristics, ductility and better adhesion to steel compared to the brittle performance and poor
tensile properties of conventional SFRM. Consequently, the superior characteristics of SFR-ECC
could improve the fire protection performance. Furthermore, Byung-Chan et al. (2007) studied the
applicability of utilizing ECC as a fire-resistive material in tunnel lining applications. They found
that the ECC achieved better fire resistance in such applications compared to that of conventional
concrete. Although, the CSA Standard A23.3-14 (Design of Concrete Structures) and National
Building Code of Canada 2015 (NBC) provide detailed guidelines for the design of structural
concrete elements, there is lack of information regarding the evaluation of fire performance of

ECC members in such standards.

Although there is significant research on the impact resistance of ECC as a material, there is dearth
of information on the performance of ECC structural members under the effects of impact loads
especially subsequent to fire. Therefore, in the present chapter, the impact resistance of innovative
hybrid fibre-reinforced ECC mixtures incorporating a combination of randomly dispersed
polyvinyl alcohol (PVA) and nickel titanium shape memory alloy (NiTi-SMA) short fibres was
investigated. The study aims to ultimately coin a composite with superior resistance to impact
loading under normal conditions and after exposure to fire, possibly with self-healing capability
to create novel alternatives in designing ductile structural elements capable of mitigating damage

inflicted by impact, explosive and dynamic loading.

52 TESTING METHOD
5.2.1 Drop-Weight Impact Test

Considering that large-scale missile impact tests are costly and their results are often not made
available in the public domain, smaller laboratory-scale tests are more common (Martin, 2010).
The drop-weight impact test is one of the most widely used techniques for evaluating the impact
resistance of fibre-reinforced cementitious materials (Murnal and Chatorikar, 2015; Xiang-yu et
al., 2011; Patel et al., 2012). In the present chapter, the drop weight impact test was carried out in
compliance with the procedure outlined by the American Concrete Institute (ACI) Committee 544,
on four different ECC mixtures at the age of 90 days. The ECC mixtures were cast in cylindrical
moulds having dimensions of 100 mm x 200 mm [4 in X 8 in]. Each cylindrical specimen was cut

into three 100 mm x 50 mm [4 in x 2 in] discs using a diamond saw. The discs were then tested
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under a drop weight impactor using an Instron impact loading machine (Fig. 5-1) with a maximum
impact force of 44000 N in order to evaluate the behaviour of the composite under impact loading.

Further details about the test method can be found elsewhere (Nehdi and Soliman, 2013).

Drop weight
tower Drop
weight
Impactor
Data acquisition
system
ECC
specimen

Steel supporting
frame

Figure 5-1: Instron impact loading testing machine setup.

Moreover, another series of specimens were subjected to impact loading induced by a 4.5-kg
weight dropped from 457 mm height above the specimen, which was able to produce an impact
energy of 20.167 J per hit in order to determine the first crack and fracture energy of ECC
specimens, as shown in Fig. 5-2. The numbers of impacts to induce the first visible crack (N1), and

failure (N2), respectively were recorded.

Furthermore, a series of drop weight tests were conducted on similar ECC specimens after
applying heat treatment. The heat treatment procedure was similar to that suggested by Kim et al.
(2016). A heating gun was fixed at 35 mm from the specimen’s front surface for twenty-five
minutes to mobilize the pre-stressing effect of NiTi-SMA fibres owing to its shape memory effect.
The heat gun raised the specimen’s temperature by about 150°C, leading to the appearance of
multiple micro-cracks at the front face of the tested specimens. The temperature of the specimens’
core and surface were measured every minute during the heating process using embedded thermal
sensors and an infra-red (IR) thermometer. The specimens were left to cool down to room

temperature, and then the drop weight test was carried out.
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Figure 5-2: Schematic diagram of of the drop weight impact testing system.

The impact energy for each ECC specimen was calculated according to ASTM standard D5628
using the following equation (Eq. 5-1):

IE=N.hw.f (Eq. 5-1)

Where IE is the impact energy in Joule, N; is the number of blows, h is the falling height of the

steel mass in mm, w is the mass of the steel hammer in kg, and f is a constant with a value of 9.806

x 1073,

According to Canisius et al. (2003), concrete spalling could be observed at early stages of a fire.
Likewise, Both et al. (1999) found that this phenomenon could occur at temperatures as low as
200°C. In addition, Chen and Liu (2004) recognized that spalling could happen for high strength

concrete at a temperature of about 400°C. Therefore, in order to evaluate the effect of fire on the
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impact resistance of ECC mixtures, specimens were first cracked under impact loading, then
subjected to fire stimuli inside a heating chamber, which was able to heat the specimens up to
400°C temperature for an hour as shown in Fig. 5-3. Thereafter, the specimens were left to cool

down to room temperature, and then reloaded using the drop weight test up to failure.

A

Figure 5-3: Heating chamber setup.

5.3 RESULTS AND DISCUSSION

5.3.1 Impact Behaviour

53.1.1 Energy-Penetration

Figures 5-4a, b, c and d display the energy-penetration curves for different ECC specimens at
different drop levels obtained via the Instron impact loading testing machine. Each specimen was
subjected to multiple impacts at different drop levels such that the first, second and third impacts
were at 50 mm, 100 mm and 150 mm, respectively, measured from the upper end of the spherical
steel ball up to the lower end of the impactor. It was observed that all tested ECC specimens did
not fail or crack under the effect of multiple impacts up to the maximum capacity of the testing
machine. The computerized system, which was used in the data acquisition during impact, was
programmed to calculate the energy dissipation capacity of the different ECC specimens through
estimating the difference between the applied impact energy and that remaining in the system upon

impact.
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Figure 5-4: Typical Energy-penetration curves for different ECC mixtures at different
drop levels: a) 1st hit, b) 2nd hit, and c) 3rd hit.

The cumulative enhancement in energy dissipation capability of the ECC specimens is illustrated

in Fig. 5-5. It can be observed that the energy dissipation capability was generally improved by
SMA fibre addition. For instance, the ECC2-0.5, ECC2-1 and ECC2-1.5 specimens achieved
dissipated energy of 23.39%, 30.43% and 11.53% higher than that of the control ECC specimens
made with PV A fibres alone, respectively. This underscores the significant enhancement in impact

resistance of the composite owing to SMA fibre addition.
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The accumulated impactor penetration depth in the different ECC specimens is illustrated in Fig.
5-6. Only small penetration occurred upon impact loading. A general reduction in penetration
depth was observed owing to SMA fibre addition. For example, the ECC2-0.5, ECC2-1 and ECC2-
1.5 specimens had 6.3%, 10.1% and 2.6% lower penetration depth compared to that of the control
ECC2-0 specimens, respectively. This is ascribed to the resistance of the composite’s fibre-matrix
interfacial frictional bond. The ECC specimen incorporating 2% PVA and 1% SMA fibres
achieved highest energy dissipation capacity and lowest penetration depth among all tested
specimens. Higher fibre dosage led to impact strength degradation due to increased porosity via

fibre clustering, which evidence was provided in chapter 4.

g
N % 7
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Figure 5-6: Accumulated penetration depth in ECC specimens.
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5.3.1.2 Impact Load-Time History

The impact load was measured during each impact as derived from the accelerometer
measurements (Instron testing machine) and impact load-time history curves are displayed in Figs.
5-7a, b, cand d. It was observed that all ECC specimens did not fail or even crack under the effect
of multi-impacts up to the maximum capacity of the testing machine (44000 N). The peak impact
force for hybrid mixtures incorporating 0.5%, 1% and 1.5% SMA fibre addition slightly increased
by about 2.38%, 7.19% and 3.03%, respectively, compared to that of the control mono PVA-ECC

mixture.
45000
45000 (b) —ECC2-0
@) —ECC2-0 40000 { e ECC2-0.5
40000 1 e ECC2-0.5 -+ ECC2-1
- ECC2-1 —~ 35000 A ---ECC2-1.5
_ 35000 - ---ECC2-1.5 Z
z <= 30000
< 30000 A b
g S 25000 4
S 25000 o
o 2 20000
2 20000 A E
=3 s S 15000
e eas B el <C
2 15000 | X — }
10000 { f£7
10000 NN
Vi N 5000 -
5000 | MR,z ) g N
A 0 ‘ LN
0 . é ] 0 1 2 3 4
1 4 i
] Time (ms)
Time (ms)
45000
(C) —ECC2-0
40000 1 A e ECC2-0.5
- - ECC2-1
_ 35000 - - X
é ; ECC2-1.5
< 30000 {
g j
S 25000 4
o
2 20000 p
= ia
a 1 ed
< 190007 A
"l L
10000 | £ £ \,
1 £
5000 1 [ff
t._..
0 . . :
0 1 2 3 4

Time (ms)

Figure 5-7: Impact load-time history curves for different ECC specimens at different drop
levels: @) 1st hit, b) 2nd hit, and ¢) 3rd hit.

The ability of ECC specimens to resist impact load mainly depended on the fibre type and content.

The material’s response under impact load depends on its interactive behaviour under compressive
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and shear stresses (Li et al., 2000). Since all ECC mixtures had a slight difference in compressive
strength, it appears that the SMA fibres-matrix bond allowed to better resist shear stresses induced

by the impact load, thus leading to higher impact resistance.

53.2 Fracture Performance

5.3.2.1 At Normal Temperature

Table 5-1 summarizes the experimental impact test results, following the drop weight impact test
(ACI 544 guidelines), for specimens from all tested ECC mixtures. All specimens were tested up
to failure and the average values for impact failure energy were calculated. Moreover, the statistical
analysis of test results obtained from the experimental drop weight impact test is reported in Table

5-1. Where N1 and N> are the number of impacts up to first crack initiation and failure, respectively.

Table 5-1: Statistical analysis of test results (N1/N2)

Specimen

D ECCO0-0 ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
Mean 1/1 13/39 50/594 751697 63/674
Standard
deviation 0/0 1/2 2/4 217 416

The impact energy sustained by the ECC specimens up to first crack and up to failure is reported
in Fig. 5-8. Specimens from the control mixture (ECCO0-0) without fibre addition failed after only
one hit by the drop weight and split into multiple fragments, which reflects its brittle behaviour
under impact loading. Conversely, adding 2% of PVA fibre by volume enhanced the composite’s
behaviour under impact loading. For instance, specimens from the mixture ECC2-0 sustained
impact loading up to first crack and failure of about 13 and 39 times that of the control ECCO0-0
specimens, respectively. This reflects the beneficial effect of incorporating PVA fibres in ECC
specimens, which led to altering the mode of failure of ECC under impact loads from prematurely

brittle to more ductile failure, in agreement with previous study (Soe et al., 2013).
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Figure 5-8: Impact energy sustained by ECC specimens up to failure.

Generally, SMA fibre addition also improved the impact resistance of ECC specimens in a similar
trend to that achieved by PVA fibre addition. For instance, 0.5% SMA fibre addition by volume
fraction increased the impact resistance to reach first crack and failure by about 284% and 1423%
compared to that of the ECC specimens incorporating 2% PVA fibre alone, respectively.
Furthermore, increasing the SMA fibre addition level increased the number of impacts to reach
first crack and failure of the specimens. For instance, the impact resistance to first crack and failure
of specimens from mixtures ECC2-1 and ECC2-1.5 increased by about 477% and 1687%, and
384% and 1628%, compared to that of the ECC specimens incorporating 2% PVA fibre alone,
respectively. This demonstrates the superior ability of SMA fibres to restrain crack propagation in

ECC specimens under impact loading.

However, the hybrid-ECC specimen comprising a combination of 2% PVA and 1% SMA fibres
exhibited the highest impact resistance compared to all other tested specimens. Using higher
dosage of SMA fibres in the ECC mixture (e.g. ECC2-1.5) decreased the impact resistance
compared to that of ECC2-1. This can be attributed to less effective spatial distribution of fibres
due to agglomeration and possibly the increased porosity induced in the mixtures incorporating
higher than 2% PV A and 1% SMA fibres by volume fraction.

5.3.2.2 After Heat Treatment

Figure 5-9 displays the results of ECC specimens with and without heat treatment tested up to

failure under the effect of repeated impact loading as per the ACI 544 guidelines. The impact
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failure energy sustained by the heated ECC2-0 specimens was only 11% lower than that of
identical non-heated specimens, which indicates some degradation due to heat treatment. This can
be ascribed to the fact that PVA fibres (which have a glass transition temperature of 85°C) lost
mechanical strength due to the heating process which reached 150°C, particularly at the front
surface of specimens where the heating was more intensive. Hence, it is expected that at higher
temperature, the degradation will be more significant, in agreement with previous study (Kim et
al., 2016).
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Figure 5-9: Impact failure energy of ECC specimens with and without heat treatment.

On the other hand, the impact resistance of the hybrid PVA-SMA fibre-reinforced ECC specimens
was enhanced subsequent to the heat treatment, despite that the contribution of the PVA fibres was
simultaneously degraded as discussed above. For instance, the impact failure energy for specimens
containing 0.5% SMA and 2% PVA fibres was increased by about 12.46% compared to that of the
non-heated specimens. Also, the impact failure energy for the heated specimens increased as the
SMA fibre addition increased. For example, the impact failure energy of the heat treated ECC 2-1
and ECC2-1.5 specimens increased by about 34.15% and 29.53% compared to that of identical
non-heated specimens, respectively. This can be attributed to the beneficial pre-stressing effect in
ECC specimens owing to the shape memory alloy fibres, which restrained crack growth, a
behaviour also reported by Kim et al. (2016). The local pre-stressing effect of SMA fibres as
evidenced by the enhanced impact resistance subsequent to heat treatment opens interesting
research directions for its application in protective systems in critical facilities for national

security.
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5.3.3  Behaviour Subsequent to Fire Exposure

Figure 5-10 displays the impact test results of ECC specimens with and without fire exposure
using the drop weight impact test (following the ACI 544 guidelines). It was observed that the
impact resistance of the ECC composite was generally degraded due to fire exposure. For instance,
the impact energy at failure of ECC specimens incorporating 2% PVA fibre decreased by about
48.7% due to fire compared to that of its counterpart at normal temperature. Similarly, the impact
failure energy of ECC2-0.5, ECC2-1 and ECC2-1.5 decreased by about 41.1%, 16.8% and 34.7%,
respectively, compared to their counterparts which were tested at normal conditions. The general
impact resistance degradation of the ECC composite can be attributed to the melting of PVA fibres
due to fire, leading to higher porosity in the composite. This is consistent with findings of a
previous study (Sahmaran et al., 2010). Moreover, it was observed that SMA fibres restrained the
strength degradation three times more than that occurring in PVA-ECC specimens owing to the
shape memory effect. Among all tested specimens, the ECC specimens incorporating 2% PVA
and 1% SMA fibres still achieved the highest impact resistance, even after fire exposure.
Furthermore, no explosive spalling during or after fire tests was observed in any of these
specimens. This can be attributed to the formation of a network of pathways in the ECC specimens,
which served as channels for water vapor escaping outside the specimens, leading to reduced

tensile stresses propagated due to thermal expansions.
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Figure 5-10: Impact failure energy of ECC specimens with and without fire exposure.
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Generally, all hybrid ECC specimens incorporating SMA and PV A fibres exhibited a degradation
in impact resistance subsequent to fire exposure. Nonetheless, they achieved impact higher than
that acquired by mono-PVA-ECC specimens even at normal temperature. This is attributed to the
superior capability of SMA fibres to restrain crack propagation under impact loading in ECC
specimens, thus leading to enhanced post-cracking behaviour of ECC specimens, even after
exposure to high temperatures due to fire. Similar observations were reported by others (e.g.
Sahmaran et al., 2010; Chen and Liu, 2004; Kodur et al., 2003) who used steel-fibre-reinforced
concrete (SFRC).

534 Mode of Failure

The mode of failure of tested specimens under impact loading depends essentially on the matrix
strength and fibre-matrix interfacial bond strength. Figure 5-11 illustrates the different failure
modes under impact loading. The failure mode of the control specimens consisting of the fibreless
ECC matrix was brittle (Fig. 5-11a). The specimens were broken suddenly under the effect of the
first hit and shattered into multiple fragments. Conversely, the mono-fibre ECC specimens
(incorporating 2% PVA fibre) exhibited a different mode of failure (Fig. 5-11b). The PVA fibre
reinforcement transformed the mode of failure from brittle to ductile through sustaining multiple
impacts before failure. Moreover, the crack pattern changed from one main crack in the case of
the control specimens, to multiple fine cracks in the PVA fibre-reinforced ECC2-0 specimens. The
area under the impactor was shriveled, displaying a small indent diameter and depth in the PVA-
ECC specimens. This is consistent with findings of previous investigations (Soe et al., 2013;
Maalej et al., 2005; Zhang et al., 2007).



119

Multipl
fine
‘ cracks

Figure 5-11: Failure patterns of ECC disc specimens: a) ECCO0-0, b) ECC2-0, c) ECC2-0.5,
d) ECC2-1, e) ECC2-1.5, and f) SMA fibre bridging.

A similar trend was displayed by the hybrid fibre-reinforced ECC specimens incorporating a
combination of PVA and SMA fibres, as shown in Figs. 5-11c, d and e. The number of cracks
induced by impact loading increased with the increase of the SMA fibre content. For instance, as
displayed in Figs. 5-11c, d and e, the number of cracks was increased by about 66%, 133% and
167% in the ECC2-0.5, ECC2-1 and ECC2-1.5 specimens compared to that of ECC2-0. Also, the
shriveling area, indent diameter and its depth increased with increasing SMA fibre content likely
owing to the SMA fibre crack bridging capability, which held the specimen together across
growing cracks and performed as a crack growth restraint (Fig. 5-11f).
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5.3.5  Statistical Analysis of Test Results
5.3.5.1  Weibull Distribution

Different probabilistic models have been used over the last few decades to statistically analyze the
fatigue and impact test data of concrete. In particular, the two-parameter Weibull distribution was
widely used in many research works for describing the fatigue life and impact performance of
concrete (Li etal., 2007; Raif and Irfan, 2008; Raman and Rakesh, 2009). The Weibull distribution
function is characterized by a probability density function as follows (Eq. 5-2):

fa=2(D) e @ (Eq. 52)

u

Where o represents the shape parameter (i.e. Weibull slope), u is the scale parameter, and n is the
specific value of the random variable N (i.e. N1 and N2 in the present study). Integrating Eq. (5-2)
gives the following (Eq. 5-3):

Py =1—e () (Eq. 5-3)

Where Fn (n) is the cumulative distribution function. According to Saghafi et al. (2009), the
probability of survivorship function is represented by (Eqg. 5-4):

Ly=1—Fy(n) = e_(%)a (Eq. 5-4)

Taking the natural logarithm twice on both sides of Eq. 5-5, it can be rewritten as follows (Eq. 5-
5):

In [ln (i)] = aln(n) — aln(u) (EqQ. 5-5)

Equation 5-5 represents a linear relationship between In [In (1/Ln)] and In (n). In order to illustrate
Eq. 5-5 graphically, the empirical survivorship function Ly for impact test data is obtained from
the following relation (Raman and Rakesh, 2009) (Eq. 5-6):

i—-0.3

LN =1-— (Eq 5-6)

k+0.4
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Where i represents the failure order number and k denotes the number of data points. A linear
regression analysis was applied to the In [In (1/Ln)] and In (impact energy) values as shown in

Figs. 5-12 and 5-13.
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Figure 5-12: Weibull distribution of first crack impact energy of ECC specimens.
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Figure 5-13: Weibull distribution of impact energy at failure of ECC specimens.

The linear trend is established by drawing the best fit line between data points using the method
of least squares. The slope of the line provides an estimate of the shape parameter () and the scale
parameter (u), which can be obtained by calculating the value at which the line intersects the In [In
(1/Ln)] axis. The shape parameter (c), scale parameter (u) and the coefficient of determination (R?)

for the ECC specimens are shown in Table 5-2.
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Table 5-2: Shape, scale parameters and coefficient of determination of ECC specimens

. a u R?
Specimen ID N2 N1 N> N1 N> N1
ECC2-0 24.146 12.505 -161.7 -70.08 0.9322 0.9963
ECC2-0.5 138.44 31.038 -1300 -214.9 0.9505 0.9869
ECC2-1 102.41 46.759 -978.6 -342.6 0.9973 0.9874
ECC2-1.5 107.96 17.272 -1028 -123.98 0.9998 0.9778

Tables 5-3 and 5-4 display the impact energy values for ECC specimens at the first visible crack
and failure stage, respectively based on reliability analysis. The first crack impact energy of ECC2-
0, ECC2-0.5, ECC2-1, and ECC2-1.5 specimens was approximately equal to or higher than
187.927, 876.453, 1377.93, and 1004.0088 with R? of 0.9963, 0.9869, 0.9874, and 0.9778,

respectively.

Table 5-3: Weibull distribution for first crack impact energy of ECC specimens

Rel'_"é‘\t/’é'l'ty ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
0.99 187.927 876.453 1377.93 1004.0088
0.90 226.776 945382 1448.94 1150.3270
0.80 240.801 968.518 1472.39 1201.4080
0.70 250.004 983.264 1487.23 1234.4780
0.60 257.289 994.710 1498.70 1260.4200
0.50 263.646 1004.540 1508.51 1282.8900
0.40 269.597 1013.610 1517.54 1303.7890
0.30 275548 1022570 1526.43 1324.5640
0.20 282.019 1032.180 1535.94 1347.0120
0.10 290.213 1044.160 1547.75 1375.2350
0.01 306.753 1067.740 1570.86 14315470

Likewise, the impact energy at failure of ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5 was
approximately equal to or higher than 667.926, 11614.5, 13502.0, and 13087.796 with R? of
0.9322, 0.9505, 0.9973, and 0.9998, respectively. Since all impact test data had R? were equal to
or higher than 0.93, a two-parameter Weibull distribution can be used to establish the statistical
distribution of impact test data for ECC incorporating SMA fibres. These developed reliability
curves can be considered as a useful tool to quickly estimate the impact resistance of ECC at
cracking and failure, without conducting costly and time-consuming additional impact testing.
Similar conclusions were drawn by others (Murali et al., 2014; Xiang-yu et al., 2011) for steel

fibre-reinforced concrete.

In this study, the analysis was conducted on a limited number of tests (3 data points per mixture)

due to limitations of the costly and time-consuming impact test. Since, additional tests could
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confirm or disprove the observed trend, further testing is required to generalize this concept for

ECC composites with different characterizations.

Table 5-4: Weibull distribution for impact energy at failure of ECC specimens

ReI'_'Z‘\t/’;'I'ty ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
0.99 667.926 116145 13502.0 13087.796
0.90 736.193 118133 138154 13375.778
0.80 759.432 118775 13917.0 13469.077
0.70 774.328 11917.8 13980.9 13527.718
0.60 785.933 119488 14030.0 13572.802
0.50 795.930 119752 14071.9 13611.228
0.40 805.183 11999.3 141103 13646.460
0.30 814.340 12023.0 14147.9 13681.018
0.20 824.189 120483 14188.1 13717.850
0.10 836.504 120795 142378 13763.433
0.01 860.866 121401 143345 13852.084

Furthermore, Fig. 5-14 portrays a linear trend between data points in order to determine the

coefficient of determination (R?) for impact test results of ECC specimens after fire exposure.
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Figure 5-14: Weibull distribution for impact energy of ECC specimens at failure after fire

exposure.

Table 5-5 illustrates the impact energy corresponding to failure of ECC specimens after fire

exposure established using reliability analysis. The impact energy at failure of ECC2-0, ECC2-
0.5, ECC2-1, and ECC2-1.5 was approximately equal to or higher than 242.94, 5885.55, 10978.30,

and 6800.09 J, respectively. As shown in Fig. 5-14, since all impact test results had R? values equal

to or higher than 0.9632, a two-parameter Weibull distribution can be utilized to predict the impact
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energy at failure of ECC specimens after fire exposure in order to save the time and cost required

for additional testing. Murali et al. (2014) and Chen et al. (2011) among others, have drawn similar

conclusions for SFRC.

Table 5-5: Weibull distribution for impact energy of ECC specimens at failure

Reliability Level ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
0.99 242.94 5885.55 10978.30 6800.09
0.90 293.23 6266.94 11402.20 7088.71
0.80 311.39 6393.87 11541.00 7183.44
0.70 32331 6474.50 11628.60 724329
0.60 332.74 6536.95 11696.10 7289.46
0.50 340.98 6590.48 11753.80 7328.92
0.40 348.68 6639.81 11806.80 7365.19
0.30 356.39 6688.43 11858.90 7400.86
0.20 364.77 674051 1191450 7438.96
0.10 375.38 6805.32 1198350 7486.24
0.01 396.80 693254 12118.20 7578.59

5.3.5.2 Regression analysis of drop weight test results

Figure 5-15 illustrates the correlation between the number of blows which caused the first visible

crack of the fibre-reinforced ECC specimens and the number of blows which caused its failure.

This correlation was used to develop prediction equations for the number of blows which can cause

failure of ECC specimens under impact loading as shown in Table 5-6.
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Figure 5-15: Relationship between N2 and N1 of ECC specimens.
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Since the R? values displayed in Table 5-6 for ECC specimens are equal to or higher than 0.89,
which exceeds the limit (0.7) suggested by Rahmani et al. (2012), these equations can be used with
reasonable accuracy to represent the correlation between the number of blows causing the first
visible crack and the ultimate failure of the ECC specimens produced with and without SMA

fibres.

Table 5-6: Relationship between N2 and N1 of ECC specimens

Rell_lg\?e”l'ty Equation R?
ECC2-0 N, =1.5N; +19.833 0.9643
ECC2-0.5 N2 =2.5N; + 469.5 0.8929
ECC2-1 N, = 4.2857 Ny + 377 0.9967
ECC2-1.5 N2 =1.6892 N; + 567.35 0.9686

5.3.5.3 Analysis of variance of test results

ANOVA at a significance level a1 = 0.05, displayed that variation in the addition level of SMA
fibre had a significant effect on the mean value of the impact resistance of the ECC composite.
The determined F, value for impact test results was 77.51, which is higher than the corresponding
critical F value of 4.07 (Fo.0s5,38). This reflects the significant effect of incorporating SMA fibres
in the production of ECC composites which is consistent with results obtained earlier. Due to the
overlap observed in impact test results due strength degradation of ECC2-1.5 compared to that of
ECC2-1 (Fig. 5-8) owing to fibre clustering and that of ECC2-0 due to heat treatment (Fig. 5-9),
further ANOVA had been applied especially for these results. The determined F, value estimated
for impact resistance of HECC-SMAF composite reinforced by more than 2% PVA and 1% SMA
fibres was 7.286 which is higher than the corresponding critical F value of 5.79 (Fo.05,25). This
reflects the significant effect of using higher dosage of SMA fibres in the ECC mixture (ECC2-
1.5) leading to decreased impact resistance compared to that of ECC2-1. This is consistence with
aforementioned observations. Conversely, heat treatment indicated an insignificant effect on the
impact resistance of the PVA-ECC composite (ECC2-0). The estimated F, value for the impact
resistance results of the heated and non-heated ECC2-0 specimen was 3.675 which is lower than

the corresponding critical F value (Fo.0525).
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5.4 CONCLUSIONS

The performance of engineered cementitious composite specimens incorporating hybrid PVA-
SMA fibre reinforcement under impact loading with and without exposing to fire was evaluated
by conducting drop weight impact tests. Based on the experimental results the following

conclusions are drawn:

e The impact resistance of mono- and hybrid-fiore ECC specimens was found to be 30 to
700 times higher than that of the plain fibreless ECC control specimens.

e The addition of PVA and SMA fibres into the ECC matrix changed the failure mode of
ECC specimens under the effect of impact loading from brittle to ductile.

e The performance of ECC specimens subjected to impact loading was improved due to
SMA fibre addition. However, the ECC mixture incorporating 2% PVA and 1% SMA
fibres by volume fraction achieved the highest impact resistance compared to that of all
other specimens. Fibre dosages beyond this level seemed to compromise fibre dispersion
and create fibre clustering, while disrupting the matrix and causing higher porosity, which
resulted in reduced performance under impact loading.

e Heat treatment damaged the PV A fibres and generally compromised the impact resistance
of ECC specimens incorporating PVA fibres alone, leading to the appearance of multiple
fine cracks at the front surface of specimens directly subjected to the heating.

e Conversely, the heat treatment process activated the SMA fibres to exert a local pre-
stressing effect in the ECC composite, consequently improving its impact resistance. This
is despite the damage caused by the heating to the coexisting PVA fibres.

e PVA fibres melt upon exposure to fire, which resulted in reduced performance under
impact loading. However, the presence of SMA fibres seemed to restrain strength
degradation and crack propagation owing to the shape memory effect.

e Melting of PVA fibres due to fire created pathways for water vapor removal through the
composite and led to spalling free specimens during and after fire exposure.

e Although the hybrid ECC specimens exposed to fire showed strength degradation under
impact loading compared to their counterparts tested without fire exposure, they still
acquired impact resistance better than that of the control mono-PVA-ECC specimens tested

under normal conditions.
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e The Weibull distribution function proved capable of adequately representing the impact
test data with a linear correlation between the number of impact which causes the first

visible crack and that which initiated the ultimate failure for all ECC specimens.
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Chapter 6

6 EXPERIMENTAL AND NUMERICAL INVESTIGATION ON
NOVEL SMA-PVA HYBRID FIBRE REINFORCED
ENGINEERED CEMENTITIOUS COMPOSITE UNDER
IMPACT LOADING?®

6.1 INTRODUCTION

Missiles, bombs, aircraft and truck crashes, accidental explosions, and rock falls have become
major threats to civilian structures and military facilities (EI-Tehewy and El-Sayed, 2015). There
have been rapid advances in the technology of explosives and ammunitions over the last few
decades, not only with regards to its destructive capacity, but also its sophisticated ability to
penetrate the aimed target. A superior level of protection against explosive and impact loading will

be required in the future.

> A version of this chapter was submitted for publication to the Cement and Concrete Composites Journal.
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The unique behaviour of ECC structural elements under impact loading triggered significant
research aiming at the development of design guidelines for ECC in protective structures. Several
experimentally and numerical investigations have been conducted on the impact resistance of ECC
elements. Due to technical difficulties and high cost of conducting large-scale missile impact tests,
often small-scale drop weight impact testing has rather been adopted, despite the limitations
associated with such a testing approach. For instance, Ali et al. (2017) experimentally investigated
the impact resistance of SMA-ECC composites under drop weight impacting. Up to six hundred
blows were applied per specimen to cause fracture, which reflects the time and efforts required to
conduct such tests. Therefore, numerical simulation is highly attractive alternative considering the

costs and difficulties of experimental tests.

For accurate numerical prediction of the impact behaviour of ECC structures, adequate material
models which can represent the dynamic behaviour of ECC are essential (Li and Zhang, 2012).
Various commercial codes have emerged to model the dynamic behaviour of concrete materials
such as ABAQUS, ANSYS, AUTODYN and LS-DYNA. Various material models representing
different types of concrete have been proposed for impact analysis (Wu et al., 2005; Tai and Tang,
2006; (Teng et al., 2008). However, they often require many input parameters, some of which have
no clear physical meaning and cannot be estimated by traditional material tests (Farnam et al.,
2010). So far, there is dearth of numerical studies on the behaviour of ECCs under dynamic

loading.

For instance, Chin (2006) utilized the LS-DYNA code in modeling the behaviour of a hybrid-
fibre ECC panels under drop-weight impact loading. It was observed that the Finite Element (FE)
model gave reasonable prediction of the local and global responses of the ECC panels and closely
predicted the impact load-time histories of the impactor. Likewise, Li and Zhang (2012) performed
a numerical simulation of ECC panels under high velocity impact loading also using the LS-
DYNA code. Their results demonstrated the effectiveness of the proposed model in simulating the
dynamic behaviour of ECC materials. Recently, Anil et al. (2016) conducted a FE study on ECC
beams under impact loading using the commercial ABAQUS software package to observe the
stress distribution in beams and attain an accurate and verified model capable of simulating such
loading conditions. Their analytical results were in good agreement with the experimentally

measured data in terms of maximum displacement and load values. Also, they observed that the
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stress distribution through the beams was in reasonable agreement with the experimental crack
distribution. Hence, it appears that accurate simulation and prediction of the structural response
under dynamic load can be a convenient way to decrease the cost and efforts related to testing new
materials and applications. The availability of powerful FE modeling codes with flexibility to

incorporate new material models developed by the user have stimulated such efforts.

In the present chapter, numerical simulations of the mono- and hybrid-fibre-reinforced engineered
cementitious composite under impact loading were carried out. The modelling results obtained in
this chapter were compared to that achieved experimentally in Chapter 5 and the findings are

discussed below.

6.2 FINITE ELEMENT MODELLING OF ECC

Generally, there is significant difference between the constitutive behaviour of ECC and that of
normal concrete, especially for tension stiffening. According to the aforementioned behaviour of
HECC-SMAF, SMA fibres enhanced the post-cracking performance of ECC through maintaining
some load-carrying capacity subsequent to crack formation. De-bonding, pulling-out, and rupture
of fibres, are the main parameters that affect the fracture energy of cementitious materials (Bentur
and Mindess, 2007). Therefore, presenting accurate constitutive modelling of ECC is essential in

order to achieve a reliable technique that can estimate its structural behaviour.

In this study, a finite element analysis was carried out using the commercial finite element (FE)
ABAQUS/Explicit software in order to conduct the parametric study. This tool incorporates
various constitutive models for concrete, including the Drucker/Prager (DP) and Concrete Damage
Plasticity (CDP) models. According to Tahmasebinia (2008), the DP model can better simulate
the behaviour of ductile concrete, especially under low velocity impact loading compared to
Brittle-Cracking models. While, Li and Zhang (2012) demonstrated the effectiveness of simulating
the dynamic behaviour of cementitious materials under impact loading using the CDP Model. In
the present study, both the DP and CDP models were utilized. Their effectiveness in modeling the
behaviour of HECC-SMAF composite under impact loading was explored and compared with

experimental results achieved in Chapter 5.
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6.2.1 Plasticity Models

The DP model is a plasticity model that describes the behaviour of granular materials in which the
yield behaviour is affected by the equivalent pressure stress. It also takes into consideration
inelastic deformations that may be associated with frictional mechanisms, such as sliding of
particles across each other. On the other hand, the CDP model assumes isotropic damage and is
suitable for applications in which the concrete is subjected to arbitrary loading conditions, such as
cyclic loading and/or dynamic loading under low confining pressure (ABAQUS Analysis User’s
Manual, 2012). It can also be used to model plain and reinforced concrete. It accounts for
degradation of the elastic stiffness created by plastic straining that takes place in tension and
compression, and for stiffness recovery effects under cyclic loading. The main two failure
mechanisms that govern the plasticity model are tensile cracking and compressive crushing of
concrete. The evolution of the failure surface is controlled by the compressive (&”') and/or tensile

plastic strain (&').

Figures 6-1 and 6-2 illustrates the assumed stress-strain behaviour of concrete under uniaxial
tensile and compressive loading, respectively. The model follows a linear elastic relationship until
the tensile failure stress (o) or the compressive yielding stress (oco). The tensile failure stress (oto)
corresponds to micro-cracking initiation in concrete, thereafter, progressive cracking is

represented by a softening stress-strain behaviour, as shown in Fig. 6.1.
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Figure 6-1: Concrete behaviour under uniaxial tensile loading (ABAQUS Analysis User’s
Manual, 2012).
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On the other hand, in compression, the behaviour in the plastic zone is characterized by stress
hardening, followed by strain softening subsequent to the ultimate stress (ocu), as portrayed in Fig.
6.2.
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Figure 6-2: Concrete behaviour under compression loading (ABAQUS Analysis User’s
Manual, 2012).

6.2.2 Defining Tensile and Compressive Behaviour

Tension stiffening can be defined by means of a post-cracking stress-strain relation or by applying
a fracture energy cracking criterion. In this study, the post-cracking stress-strain criterion was
utilized. The post-cracking stress is given as a function of the cracking strain (). The cracking
strain is defined as the total strain () minus the elastic strain corresponding to the undamaged
material (s0®'), as shown in Fig. 6.3 where: eo® = a/Eo and E, is the modulus of elasticity
(ABAQUS Analysis User’s Manual, 2012). On the other hand, the compressive behaviour in the
plastic regime is defined as a stress-inelastic strain (ec") relation. The compressive inelastic strain
is defined as the total strain (ec) minus the elastic strain corresponding to the undamaged material
(eco™), as illustrated in Fig. 6.4, e’ = 6c/Eo (ABAQUS Analysis User’s Manual, 2012).
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Figure 6-4: Compression hardening variables (ABAQUS Analysis User’s Manual, 2012).

6.2.3

Defining Modeling Parameters

Table 6-1 shows the parameters used in this study to define the DP and CDP models of the ECC

material. The friction angle (B), dilatation angle (y), and eccentricity (m) reflect the plastic

straining response of the ECC material. Also, K represents the ratio of the flow stress in triaxial

tension to the flow stress in triaxial compression. While, the ratio oco/obo and Kc determine the

shape and size of the bi-linear yield surface (Blazejowski, 2012). Since the response of the ECC

material under impact will be mostly uniaxial, it is not anticipated that these parameters will vary.

Also, assuming that there is no strain rate effect, then viscosity () has been set to zero. Values of

parameters in Table 6-1 were set based on previous studies by (Nedal and Nehdi, 2016; Attrade,
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2014; Tahmasebinia, 2008). Further definition of each of these parameters can be found in
ABAQUS User’s Manual (2012).

Table 6-1: Input parameters of plasticity models.

Parameter DP CDP
B 30 -
% 20 20
m - 0.1
K 1 -
ocolobo - 1.16
Kc - 0.667
U - 0

6.2.4  Simulation Technique

Three-dimensional finite element models of the tested ECC specimens were constructed in
ABAQUS/Explicit solver. The cylindrical ECC specimen, spherical steel ball, hollow steel ring
holder and steel drop weight were modeled using their actual dimensions in the experimental test
setup. The drop weight was modeled as a prismatic bar with a cylindrical head as shown in Fig. 6-
5. The different ECC specimens were modeled using 8-noded hexagonal solid elements (C3D8R),
which is commonly used in the simulation of impact behaviour in the ABAQUS library. A
sensitivity analysis was conducted to determine an optimum number of elements. The problem
was solved with increasingly finer mesh size and the analysis was assumed to be optimum when

the numerical response nearly matched the corresponding experimental data.

Figure 6-5: Finite element modelling of drop weight impact test.


http://www.sciencedirect.com/science/article/pii/S0734743X12000243#fig7
http://www.sciencedirect.com/science/article/pii/S0734743X12000243#fig7
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6.2.5 Damage Criterion

Since there is no material model for ECC composites in ABAQUS, the CDP and DP material
models were tested as concrete material models to capture the ductile behaviour of ECC. Also, the
Damage Initiation Criterion and Element Deletion options were utilized in these models for
defining the material’s tensile failure criterion (Qian et al., 2009). Pertinent ECC material
parameters, including compressive strength, modulus of elasticity and Poisson’s ratio, density and
tensile behaviour, were implemented in the models using actual corresponding experimental
values as shown in Table 6-2.
Table 6-2: Mechanical properties of different ECC specimens

ECC2-0 ECC2-0.5 ECC2-1 ECC2-15
Tensile strength
(MPa) 4.8 5.9 8.1 6.5
Compressive strength (MPa) 70.1 69.6 68.7 66
Elastic modulus
(GPa) 19.86 19.08 18.96 18.92
Poisson’s ratio 0.185 0.183 0.17 0.14
Density
(kg/md) 18.08 17.36 17.58 17.9

6.2.6 Initial and Boundary Conditions

Two types of conditions were adopted in the modeling procedures, initial and boundary conditions.
The initial condition was assigned to the impactor with a velocity of 1.38 m/s when it touches the

spherical ball, as displayed in Fig. 6-6a.

Figure 6-6: a) initial conditions and b) boundary conditions.
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All the nodes of the impactor and spherical ball could move only in the Z-direction. All the nodes
of the hollow steel ring were prevented from movement in all directions, while all the nodes of the
lower base of the ECC specimen were prevented from moving in Z-direction, as shown in Fig. 6-
6b.

ANALYSIS OF RESULTS AND DISCUSSION

Dynamic analysis in this numerical simulation was conducted for the first, second and third free

6.3

drops of the impactor. Thereafter, the accumulated damage due to multiple impacts was presented.
Numerical predictions were compared to corresponding experimental data achieved in chapter 5

as discussed below.

6.3.1 Effect of Mesh Density on Model Accuracy

To investigate the effectiveness of utilizing different mesh densities on model accuracy, the load-
time history and applied energy-penetration curves resulting from the numerical analysis were
compared with corresponding results obtained from the experimental investigation as portrayed in

Figs. 6-7a and b. Five different meshing densities were examined ranging from very fine to coarse.
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Figure 6-7: Effect of different mesh densities on numerical results: a) load-time history,
and b) applied energy-penetration depth.

Table 6-3 displays the number of elements utilized in each case and the ratio between the results
obtained from the finite element analysis (FEA) and the corresponding experimental results. It can

be observed that as the number of elements increased, the shape of the predicted curves became
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smoother and progressively converged toward the experimental behaviour. Cases 1 and 2 were far
from the experimental curve. Conversely, cases 3 and 5 almost gave similar results to the
experimental curves. Case 4 achieved closest prediction of the experimental results. Based on
results in Table 6-3, the near optimum number of elements utilized in simulating the ECC
specimens was 15180 elements. Since the spherical steel ball, holder steel ring and drop weight

were considered rigid, their elements sizes had no significant effect on the solution.

Table 6-3: Sensitivity analysis on mesh density

Mixture Case 1 Case 2 Case 3 Case 4 Case 5

Number of elements 111 1926 8609 15180 28014
Applied load 1.28 1.09 1.08 1.01 1.07
FEQ{:onp. Applied energy 0.97 0.98 0.98 0.99 0.98
Penetration depth 0.77 0.89 0.93 0.96 0.92

6.3.2  Energy-Penetration Behaviour

Dynamic loading on structures is accompanied with large transfer of mechanical energy. In order
to numerically explore the behaviour of structural elements under impact loading, consideration
of the energy balance should be the first step (Martin, 2010). In the FEA, the impactor and the
concrete element were presented as a single mechanical system. Before impact, the drop weight
only had Kinetic energy, while during impact, the drop weight slowed down significantly (lost a
substantial part of its kinetic energy) due to the energy dissipation capability of the concrete
element. Figure 6-8 presents the experimental and numerical applied energy-penetration depth
curves for the ECC specimens at different drop levels. It can be observed that the CDP and DP
models could closely estimate the experimental behaviour of the ECC specimens under impact

loading.
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Figure 6-8: Applied energy-penetration depth curves for ECC specimens at different drop
levels; a) 1st hit, b) 2nd hit, and c) 3rd hit.

Table 6-4 reports the experimental and numerical results for all tested specimens. Although the

DP model exhibited good estimation of the applied energy at the first impact, the CDP model

generally displayed better performance in simulating experimental results at higher impact levels.
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':c')t ECC2-0 ECC2-0.5 ECC2-1 ECC2-1.5
Exp. | CDP | DP ﬁz?(E SX'Z. Exp. | CDP | DP /CEBE SXF; Exp. | CDP | DP %2;/ SXF;/. E’I(p CPD DP /%)(E ||£Dxpp/.
1 /103|103 | 111 |[1.00 | 101 | 110 | 113|111 | 1.03 | 1.01 | 109 | 121 [ 11.0| 1.02 | 1.00 | 105 | 108 | 11.1 | 1.03 | 1.05
e 2 [ 218|203 (219|098 | 106 | 212 | 213|217 | 100 | 1.02 | 216 | 21.3 | 217 | 099 | 1.01 | 21.3 | 20.8 | 22.0 | 0.98 | 1.03
¥ 3 [ 315|314 (331099 | 105|322 |324 330|101 | 103322324 |328| 101 | 1.02 |31.7 | 31.8 | 329 | 1.01 | 1.04
1 | 171|161 | 141 [ 094 | 083 | 165 | 156 | 135 | 0.94 | 0.82 | 17.6 | 166 | 144 | 0.95 | 0.82 | 168 | 158 | 13.8 | 0.94 | 0.82
Hoae 2 | 274 | 282 | 17.7 | 1.03 | 065 | 28.9 | 28.7 | 20.0 | 0.99 | 0.69 | 29.3 | 295 | 229 | 1.01 | 0.78 | 27.1 | 28.8 | 21.2 | 1.07 | 0.78
i 3 [ 357 /319]205|089 | 057|369 |352|227|095| 062|364 360|246 | 099 | 068 | 365 | 340 | 23.8 | 0.93 | 0.65
1 | 145|153 | 144 | 1.06 | 099 | 1.35 | 153 | 1.44 | 1.13 | 1.06 | 1.37 | 1.56 | 146 | 1.13 | 1.06 | 1.42 | 1.50 | 1.41 | 1.06 | 0.99
o 2 [ 152|138 [ 185|091 | 122 | 143|137 | 162|096 | 1.13 | 1.33 | 1.37 | 146 | 1.03 | 110 | 148 | 1.40 | 156 | 0.95 | 1.05
) 3 [ 165|176 | 249 | 1.07 | 151 | 155 | 1.74 | 220 | 1.12 | 1.42 | 145 | 1.73 | 2.01 | 119 | 138 | 160 | 1.77 | 211 | 1.10 | 1.32

Note: Hit no. = number of impacts. Pen. = Penetration depth.  Exp. = Experimental results.
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Figure 6-9 displays the strain energy magnitude propagated through the ECC specimens
due to impact loading at different time intervals along with that remaining in the specimen
after impact. It can be observed that the propagated energy kept increasing through the
specimen during the impact process, while it was partially reversed (dissipated) upon
removal of the load. The amount of applied energy which remained or dissipated through

the system depended mainly on the energy dissipation capability of the tested material.

Figure 6-9: Strain energy magnitude in ECC specimens due to impact at: a) 2.5 ms,
b) 5 ms, c) 7.5 ms, and d) 10 ms.

Figure 6-10 illustrates the total energy dissipated through all impact levels for the various
ECC specimens. It can be observed that numerical and experimental values of dissipated
energies are in good agreement. During experimental testing, cracks were usually captured
when their width was sufficiently developed, while in numerical simulations, they could
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be detected at earlier stages. This could result in estimating numerical dissipated energies
that are lower than their corresponding experimental values. Also, it can be observed that
the total energy dissipated through the ECC specimens using the CDP model was in better
agreement with the experimental results compared to that of the DP model. For instance,
the total energy dissipated through the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5
specimens using the CDP model was 24.4%, 17.3%, 18.8%, and 21.9% lower than that of
the experimental results, respectively. However, using the DP model, the total energy
dissipated was 58.0%, 61.5%, 61.1%, and 56.6% lower than the corresponding

experimental results, respectively.
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Figure 6-10: Accumulated dissipated energy of different ECC specimens due to
multiple impacts: a) experimental, b) CDP, and c) DP.

Similarly, the numerically estimated penetration depth of the different ECC specimens
under multiple impacts was in good agreement with corresponding experimental
observation as shown in Table 6-4. Figure 6-11 displays the accumulated penetration
depth measured through the different ECC specimens due to multiple impacts.
Furthermore, Figs. 6-12 and 6-13 show the total numerically estimated penetration depth
using the CDP and DP models, respectively.



146

Experiment

@ CDP
— 51 8DP [
E - -
= ;
g 7
8 ;) o
c
S ’
8 2 /
©
s 7
g 4] o
0 A ey // |
ECC2-0 ECC2-0.5

Mixture

Figure 6-11: Accumulated penetration depth for various ECC specimens due to

multiple impacts: a) experimental, b) CDP, and c) DP.
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Figure 6-12: Penetration depth for ECC specimens due to multiple impacts using
the CDP model: a) ECC2-0, b) ECC2-0.5, ¢c) ECC2-1, and d) ECC2-1.5.
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It can be observed that CDP model was more accurate than the DP model in predicting the
penetration depth upon multiple impacts. For instance, the total penetration depth
determined by the CDP model for the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5
specimens was 1.1%, 7.2%, 12.1%, and 3.7% higher than the experimental results,
respectively. However, the total penetration depth estimated using the DP model was
25.1%, 21.2%, 18.7%, and 12.6% higher than the experimental results, respectively.

+0.000¢+00

Figure 6-13: Penetration depth for ECC specimens due to multiple impacts using
the DP model: a) ECC2-0, b) ECC2-0.5, ¢c) ECC2-1, and d) ECC2-1.5.

6.3.3 Impact Load-Time History

The ductility features imparted into the CDP and DP models enable simulating the
behaviour of ECC materials under dynamic loading close to experimental findings, as

shown in Fig. 6-14, with the CDP model exhibiting superior performance.
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Figure 6-14: Typical impact load-time history curves for ECC specimens at
different impact levels: a) 1st hit, b) 2nd hit, and c) 3rd hit.

The tolerance in the applied load estimated using the DP model was about four times that
of the CDP model compared to actual experimental data. For instance, as displayed in Fig.
6-15, the accumulated impact load applied on the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-
1.5 estimated using the CDP model was 11.6%, 3.5%, 1.0%, and 2.2% lower than the
corresponding experimental data, respectively, while that estimated by the DP model was
39.6%, 31.7%, 25.2%, and 26.9% lower than the experimental results, respectively. The
difference in numerical accuracy can be attributed to the fact that the CDP model is
constructed based on the two main failure mechanisms of concrete: tensile cracking and
compressive crushing. The evolution of yield surfaces in concrete is controlled by two
hardening variables, which causes failure under tensile and compressive stresses
simultaneously. While, the DP model is based on the same criterion, only one of the two
main failure mechanisms can be assigned for the material during the simulation, which

affects its overall performance.
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Figure 6-15: Applied impact load of different ECC specimens due to multiple

impacts: a) experimental, b) CDP, and c) DP.

6.4 FAILURE CRITERION
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A key benefit of the numerical simulation is the ability to capture when and where the first

crack is initiated, which is experimentally more challenging. Figures 6-16 and 6-17

display the stress distributions through the ECC specimens outlined via the numerical

simulations. Maximum and minimum principal stresses were illustrated on the upper and

lower surfaces of the different ECC specimens. It was observed that the stress distributions

in the developed models using ductile modelling techniques such as the CDP or DP

Drucker-Prager models can give realistic results of the actual crack propagation under

impact loading.
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Figure 6-16: Upper surface stress distribution of ECC specimens due to impact at:

a) 1 ms, b) 2 ms, c) 3 ms, and d) 4 ms.
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Figure 6-17: Distal face stress distribution of ECC specimens due to impact at: a) 1

ms, b) 2 ms, ¢) 3 ms, and d) 4 ms.
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Figures 6-18 and 6-19 illustrates a comparison between the experimental and numerical
simulation failure criterion of different ECC specimens under impact loading. The
differences in the stress distribution between the experimentally tested and simulated
specimens can generally be attributed to the fact that the tested specimens were made from
a rather heterogeneous material, while a homogeneity assumption was made in the
simulation process. This could lead to variation in the crack propagation path.

Figure 6-18: Experimental failure criterion of ECC specimens due to impact: a)
ECC2-0, b) ECC2-0.5, ¢) ECC2-1, and d) ECC2-1.5.

The stress distribution in the ECC elements was globally distributed rather than local. This
can be observed through the impulsive waves generated due to impact loading on all
surfaces of the ECC specimens. Furthermore, it was observed that the tensile stresses were
propagated at the upper surface of specimens around the circumferential edge of the
impacting ball (Fig. 6-19). Yet, the compressive stresses were generated through the
specimen under the impacted area. These compressive stresses were transferred into tensile
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stresses when the elastic wave reflected at the distal face. Under impact loading, tensile

stresses in concrete structures cannot be avoided.
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Figure 6-19: Numerical failure criterion of ECC specimens due to impact: a) ECC2-
0, b) ECC2-0.5, c) ECC2-1, and d) ECC2-1.5.

6.5 VALIDATION OF NUMERICAL MODELS

The numerical models were first used to evaluate the applied impact energy required to
achieve crack initiation and failure of the tested specimens and their results were
subsequently compared to that experimentally acquired in chapter 5. Figures 6-20a and b
illustrate the experimental and numerical values of the impact energy sustained until crack
initiation and final fracture of the ECC specimens, respectively. It can be observed that
there was reasonable agreement between the numerical predictions and experimental
results. The numerically estimated results using the CDP and DP models were 18.7% and

39.2% lower than the corresponding experimental data, respectively. For instance, per the
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CDP model, the sustained impact energy until first crack initiation and final fracture for
the ECC2-0, ECC2-0.5, ECC2-1 and ECC2-1.5 specimens were lower than the
experimental values by 15.5%, 16.2%, 18.7%, and 17.1%, and 16.3%, 17.4%, 16.7%, and
18.2%, respectively. Likewise, the sustained impact energy until first crack initiation and
final fracture of the ECC2-0, ECC2-0.5, ECC2-1, and ECC2-1.5 using the DP model was
lower than the experimental data by about 30.2%, 36.1%, 32.5%, and 35.5%, and 32.3%,
36.5%, 34.5%, and 39.2%, respectively. The CDP model outperformed the DP model in
evaluating the fracture energy of ECC specimens under impact loading, which supports
earlier discussion. Differences between the experimental and numerical results can be
ascribed to the inability of the simulation to model how the fibres were pulled out along

with approximations related to the definition of materials parameters.
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Figure 6-20: Impact energy sustained by ECC specimens: a) 1st crack, and b)

failure.

The various hybrid composite HECC-SMAF specimens achieved superior impact
resistance to that of the control PVA-ECC specimens. This is ascribed to the higher energy
dissipation capability and pull-out resistance of SMA fibres compared to that of PVA
fibres, requiring more energy before fracture of the specimens. The ECC2-1 specimen
exhibited superior impact resistance compared to that of all other ECC specimens, which
was observed both experimentally and numerically. Higher fibre dosage beyond 2% PVA
and 1% SMA by volume fraction led to tensile strength and impact resistance degradation
due to fibre clustering and increased porosity, as evidenced elsewhere by Ali et al. (2017).
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6.6 CONCLUSIONS

Numerical simulations were carried out in the present chapter to investigate the behaviour
under impact loading of PVA-ECC and HECC-SMAF composites. Numerical simulations
were performed utilizing the commercial ABAQUS software. The experimental and

numerical results were compared and the following conclusions were drawn:

e Generally, the impact resistance of the composite was improved owing to SMA
fibre addition. Upon multiple impacts, the energy dissipation capability of the
HECC-SMAF composite was increased by about 23.39%, 30.43% and 11.53%
owing to SMA fibre addition of 0.5%, 1% and 1.5% by volume fraction,
respectively, compared to that of the ECC specimen incorporating 2% PVA fibres
alone.

e The impact penetration depth tended to decrease owing to SMA fibre addition. For
instance, the ECC2-0.5, ECC2-1 and ECC2-1.5 specimens had 6.3%, 10.1% and
2.6% lower penetration depth compared to that of the control PVA-ECC specimen,
respectively.

e The plasticity models implemented in the ABAQUS software, associated with the
add-erosion option and maximum principal strain, were appropriate for simulating
the behaviour of the ECC composite under impact loading.

e The numerical simulation results using the Concrete Damage Plasticity model
showed better accuracy and closer agreement with corresponding experimental data
than that of the Drucker/Prager model in terms of energy dissipation capability and
maximum penetration depth.

e Generally, the stress distribution, crack propagation and failure criterion of the
numerically simulated ECC specimens were in good agreement with the
experimentally observed behaviour of the ECC specimens under impact loading.

e This study demonstrates the feasibility of using numerical simulation to reasonably
predict the behaviour of the hybrid composite developed in this study under impact
loading, which can save time, effort and cost associated with laborious

experimental testing.
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Chapter 7

7/ SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

7.1 SUMMARY AND CONCLUSIONS

This study aimed at exploring the mechanical and dynamic behaviour of an innovative
hybrid-fibre reinforced ECC incorporating short, randomly dispersed NiTi-SMA and PVA
fibres (HECC-SMAF) with consideration of possibly using this novel composite in
strengthening of key structural elements such as beams, slabs and columns to reduce its

vulnerability to impact hazards.

In Chapter 3, the mechanical properties of fibreless, mono- and hybrid-ECC were
investigated. Five different mixtures were tested; a fibreless ECC matrix, mono-PVA-
ECC, and hybrid-ECC mixtures incorporating 2% PVA and 0.5%, 1%, and 1.5% SMA
fibres by volume fraction. A slight to no increase in the compressive strength was achieved
due to incorporation of fibres. Similarly, the elastic modulus and Poisson’s ratio were
generally decreased due to fibre addition regardless of the fibre type. Conversely, fibres
addition led to improved tensile and flexural strengths. The fibre-reinforced specimens
achieved ductile failure compared to the brittle one acquired by the ECC matrix. The hybrid
ECC mixtures achieved highest tensile and flexural strength owing to SMA fibre addition.
Moreover, strain recovery was achieved upon heat treatment owing to the shape memory
effect of SMA fibres. In general, this chapter demonstrates that ECC composites
incorporating SMA fibres not only have superior ductile behaviour, but could also recover

strain, possibly making rehabilitation works much easier after excessive loading scenarios.
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Chapter 4 expanded on the findings of Chapter 3. A series of uniaxial tensile tests were
conducted on the mono- and hybrid-ECC composites. In addition, an inverse analysis was
used to predict the tensile characteristics of the composite using flexural testing data.
Results showed that SMA fibre addition generally improved the tensile characteristics of
the composite. However, high dosages of fibres led to an overall reduction in the flexural
and tensile behaviour of the composite due to fibre clustering. Among the tested mixtures,
the ECC mixture incorporating 2% PVA and 1% SMA fibres by volume fraction achieved
the highest tensile and flexural characteristics. The inverse method was found to be an
adequate tool for estimating the tensile properties of ECC composites based on results of
the simple flexural test. This chapter demonstrates that simple and cost-effective four-point
bending tests can be used in combination with inverse analysis to predict the tensile
behaviour of such composites, making it easier for the designer to incorporate these
composites in modern smart and resilient structures that can withstand earthquake,

explosive and other catastrophic loading scenarios.

In Chapter 5, the dynamic behaviour of ECC specimens was experimentally investigated
under drop weight impact testing in accordance with ACI 544 recommendations. The
experimental tests were conducted in four phases. First, the behaviour of the composite
under impact loading was evaluated in terms of energy-penetration and load-time history
relationships. Second, multiple impacts were applied to ECC specimens up to first crack
initiation and fracture of specimens. Thereafter, similar heat treated ECC specimens were
tested up to failure in order to investigate the shape memory effect. Finally, cracked ECC
specimens were exposed to fire then tested up to failure in order to explore the effects of
high temperature on the impact resistance of ECC. Results showed that fibre-reinforced
ECC specimens could sustain multiple impacts up to 700 times that of control fibreless
ECC. The fibres transferred the mode of failure from brittle into ductile. In addition, the
ECC mixture incorporating 2% PVA and 1% SMA fibres by volume fraction achieved the
highest impact resistance compared to all other mixtures. The hybrid heat-treated
specimens achieved improved impact resistance owing to the local pre-stressing effect
exerted by SMA fibres, despite the damage caused by the heating to the coexisting PVA
fibres. Additionally, melting of PVA fibres due to fire led to general reduction in impact

resistance of the mono-fibre composite. However, the presence of SMA in the hybrid
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mixtures better restrained the crack propagation and led to achieving superior impact
resistance compared to that of the mono-PVA-ECC, owing to the shape memory effect.
This chapter highlights the potential benefits of incorporating SMA in composite materials
exposed to impact loads, paving the way for possible implementation in the field of

fortified structures.

Chapter 6 presented the development, calibration, and verification of a nonlinear three-
dimensional finite element model of cylindrical ECC specimens under the dynamic impact
test. The concrete damaged plasticity (CDP) and Dracker/Prager (DP) models,
implemented in the ABAQUS software, were used to model ECC. Variability in SMA fibre
dosages and its effect on the behaviour of ECC under impact loading were investigated.
The models were verified using experimental data acquired in Chapter 5. Generally, the
models were capable of reasonably simulating the behaviour of ECC specimens under drop
weight impact testing in terms of energy-penetration and load-time history relationships.
In addition, the models showed good agreement with experimentally observed behaviour
of the ECC specimens in terms of the stress distribution, crack propagation and failure
criterion. Additionally, the numerical simulation results using the CDP model exhibited
better accuracy and closer agreement with corresponding experimental data than that of
DP model in terms of energy dissipation capability and maximum penetration depth. This
chapter demonstrates the feasibility of using numerical simulation to reasonably predict the
behaviour of ECC composites under dynamic loading, which can save time, effort and cost

associated with expensive and time consuming laboratories tests.

7.2 RECOMMENDATIONS FOR FUTURE WORK

The current research revealed that some further studies on the HECC-SMAF material

would be needed as follows:

1) In the present thesis, the mechanical properties of tests on small-scale HECC-
SMAF specimens were carried out. Therefore, utilizing HECC-SMAF in full scale
structural applications should be considered in future investigations, such as beams,
columns and slabs. This would result in more reliable assessment of the behaviour

of the new material.
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3)

4)

5)

6)

7)
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The durability performance of the HECC-SMAF material remains unexplored.
Therefore, durability issues need to be investigated experimentally. Furthermore,
detailed numerical analysis and service life prediction could be developed.

Due to limitations of experimental tools, the HECC-SMAF material was tested after
exposure to high temperature up to 400°C. Therefore, further investigation is still
required on the effect of exposure to higher temperatures and how that would affect
its overall performance.

In the present thesis, numerical modelling was limited to the drop weight impact
test on HECC-SMAF cylindrical specimens. Therefore, different loading
techniques with various shapes of specimens may be further explored.

The numerical modelling conducted in the present study was successfully validated
with experimental data. Thus, the model could be extended to the structural level
through examining the behaviour of traditional RC and HECC-SMAF panels under
impact loading of high-velocity projectiles.

The available CDP and DP models in ABAQUS were designed with concrete
softening behaviour for post-cracking. However, ECC has a metal-like ductile
behaviour. Therefore, ABAQUS concrete models should be modified to account
for the post-tensioning performance of the ECC material.

Developing an individual code to portray the specific behaviour of ECC rather than
those available in the ABAQUS library is an important issue for future work

because it may overcome the difficulties associated with simulating ECC.
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Appendices

Appendix A: Sample calculations using inverse analysis of ECC2-1.

€, = (0.5%68,) —0.22
(6,) at 90 days = 4.7 mm
€, = (0.5%4.7) — 0.22
€y = 2.13 %

PD = (0.5+SD) +0.18
For SD of 0.2:

PD = (0.5%0.2) +0.18

PD = 0.28

5 = MOR
t ™ (0.09+Ln(E4y) +2.69)

MOR at 90 days = 12.52 MPa

5 = 12.52
t ™ (0.09+Ln(E4y) +2.69)

oy = 4.57 MPa
strength)

o = MOR
tU ™ (0.14%Ln(Ep,)+2.42)

o = 12.52
tu ™ (0.14+Ln(2.13)+2.42)

0., = 5.019 MPa

(Predicted average strain)

(Predicted deviation for tensile strain capacity)

(Predicted lower limit of effective tensile

(Predicted upper limit of effective tensile strength)
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Appendix B: Sample calculations using ANOVA of ECC2-1.5.

Fora=4andn=3

Y, Xk, v = 18753.49

For a total number of specimens N = 12 and y, = 473.9
Vi

§Sr = [Xiz1 Xiza yizj] = 3]

473.92

T

SS; = [18753.49] — [

SSr = 38.39 (Total corrected sum of squares)

For y;2 = 56209

1

L

L, yH] = 2+ = 187363

1

2
SSTreatments = [; ‘i1=1 ylz] - [%]

473.92

SStreatments = [18736.3] — [ 12 ]
SStreatments = 21.23 (Sum of squares due to using different SMA fibre
reinforcement ratios)
SSg = S8t — SStrreatments
SSp =38.39-21.23 =17.16 (Sum of squares due to error)

SSp
MStreatments = rza_tTentS

21.23
MSTreatments )



MStreatments = 7-076

17.16
MSg = 12—-4
MSg = 2.145

F = MSTreatments
o MSg

__7.076

0 2145

F, =3.299

(Mean square due to treatments)

(Mean square due to error)
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Appendix C: Sample calculations of fibre dispersion of ECC2-0.5.

. Ar density Number Total pumber Total_ number
of fibres of fibres of fibres"2
0 2100 | 0.010957 0 21 441
5 2100 | 0.010957 26 21 441
10 2100 | 0.010957 59 21 441
15 2100 | 0.010957 122 21 441
20 2100 | 0.010957 163 21 441
Number of | Total number Percent of
grid points | of grid points T fibre free area
0 78 3.141593 100
36 78 3.141593 53.84615
67 78 3.141593 14.10256
78 78 3.141593 0
78 78 3.141593 0
K 1-F F
K random 1-F F random | random
0 0 1 0 1 0
123.8095 | 78.53982 | 0.538462 | 0.461538 | 0.422925 | 0.577075
280.9524 | 314.1593 | 0.141026 | 0.858974 | 0.131993 | 0.868007
580.9524 | 706.8583 0 1 0.000433 | 0.999567
776.1905 | 1256.637 0 1 1.05E-06 1
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Appendix D: Sample calculations of Weibull distribution of ECC2-0.

i—-0.3
k+0.4

LN=1

Fori=land k=3

1-0.3
Ly=1- 3+0.4
Ly = 0.794

In [ln (i)] = aln(n) — aln(u)
In [ln (;)] = —1.467

0.794

For a reliability of 0.794 at fracture:
u=2809.78

= 24.146
In [ln (i)] = aln(n) — aln(u)
In [ln (ﬁ)] = 24.146 * In(n) — 24.146 * [n(809.78)

Thenn=762.05J (impact fracture energy)
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