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ABSTRACT

Mitigating CO> emissions has emerged as one of the most critical global challenges. The
concrete industry comprises approximately 8% of global CO» emissions due primarily to the large
carbon footprint from ordinary Portland cement (OPC) production. Concrete's brittle nature
necessitates early infrastructure reconstruction and rehabilitation, leading to high operational
embodied carbon emissions throughout its service life. Engineered cementitious composites (ECC)
have demonstrated a capacity to enhance structural fatigue resistance and reduce CO> emissions
during the use phase through their high tensile performance and crack width control capability.
However, ECC's high cement content and use of synthetic fiber incur substantial economic and
environmental costs. Therefore, there is an urgent need to address ECC’s high embodied carbon
footprint during the production phase if it is to be used as a sustainable alternative to traditional

concrete.

The goals of this doctoral research encompass the development of strategies to decarbonize
ECC while maintaining its unique ductile performance and showcasing its economic and
environmental competitiveness compared to regular concrete. Three major approaches are
proposed in this research, including carbon sequestration through carbonation curing, the use of
industrial waste materials (IWMs), and the employment of localized materials. The impacts of
carbonation curing on ECC are investigated, such as changes to mechanical and micromechanical
properties. With the incorporation of IWMs, a low-carbon sustainable WPE-ECC is designed by
substituting virgin polyethylene (PE) fiber with waste polyethylene fiber (WPE) from waste
marine fishing nets. The low carbon ECC’s mechanical properties, including compressive, tensile,
flexural strength, and ductility, are examined. Considering the increasing cost and limited
availability of commonly used IWMs such as fly ash and manufactured silica sand, a case study
of the Kingdom of Saudi Arabia examines replacing these materials with locally available
alternatives, namely volcanic ash (VA) and desert sand (DS), to mitigate the embodied carbon and
cost associated with long-distance material transportation. A localized self-stressing VA-DS-ECC

is developed and optimized to mitigate challenges posed by alternative materials and ensure a
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sufficient working time window and mechanical performance of the ECC. The reductions of
embodied carbon footprint and cost for each of these three approaches are quantified and compared

to conventional concrete materials.

Results indicate that carbonation curing significantly improves fatigue life and reduces the
midspan deflection of ECC. COz-cured ECC exhibits approximately 20% CO; uptake per cement
mass. Carbonation curing increases ECC’s flexural strength and promotes effective crack width
control, resulting in reduced post-fatigue crack width. The positive impact of carbonation curing
on the fatigue behavior of ECC can simultaneously lower the embodied and operational carbon of

ECC structural members during service.

In the case of the IWMs method, the findings suggest that carbonation-cured WPE-
reinforced ECC has only 50% of the CO; footprint and 67% of the cost of conventional concrete.
Meanwhile, this low-carbon ECC maintains at least 4 MPa tensile strength and 6% tensile ductility,
demonstrating the feasibility of developing environmentally-friendly construction materials
without compromising high performance for civil infrastructure applications. Similarly, the
localized self-stressing ECC exhibits comparable mechanical performance to other ECC grades,
showing the feasibility of replacing FA and silica sand with locally available materials, resulting

in a low-carbon ECC with promising implications for practical construction applications.

This research provides three distinct approaches for ECC decarbonization that can be
integrated with one another, offering a potential pathway into the construction industry that

urgently needs to be decarbonized.
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Chapter 1.  Introduction

1.1.  Background

Engineered cementitious composites (ECC), also known as bendable concrete, belongs to
the broad fiber-reinforced concrete (FRC) class. While FRC typically undergoes tension-softening
after the initiation of the first crack [1], ECC demonstrates strain-hardening behavior that limits
tensile deformation by generating multiple microcracks. This unique characteristic imparts ECC
with a superior tensile ductility exceeding 2%. In recent studies, ECC has even achieved a tensile
ductility of over 8% [2—4] with a wide range of compressive and tensile strength feasible [5]. The
high deformability of ECC surpasses brittle fracture, making it a promising material for
infrastructure applications. Noteworthy examples include using ECC in constructing the Michigan
bridge deck [6] and the Tokyo high-rise [7], where it has demonstrated earthquake resiliency and
durability enhancement, as shown in Figure 1-1. The high performance of ECC-based
infrastructure contributes significantly to reducing maintenance and repair needs, thus reducing
the use phase operation carbon footprint. However, ECC's extensive high embodied carbon
footprint and material costs hinder its broader applications.

The mitigation of CO, emissions has been recognized as a critical global challenge by the
U.S. National Academy of Engineering. Despite current efforts for all countries to meet the targets
set by the Paris climate agreement, it is estimated that global warming will still reach 2.6-3.2 °C
by 2100. (refer to Figure 1-2(a)) [8]. A substantial reduction in global greenhouse gas is required
to achieve the Intergovernmental Panel on Climate Change (IPCC) recommendation of keeping
warming below 1.5 °C [9]. The concrete industry is a notable CO emissions contributor, with
Portland cement, a primary component of concrete, accounting for 6~8% of anthropogenic CO-
emissions during its production [8—10], as shown in Figure 1-2(b). As the global construction
market continues to expand, practical strategies to mitigate concrete CO» footprint for both the
material production phase and that associated with the structural product use phase are urgently

needed.



ECC exhibits high tensile ductility several hundred times that of regular concrete and
autogenous crack width control capacity [5,11]. The intrinsic tight crack width of ECC, even under
high strain, results in lower water permeability [12] and chloride diffusivity [13], enhancing
infrastructure durability and reducing operational carbon and energy footprints [14]. Thus, low
maintenance of ECC infrastructure is needed, suggesting a low operation carbon footprint in the
use phase of the infrastructure life-cycle. However, unlike typical high-strength or ultra-high-
performance concrete, which relies on dense particle packing, ECC is systematically designed by
synergistic interactions between fiber, matrix, and the fiber/matrix interface [15,16]. It requires
ECC to eliminate the coarse aggregate and implement a significant amount of cement, as well as
synthetic fiber such as polyethylene (PE), polypropylene (PP), or polyvinyl alcohol (PVA) fiber,
to achieve such synergistic interactions. As a result, ECC shows a high embodied CO; footprint.
For example, a typical well-studied M45 ECC mixture possesses an embodied carbon footprint
twice that of conventional concrete [17]. Therefore, urgent efforts are required to find approaches
to decarbonize the ECC.

To address this concern, three methods were employed to reduce the carbon emissions
associated with ECC: carbonation curing, the use of industrial waste materials (IWMs), and
utilizing localized materials. Carbonation curing, which is suitable for the precast industry [18],
involves the conversion of CO» to CaCOs3, thereby sequestrating carbon and lowering the overall
CO; footprint. However, the impacts of carbon curing on ECC performance, specifically the
fatigue performance, are not well studied. It is necessary to clarify the flexural fatigue behavior of
ECC after carbonation curing and fill existing knowledge gaps.

The adoption of IWMSs, such as fly ash, limestone calcined clay cement (LC3), and ground
granulated blast-furnace slag (GGBFS), as substitutes for raw materials in typical ECC mixtures
[19-24] represents another approach to mitigate the high embodied carbon footprint of ECC [14].
However, even with these IWMs, the CO; footprint of ECC remains higher than that of
conventional concrete. No ECC has an embodied carbon footprint lower than concrete [17].
Moreover, the availability and cost of widely used IWMs, such as fly ash, are subject to
fluctuations due to the future decline in the operation of coal combustion plants [25,26].
Additionally, in certain regions, particularly in the Middle East, the primary power generation
sources are oil and natural gas, with coal contributing only a minor fraction to the power supply

[27,28], leading to high costs and carbon footprint associated with long-distance transportation for



those IWMs like FA should also be considered. Thus, finding suitable locally available IWMs
alternatives to substitute FA in ECC is imperative. Developing a low-carbon ECC utilizing IWMs

and potentially new localized IWMs is also crucial.

27 Floor
ECC coupling beam

(b)
Figure 1-1. ECC field-scale applications of (a) durability enhancement in Michigan bridge
deck [6] and (b) earthquake resiliency enhancement for Tokyo high-rise [7]
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Figure 1-2. (a) Global greenhouse gas emissions scenarios and (b) World CO2 emissions by fuel
and industrial production [8].



1.2.  Review on carbonation curing and Industrial waste materials (IWMs)

Over the past few decades, considerable research efforts have been dedicated to utilizing
IWMs in ECC. The concept of carbonation curing for ECC has also emerged in recent years. This
section presents a brief overview of the basic information, including the typical carbonation

process for carbonation-cured ECC and commonly used IWMs in ECC.

1.2.1 Carbonation curing

Carbonation curing is one of the methods for carbon sequestration in the precast industry.
At the early-stage hydration process, CO> reacts with Portland cement and its hydration products
to form calcium carbonate (CaCOs3). Meanwhile, carbonation curing can also improve the ultimate
tensile and compressive strength at early ages due to the accelerated cement reaction [18].
Carbonation curing leads to a denser microstructure due to CaCOs3 precipitation [29,30], which is
proven to enhance the material durability in various environments, such as during sulfate and acid

attack, freeze-thaw deterioration, and chloride permeation [31-34].

The corresponding reactions for carbon sequestration via carbonation curing are governed

by the following Equation (1-1) to (1-4) [35]:

2C3S + 11H — C3S,Hg + 3CH (1-1)
2C,S + 9H — C3S,Hg + CH (1-2)
CH + CO, - CaCO; + H (1-3)
C—S—H+2C0, - 2Si0, + 2CaC05 + H (1-4)

where €3S and C,S represents the tricalcium and dicalcium silicate from cement, respectively. The
hydration reactions of both calcium silicates with water (H) in Equation (1-1) and Equation (1-2)
will form the Calcium hydroxide (CH) and Calcium silicate hydrate (C3S,Hg, C-S-H gel). Then,
CH will capture the CO; and sequestrate it in the cementitious matrix in the format of Calcite (CH).
Furthermore, the C-S-H gel generated by the hydration process in Equation (1-1) and Equation (1-
2) also undergoes a reaction with CO,. Both the carbon sequestration process of Equation (1-3)
and Equation (1-4) will release water, which should be noted when using the mass loss [30] method

to calculate the CO, sequestration ratio.



A standard carbonation process for lab-scale specimens was proposed to achieve efficient
carbon sequestration, as depicted in Figure 1-3. All samples were de-molded after 18 hours of
casting. Then, samples were fan dried in air for 4-8 hours, suggested by previous studies to
evaporate capillary pore water for a better pathway for CO; diffusion [35,36]. Afterward,
specimens would be cured in CO» for 24 hours in a pressure chamber, as shown in Figure 1-4. The
CO» gas pressure was kept at 5 bar [18]. A whole range of different drying times, curing times and
pressures were examined. For example, tested CO> pressures ranged from atmospheric up to
supercritical CO» pressure. Pressures above 5 bar showed diminishing returns on additional
carbonation, so 5 bar CO» pressure was chosen as the upper bound for CO: curing in this work.
Similarly, if the curing time is less than 24 hours, the CO; uptake for the specimens will be limited.
Extending the curing time beyond 48 hours is inefficient for precast manufacturing. Subsequently,
samples were cured in the air at 20 + 2°C and RH of 65 + 2 until 28 days for mechanical

experiments [37].

Drying

Y

Casting » De-mold Carbonation
18 hours 8 hours 24 hours

Figure 1-3. Typical carbonation process for lab-scale specimens

Figure 1-4. Lab-scale pressure chamber for carbonation curing [18].



1.2.2 Commonly used industrial waste materials (IWMs)

As mentioned in section 1.1, IWMs were widely used as substitution materials for ECC,
which can be defined as three parts: binder (cement), filler (sand), and fiber [14] (see Figure 1-5).
Finding IWMs among these groups will help design a low-carbon, green ECC.
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Figure 1-5. Schematic of green ECC materials development framework by Lepech et al. [14].

The widely used precursor substitution materials for cement are fly ash and ground granulated
blast-furnace slag (GGBFS). Fly ash can enhance matrix workability and self-consolidating
processing due to the round shape of fly ash particles. It can also reduce the heat of hydration and
drying shrinkage of ECC [22]. GGBFS has also been found to improve fiber dispersion, thus
enhancing the tensile properties of ECC [23,24]. More IWMs have been investigated in recent
years outside these two well-known cement supplementary materials. Nematollahi et al. [38]
created a geopolymer composite using four different mix proportions to fabricate ECC, and all mix
proportions successfully achieved strain-hardening behavior [38]. Yu et al. [4] fabricated ultra-
high performance engineered cementitious composites (UHP-ECC) that incorporated recycled fine
powder (RFP, a combination of concrete and clay brick powder). With the use of RFP, the average
crack width was reduced, and the early strength of ECC also increased due to the accelerated

hydration process [4]. Zu et al., Yu et al., and Zhang et al. [19-21] used limestone calcined clay



cement (LC3) as a cement substitution material. They discovered that ECC's tensile ductility and

crack width control capacity improved.

Adesina and Das [39] and Siad et al. [40] used recycled glass sand (GS) to substitute the filler
(sand) part of ECC, which enhanced the compressive, tensile, and flexural properties of ECC
mixtures. Local desert sand was used by Che et al. and Wu et al. [41,42] to reduce the transport
cost and carbon footprint associated with the transportation of heavy silica sand while maintaining
comparable performance with silica sand ECC. Li and Yang [43] implemented recycled concrete
fines (RCF, fine aggregates, and particles from the demolition waste of old concrete) as the silica
sand substitute in ECC production. Lepech et al. [14] used waste foundry sand (WFS) (also called
molding sand) to design a green ECC. At the same time, the performance of the ECC slightly

decreased due to an imbalance of carefully controlled fiber, matrix, and fiber-matrix properties.

It should be noted that the American Foundry Society indicated that less than 30% of the 10
million tons of WFS that are generated annually are recycled [44]. Nearly 7 million tons of WFS
can be safely used and economically recycled, according to the United States Environmental
Protection Agency (EPA) [45]. The tremendous amount of WFS can lead to lower production costs
and a further reduction in the CO2 footprint of ECC. Therefore, WFS becomes a good potential
IWMs that could be applied to ECC.

It is more difficult to substitute fiber with IWMs since, according to Li et al. [11], fibers must
have a minimum tensile strength of 1000 MPa, an inelastic failure strain more significant than 5%,
and a suitable diameter. There are still some recycled/waste fibers that meet these criteria. The cost
and energy consumption of High-tenacity polypropylene fiber (HTPP) fiber is lower than PVA
fibers with comparable performance under proper mix design [46,47]. Singh et al. and Yu et al.
[48,49] used recycled polyethylene terephthalate fiber (PET) and PVA fiber to enhance the
properties of ECC by bridging the effect between hybrid fibers.

Using the IWMs above can mitigate ECC's CO, footprint and energy costs. However, there
are also some limitations to using these materials. Geopolymer matrix typically involves more
design variables than cement matrix [50], and the compressive strength of LC3-ECC is lower than
OPC-ECC [19]. Alkali—silica reaction has been reported as the major problem affecting the use of
GS [51]. Desert sand’s physical properties and material composition from different places show

significant variability [52].



1.3.  Thesis objectives and outline

The goal of having sustainable infrastructure becomes attainable through incorporating
ECC, considering the superior durability of its intrinsic tight crack width and extended fatigue
performance, leading to reduced operational carbon footprint of infrastructures. However, the high
embodied carbon footprint and costs for ECC production impeded its further adoption by
manufacturers. The main objective of this thesis is to develop ECC materials with a significantly
lower carbon footprint than conventional concrete while preserving the unique high tensile
ductility characteristics of the ECC family of composite materials via the proposed three

approaches: carbonation curing, use of IWMs, and localized materials.

This thesis is structured in five chapters covering the scope of the study: Decarbonization
of engineered cementitious composites (ECC). The detailed thesis research framework is shown

in Figure 1-6.

Objective : 1.CO, curing
Development of 2. Use of IWMs | | Impact of CO, curing
low-carbon 3. Localized on ECC performance?
ECC materials
Reduce embodied
Sustainable carbon
infrastructure me.ctive :
Reduce operational Fill knowledge

carbon footprint
ECC: Tight crack width
and good fatigue
performance

£4ap

Figure 1-6. Thesis research framework.

Chapter 1 demonstrates the research background, a fundamental review of carbonation

curing, IWMs commonly used in the past decades, and the thesis objectives and outline.

Chapter 2 provides the impact of carbonation curing on ECC. Two curing conditions were
considered (carbonation curing and air curing). The failure mechanism and multiple cracking

behaviors of the carbonation-cured and air-cured ECC were investigated. ECC beams were
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prepared and tested under four-point static and fatigue bending load for midspan deflection
evolution and fatigue stress-life relationship. Single fiber pullout tests were also conducted to
determine the interfacial bond between fibers and cementitious matrix as affected by carbonation
curing. The fiber bridging degradation was evaluated by optical microscopy. By assessing the
flexural fatigue behavior of COz-cured ECC, Chapter 2 experimentally validates the ability to
synergistically reduce embodied and operational carbon through ECC's carbonation curing, thus

contributing to the sustainability of civil infrastructure.

Chapter 3 investigates a low-carbon and low-cost ECC. By combining the CO»
sequestration method from Chapter 2, a low-carbon binder, and waste fiber utilization, Chapter 3
presents a sustainable ECC with comparable cost and CO> footprint to conventional concrete while
recycling the plastic marine waste (waste marine fishing nets: waste polyethylene fiber (WPE)). A
comprehensive experimental program was initiated using LC3, WPE, WFS, sisal fiber, and
carbonation curing, including compressive strength, uniaxial tensile strength, crack patterns,
interfacial bonding strength, cost, embodied carbon footprint, and energy evaluation. To identify
the effects of adding sisal fiber on ECC’s mechanical properties and carbonation efficiency,
different amounts of sisal fiber were considered for both carbonation and air curing conditions for
Portland cement ECC (OPC-ECC). For the one with the best performance, OPC was substituted
by LC3 or WFS to minimize the cost and embodied carbon footprint. Thermogravimetric analysis
(TGA) was used to evaluate the CO; uptake of ECC mix proportions. Single fiber pull-out tests
were conducted on WPE and sisal fiber to determine the interfacial bond between the fiber and

cementitious matrix.

Chapter 4 demonstrates the substitution of FA and silica sand with locally available
materials: DS and volcanic ash (VA) for the Middle East regions. A durable self-stressing ECC
utilizing VA, DS, and low content of CSA, which allows a sufficient construction time window in
the summer season, is developed. Embodied carbon footprint is also compared between FA-ECC
and the localized materials ECC (DS-VA-ECC). Through different water-to-binder ratio (W/B
ratio), CSA dosages, and curing conditions, a comprehensive experimental program was
conducted to evaluate the tensile performance, compressive strength, flexural strength, crack
patterns, shrinkage, cost and embodied carbon footprint of DS-VA-ECC. Different W/B ratios

were fabricated to identify the most suitable one based on its mechanical performance and



workability. Subsequently, modifications were made to CSA dosages and curing conditions to
achieve optimal working time windows and self-stressing characteristics. X-ray Diffraction (XRD)
and an optical microscope were carried out to investigate the mechanisms traced to the

microstructure.

Chapter 5 summarizes the overall conclusions from this thesis, provides recommended

future works, and identifies potential obstacles along the way.
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Chapter 2.  Carbonation Curing

In this chapter, the impact of carbonation curing on ECC is presented, including mechanical
properties, CO> and costs evaluations, and the demonstration of field-scale application. The

embodied carbon footprint is also quantified.

2.1. Introduction

As Civil infrastructure has a significant impact on environmental sustainability due to the
CO: emissions from the concrete industry. One of its primary components, Portland cement,
accounts for 8% of anthropogenic CO; emissions through its production [1-3]. Apart from
embodied carbon, repeated repairs of civil infrastructure over its lifetime also contribute to
significant operational carbon. Mitigating CO, emissions has been recognized by the U.S. National
Academy of Engineering as one of the most important challenges for our society during the next
century. To support the lowering of carbon footprint of the built environment, it is necessary to
address both emissions associated with the material production phase and that associated with the
structural product use phase.

ECC has high tensile ductility (nearly 500 times compared to that of normal concrete) and
autogenous crack width control [4,5] which lends itself to reducing operational carbon and energy
footprints via enhanced durability. However, the high cement content, and fibers usage for most
ECC compositions lead to high embodied carbon compared to normal concrete [6,7]. One recent
approach to address this concern is carbon sequestration by carbonation curing [8].

Carbonation curing is one of the methods for carbon sequestration in the precast industry.
At the early-stage hydration process, CO; reacts with Portland cement and its hydration products
to form calcium carbonate (CaCQOz3). Carbon sequestrated in ECC by carbonation curing can
convert CO2 to CaCOs and lower the CO; footprint [8]. Meanwhile, carbonation curing can also
improve the ultimate tensile and compressive strength at early ages due to the accelerated cement
reaction [8]. Carbonation curing leads to a denser microstructure due to CaCQOs precipitation [9,10],
which is proved to enhance the material durability in various environments, such as during sulfate

and acid attack, freeze-thaw deterioration, and chloride permeation [11-14].
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Transportation infrastructure, such as pavement, prestressed railway ties, and bridge deck
slabs, are subjected to cyclic loads and prone to fatigue damage. The flexural fatigue strength and
fatigue life are among the most important criteria for structural design and service life predications
to avoid repeated maintenance [15,16]. If the fatigue behavior is not properly considered, fatigue
failure may be accelerated by concrete cracking and reinforcement failure [ 17]. Consequently, the
structural stiffness would decrease, eventually leading to reduced load carrying capacity and
shortened service life.

Fatigue damage in traditional concrete occurs in three phases [18,19]. In the first phase,
micro-cracks initiate due to dimensional change effects (shrinkage, thermal, freeze-thaw) and/or
chemical effects (sulphate attack, alkali silicate reactions) in the concrete. Then, the propagation
of a localized macro-crack continues slowly and gradually under load cycles. Finally, structural
failure occurs after the macrocrack achieves a critical length and becomes unstable. Crack control
capability plays a vital role in resisting this process of fatigue failure. In recent research, fiber
reinforced concrete (FRC) was used to gain better fatigue performance [20-22]. With the help of
fiber bridging, fatigue failure of FRC was postponed by slowing down the crack propagation.
Nevertheless, the tension-softening behavior of FRC [23] leads to a single crack failure: a crack
initiation at mid-span, followed by propagation with increasing load cycles and eventually
localizing into a final fracture failure. The tension-softening behavior of FRC limits its flexural
fatigue performance. Unlike FRC, ECC exhibits significant deflection-hardening behavior with
multiple microcracks on the tensile side of the beam. Compared to FRC, ECC has a longer fatigue
life under the same flexural stress [24—27]. The multiple microcracks in ECC delay fracture
localization, making it a desirable material for enhancing fatigue life of structural members
subjected to repeated loading.

Despite the presence of a body of literature on the fatigue performance of water or air cured
ECC, the fatigue performance of carbonation-cured ECC has not been studied. The objective of
this research is to clarify the flexural fatigue behavior of ECC after carbonation curing.

To identify the impact of carbonation curing on ECC, two curing conditions were
considered (carbonation curing and air curing). The failure mechanism and multiple cracking
behaviors of the carbonation-cured and air cured ECC were investigated. Sixty ECC beam
specimens were prepared and tested under four-point static and fatigue bending load for midspan

deflection evolution and fatigue stress-life relationship. Single fiber pullout tests were also
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conducted to determine the interfacial bond between fibers and cementitious matrix as affected by
carbonation curing. The fiber bridging degradation was evaluated by optical microscopy. By
evaluating the flexural fatigue behavior of COz-cured ECC, this research experimentally validates
the ability to synergistically reduce embodied and operational carbon through carbonation curing

of engineered cementitious composites, thus contributes to the sustainability of civil infrastructure.
2.2. Experimental program

2.2.1 Materials and mix proportions

A typical M45 ECC mix with a fly ash to cement ratio of 1.2 [28] was used. The detailed
mix proportion is given in Table 2-1. The materials for this mixture include type I ordinary
Portland cement (OPC, from Lafarge Holcim Cement Co., MI, USA) conforming to ASTM C150
[29], Class F fly ash (FA), F-75 whole-grain silica sand (from U.S. Silica Holdings Inc., TX, USA),
high-range water reducer (HRWR, ADVA® 198, from GCP Applied Technologies), and polyvinyl
alcohol (PVA) fibers (from Kuraray Co.) with 39um diameter and 8mm length. The dimensional

and mechanical characteristics of PVA fibers are listed in Table 2-2.

Table 2-1 Mix proportion of ECC (kg/m?) [28].2 Volume fraction.

Mixture OPC FA Sand Water HRWR PVA?

M45 600 720 480 348 10 2%

Table 2-2 Properties of Fiber.

Diamet ‘ Tensile Young’s '
. Length 1ameter  Eiper aspect Density
Fiber type ) strength modulus
(mm) (um) ratio (g/cm?)
(MPa) (GPa)
Polyvinyl
alcohol fibers 8 39 205 1600 42.8 1.3
(PVA)
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2.2.2 Sample preparation and carbonation curing process

Static, flexural fatigue experiments, uniaxial tension tests and single fiber pull-out tests
were conducted. Beam specimens for static and flexural fatigue tests were fabricated with a length
of 304.8 mm, a width of 76.2 mm, and a depth of 38.1 mm. 27 beam specimens for carbonation-
cured ECC and 33 beam specimens for air-cured ECC were prepared. Additionally, five single
fiber pull-out specimens for each carbonation-cured and air-cured ECC were fabricated. All mold
cast samples were de-molded after 18 hours. Then, carbonation-cured ECC specimens were fan
dried in air for 4 hours and cured in CO; for 24 hours. The CO; gas pressure was kept at 5 bar [8].
The age for all specimens at testing was 28 days. In addition to beam specimens, dogbone shaped
specimens were made to verify the tensile ductility for both air-cured and carbonation-cured ECC.
Three 50x50x50 mm? cube and dogbone shaped specimens were made to evaluate the CO> uptake
of carbonation-cured M45 ECC. The geometry of the beam and dogbone specimens is shown in

Figure 2-1, which is general dimensions for flexural and tensile tests.

2.2.3 Test methods

In this study, a Material Testing Systems (MTS) loading frame with a 100 kN capacity was
used. Uniaxial tension tests were conducted on the dogbone-shaped specimens with displacement
control at a rate of 0.5 mm/min. The deformation was measured by two linear variable
displacement transducers (LVDT) with a gauge length of 80 mm [30]. Four-point flexural static
tests were also conducted under displacement control to determine the first crack flexural strength,
maximum flexural strength, and load-deflection curve for both carbonation-cured and air-cured
ECC. The first cracking is observed via the load data and deflection data. The first load drop with
deformation is determined as the occurrence of first crack. All specimens had a span length (L) of

254 mm with two-point loads at one half of the span as shown in Figure 2-2.
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Figure 2-1. Dimensions of the (a) beam specimen for flexural static/fatigue test, (b) dogbone-
shaped specimen for tension and CO; uptake tests.

The static flexural strength of each kind of ECC was determined by averaging three test
results of specimens, after which, maximum fatigue load (Pmax) can be determined. Four-point
flexural fatigue tests were conducted under load control. By using the maximum flexural strength
gained from the static test, the applied load P for 6 different stress levels (S) can then be determined:
$=0.85,0.8,0.7,0.6, 0.5, and 0.45.
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Figure 2-2 Loading configuration for four-point bending test.
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2.2.3.1 Static test
Four-point static tests were conducted under displacement control. The detailed

experimental system is shown in Figure 2-3. Optotrak Certus from NDI was installed to measure

the midspan deflection of specimens. Each static flexural test specimen was attached with four
Optotrak markers via hot melt glue. During the experiment, the Optotrak camera captured the
displacement of each marker at 40 frames per second (40 Hz). The midspan deflection and load-

deflection curve can then be calculated with the load gained by the MTS according to following

equation:
Amidaspanz= O-S(AA,Z + AD,Z) —0.5(0pz + Acz) (2-1)
Y
X
z
OC
Ah OB 38.1 mm

Optotrak marker

Figure 2-3 Experiment system for static flexural bending test.

2.2.3.2 Fatigue test

Flexural fatigue tests were carried out using sinusoidal cyclic load with a frequency of 8Hz
[25]. The maximum (Ppmax) to minimum fatigue load (Pnin) ratio was kept at 0.1 for all fatigue
specimens (Ppma/Pmin = 0.1). The fatigue test began with a ramp up force to P at a rate of
100N/sec [31] followed by the sinusoidal waveform fatigue loading. The load pattern for the
fatigue tests is shown in Figure 2-4. The fatigue tests stopped either when the specimen failed with

a load-drop or after it reached three million cycles of fatigue life. The Optotrak Certus from NDI
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was also used to measure the midspan deflection of specimens. An optical microscope was used

to observe the residual crack widths, crack numbers, and fiber deteriorations after fatigue tests.

To obtain the full fatigue stress level (S) — fatigue life (N) relationship, six stress levels (S
=0.45,0.5,0.6,0.7, 0.8 and 0.85) were evaluated up to 3 million loading cycles. The fatigue stress
level is defined as the ratio between the maximum fatigue stress from load (Ppax) and maximum
static flexural strength from static tests. For example, if the static flexural strength is 10 MPa, the
Pmax that generates 8 MPa flexural stress would be used in fatigue tests when the stress level S is

0.8. The stress levels and the number of specimens for each stress level are listed in Table 2-3.

Stress
A

v

Time

Figure 2-4 Load pattern for flexural fatigue test.

Table 2-3 Number of specimens at each fatigue stress level.

Material Stress level (%) 85 80 70 60 50 45
Carbonation-
cured ECC 3 3 3 3 3 -
(M45) Number of
specimens

Air-cured ECC
(M45)

2.2.3.3 Single fiber pull-out test
Figure 2-5(a) shows how the single fiber pull-out test specimens were made. The small

pull-out specimens for both carbonation-cured and air-cured ECC were sawn out from thin cast
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plates along the cutting line shown in Figure 2-5(a) [32,33] with around 1.5 mm embedded length.
The experimental system is shown in Figure 2-5(a). An Instron Model 8000 test system was used
in the pull-out tests. PVA fibers were glued on the steel plate and connected to actuator. Pull-out
curves can be obtained after the fibers pull out. Furthermore, the chemical debonding energy,
chemical bond Gy, can be calculated according to the single fiber pull-out curves as shown in

Equation (2-2). Frictional bond strength, 7y, can also be determined [32,34] by Equation (2-3).

Z(Pa - Pb)z
== 7 2-2
d 7T2Efd]§ ( )
by (2-3)

where P, and P, are the fiber pullout load P before and after the sudden drop for the fiber debonding,
Ef, dg, and [, 1s the Yong’s modulus, fiber diameter, and fiber embedded length for PVA fibers.

Y

Casting direction X IXY Translator load-cell mount |
Load-cell

Z Specimen mount

Fiber free length

fmmo - 4———— Fiber
.......... /’_ Superglue
Specimen’s / }EgLe(embedment length): _ .
cutting lines around 1.5 mm to Fiber mounting plate
ensure full debonding
(a) (b)

Figure 2-5 (a) Single fiber pullout specimens [32], (b) single fiber pullout test system [32].
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2.3. Results and discussion

2.3.1 CO: uptake

Table 2-4 provides the CO; carbonation efficiency of ECC specimens following the
carbonation curing process described in section 2.2.2 where CO; uptake is the mass of sequestrated
CO; divided by the dry cement mass in the sample using mass gain method [8]. The beam, cube,
and dogbone specimens achieved 14.5%, 21.2%, and 29.6% CO; uptake by cement mass with
surface/volume ratio of 8.5%, 12%, and 20.6%, respectively, after a 24-hour carbonation cure.
Increasing the surface/volume ratio of specimens led to a slight increase in the amount of CO»
sequestered, as the carbonation process is governed by the diffusion of CO> gas through the
specimen surface into the cement matrix [35,36]. The carbonation depth of the ECC beam
specimen was 11 mm within 24 hours as shown in Figure 2-6. These results indicate that ECC has
the potential to sequester CO; via carbonation curing. The concern for steel reinforcement
corrosion in normal reinforced concrete elements associated with a reduction in pore water pH due
to carbonation [37-39] is less of a concern for ECC structural elements since ECC is self-
reinforced with microfibers and has lower dependence on steel reinforcement. However, the
carbonation of steel reinforcement ECC still requires further research. It should also be noted that

the center of the beam specimens was not carbonated.

Table 2-4 CO; uptake of carbonation-cured M45 ECC specimens.

Specimen Type Beam Cube Dogbone

Average CO; uptake 14.5% 21.2% 29.6%

Figure 2-6 Carbonation depth of ECC beam specimen.
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2.3.2 Static test results

Figure 2-7 depicts the typical tensile stress-strain curves of carbonation-cured and air-cured
ECC. The tensile properties are summarized in Table 2-5, where the peak stress is defined as
ultimate tensile strength and the corresponding strain is defined as tensile strain capacity.
Carbonation curing increased the first crack strength and ultimate tensile strength from 4.63 to
5.04 MPa (9% increase) and 6.47 to 7.94 MPa (23% increase). Meanwhile, the tensile ductility for
carbonation-cured ECC reached 4.46%, which was comparable to those of air-cured M45 ECC

specimens in the literature [28].

The first cracking strength oy and ultimate flexural strength oy of carbonation-cured and
air-cured ECC beams under static loading are summarized in Table 2-6. The static flexural

strengths were calculated using Equation (2-4), assuming the loading span is half the support span:

3PL

Of = 4bd? (2-4)

where b and d denote the width and depth of the beam, and L is the support span. oy is
calculated based on the load level causing the first crack P=Py., while oy, is calculated based on
the maximum load level P=P... After carbonation, the average oy, of ECC increased from 10.01
to 13.18 MPa (32% increase), exceeding the results reported in previous studies using the same
mix proportions [25,27]. Similarly, the o of carbonation-cured ECC increased from 5.66 to 7.17
MPa (27% increase). The average oy, was then used to calculate the maximum fatigue stress (o
max) for each stress level, demonstrating that carbonation-cured ECC had a greater o than air-

cured ECC at the same stress level.

The monotonic flexural behavior for both specimen groups is shown in Figure 2-8 in terms
of the flexural stress — midspan displacement diagram. The midspan deflection was averaged from
the Optotrak markers following Equation (2-1). The results suggested that the deformation
capacity of carbonation-cured ECC was comparable to that of air-cured ECC. After the
carbonation-cure, the average midspan deflection of ECC increased from 1.82 to 3.07 mm (69%
increase). Unlike traditional concrete where long term carbonation could be harmful due to
embrittlement, the early age carbonation process used in the present study does not appear to
negatively impact the high tensile ductility of ECC at the age of 28 days, while long-term

characteristics may need further research. Both the carbonation-cured and air-cured ECC showed
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high deformation capacities under flexural load due to multiple cracking and followed the same
failure mechanism. In the beginning, the first crack initiated after the load exceeded first crack
strength (stage A in Figure 2-8). Multiple cracks then formed on the tensile surface of the specimen.
Deflection-hardening behavior for both ECCs was clearly demonstrated as the flexural load
continued increasing (stage B in Figure 2-8) without load drop as is typically the case for FRC
beams. Finally, one of the multiple cracks localized and propagated. This was followed by a
softening stage when the loading was stopped (at 50-60% of maximum load, stage C in Figure
2-8). Carbonation-cured ECC is thus anticipated to have better fatigue performance due to the
higher flexural first crack strength, ultimate flexural strength, and midspan deflection capacity

compared with air-cured ECC.

10

Tensile stress (MPa)
Lh

—— Carbonation-cured ECC
—Air-cured ECC

0 1 2 3 4 5 6
Tensile strain (%)

Figure 2-7 Tensile stress-strain relationship.

Table 2-5 Tensile properties for carbonation-cured and air-cured ECC (M45) at 28 days.

First crack strength Ultimate tensile strength Tensile strain capacity

Material
(MPa) (MPa) (%)
Carbonation-
5.04 + 0.41 7.94 + 0.05 4.46 £+ 0.07
cured ECC
Air-cured ECC 4.63 + 0.02 6.47 + 0.38 4.77 + 0.40
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Table 2-6 Results of the static flexural test.

. Average first ~ Ultimate Average Midspan  Average
First crack
crack flexural flexural deflection = midspan
Material No. strength .
strength strength oy strength (mm)at  deflection
o (MPa)
(MPa) (MPa) (MPa) Ofu (mm) at o,
1 7.60 13.52 3.11
Carbonation-
2 697 717 +0.31 12.49 13.18 + 0.49 2.78 3.07 £ 0.22
cured ECC
3 6.93 13.52 3.31
1 5.66 10.32 1.87
Air-cured
2 5.17 5.66 + 0.40 9.38 10.01 £+ 0.45 1.51 1.82 £ 0.24
ECC
3 6.14 10.33 2.08
15

Flexural strength (MPa)

—
=]

wn

3

——Carbonation-cured ECC

—Air-cured ECC

4 5

Deflection (mm)

28

Figure 2-8 Results of static flexural test.



2.3.3 Fatigue test results

2.3.3.1 Fatigue stress-life relationships and fatigue life

The fatigue life (i.e., maximum loading cycle) is shown as a function of stress level (o max
/oy:) in Figure 2-9 and of flexural stress (MPa) in Figure 2-10. The arrows in the figures indicate
the termination of the fatigue loading program (i.e., 3 million cycles) when all testing groups were
stopped intentionally. As shown in Figure 2-9, the fatigue performance for ECC specimens in this
study was comparable to those of ECC specimens in the literature [25,40]. These PVA-ECC in
Figure 2-9 showed the typical bilinear S-N relation on a semi-logarithmic scale, similar to metallic
materials [41]. ECC retained this bilinear relation after carbonation curing. This contrasts with
other cementitious composites (e.g., polymer cement mortar (PCM)) that usually show a linear S-
N relation on a semi-logarithmic scale [27]. Compared to non-carbonated ECC, carbonation-cured
ECC showed similar fatigue life performance when considered at the same stress level (% of
ultimate strength) but showed an improved fatigue life performance at the same flexural stress
(MPa), due to the higher ultimate flexural strength after carbonation.

The results suggest that carbonation curing had a minimal impact on ECC’s fatigue
behavior at low stress (< 8 MPa), but significantly enhanced the fatigue life when subjected to
higher flexural stress (see Figure 2-10). Also, carbonation-cured ECC passed 3 million life cycles
at higher fatigue stress than the air-cured ECC. This is attributed to the higher first cracking
strength (7.17 MPa) for carbonation-cured ECC compared to that of the air-cured reference (5.66
MPa). As shown in Figure 2-10, when fatigue stress was less than 7.17 MPa, below the first crack
strength of the carbonation-cured ECC, almost all carbonation-cured specimens reached 3 million
cycles since there was no crack initialized under the fatigue load. While 7.17 MPa exceeds the first
cracking strength of the air-cured ECC, cracks initiated at an early stage and localized before 3
million cycles. These data demonstrate that ECC experiences a longer fatigue life when the fatigue
load is kept below the first cracking strength, and the enhanced first-cracking strength by

carbonation curing is conducive to the material’s fatigue resistance.
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16
14
®
12 g
R o
S 10 x """ -9 °® ®
. A e .
2 8 - first crack strength ‘ )
g I B
- A first crack strength

2 @ Carbonation-cured ECC

A Air-cured ECC
0
10° 10! 102 10? 10* 10° 106 107

Fatigue life, N, (Cycles)

Figure 2-10 Fatigue stress-life relationships. Shaded areas represent the range of experimental
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2.3.3.2 Midspan deflection evolution

Figure 2-11 shows the evolution of ECC’s midspan deflection as a function of stress for
specimens with different testing cycle/maximum cycles (N/N,, = 0.98, 0.85, 0.65, 0.50, 0.35, and
0.05). All ECC specimens have high R-squared values for the linear regressions shown in Figure
2-11 (R? over 0.9), which indicates good consistency of the linear relationships. The results
illustrate that air-cured ECC developed a higher midspan deflection and more damage compared
to the carbonation-cured ECC under the same fatigue stress, during the fatigue loading. The
evolution of midspan deflection depended on the fatigue stress. As shown in Figure 2-11 (a) to (f),
midspan deflection for low stress (i.e., 5 MPa) remained equivalent, midspan deflection was 0.1
mm for carbonation-cured ECC and 0.5 mm for air-cured ECC, while midspan deflection increased
by over 5 times for carbonation-cured ECC and 2 times for air-cured ECC from 0.05 N/Nu to 0.98
N/Nu when the fatigue stress increased. The midspan deflection was found to decrease after
carbonation curing under the same stress, with all N/N,, indicating an enhanced structural stiffness

of the ECC due to carbonation curing.

Figure 2-12(a) shows the typical fatigue failure evolution for both carbonation-cured and
air-cured ECC when fatigue stress is above the first crack strength of the specimen. As discussed
previously, the failure progress of concrete can be divided into three phases: (1) crack initiation;
(2) slow, steady crack propagation; (3) crack localization and widening, which leads to final fatigue
failure. The first crack flexural strength of carbonation-cured ECC increased from 5.66 to 7.17
MPa (27% increase), which slightly delays the first phase of fatigue failure as shown in Figure
2-12(a). Moreover, carbonation curing increased the fatigue life of ECC in the second phase
drastically (i.e., fatigue life increases from 6801, 35000, and 20241 cycles [25,40] to nearly 220000
cycles under similar fatigue stress). Samples from both Liu et al. [40] and Suthiwarapirak et al.
[25] also showed similar typical 3 phases fatigue failure evolution for their air-cured PVA ECC
with ceased new cracks formations, while existing cracks propagated gradually in second phase.
The reason for improved second phase fatigue life of carbonation-cured ECC is that carbonation
curing improves the crack width control of ECC, thus slowing down the evolution of cracks and
extending the fatigue cycles in the carbonation-cured ECC (Figure 2-11). The increased duration
of the first and second phases finally result in a longer fatigue life for the carbonation-cured ECC
at a high fatigue stress. However, when fatigue stress is below the first crack strength, the fatigue

failure evolution is different as shown in Figure 2-12(b). The fatigue cycles for both ECC remain
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the same during the first phase since there is no crack initiation and both ECC passed the 3 million
cycles without failure. Figure 2-12(b) also indicates that carbonation curing can enhance the

material stiffness and decrease the midspan deflection led by the fatigue loading.
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2.3.3.3 Crack patterns and crack width distribution

Figure 2-13 shows the crack patterns on the bottom surface of the ECC beam specimens.
Typical specimens were selected to represent the crack patterns for fatigue tests at 80% and 60%
stress level. The load span, with a length of 127 mm, is also shown in Figure 2-13. The results
indicate that both carbonation-cured and air-cured ECC exhibited multiple cracking behavior
under fatigue loading and that the cracking patterns depended on the level of fatigue stress. That
is to say, an increasing amount of cracks was observed when the stress level was high (S = 0.8 as
shown in Figure 2-13 (a) and Figure 2-13 (b)). In Figure 2-13 (c) and Figure 2-13 (d), at a relatively
lower stress level (0.6), less than 3 cracks were formed, indicating that the ECC behaves more
similar to FRC with only a single crack under low fatigue stress.

To understand the crack pattern under various fatigue loads, crack widths were measured
at the bottom side of all specimens. As shown in Figure 2-14, the carbonation-cured ECC exhibited
a maximum crack opening of 76 pum, whereas the air-cured ECC showed a broad range of crack
widths up to 148 um. The average crack width decreased from 62 um to 30 um after carbonation
curing. Figure 2-15 shows the typical images of the post-fatigue cracks for carbonation-cured and
air-cured specimens. The results show that carbonation curing strengthened ECC's crack width

control capability under fatigue conditions.
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Figure 2-13 Post-fatigue crack patterns on the bottom surface: (a) carbonation-cured specimen at
80% stress level, (b) air-cured specimen at 80% stress level, (c) carbonation-cured specimen at

60% stress level, (d) air-cured specimen at 60% stress level.
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Figure 2-15 Typical cracks for (a) carbonation-cured and (b) air-cured ECC.

2.3.3.4 Fiber bridging degradation (fiber rupture and pull-out)

Fiber bridging degradation promotes crack propagation and results in the failure of ECC
specimens under fatigue load [42]. From a mechanics-based viewpoint, fiber bridging deterioration
is related to fiber/matrix interfacial debonding and the damage and potential rupture of the fibers

[25,42]. The loss of bond strength or damage at the fiber/matrix interface leads to fiber pull-out
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[43]. Fiber fatigue under the cyclic fatigue loading results in fiber fracture. Thus, it is important to
examine the fiber tips at the fractured cross section to determine the mechanism leading to the
failure of ECC.

The failure type for both carbonation-cured and air-cured ECC fibers is shown in Figure
2-16, where PVA fiber was (a) ruptured and (b) pulled out. The bottom side of the localized
fracture is shown. For each specimen, three random areas were selected and a total of 40 fibers in
each section were investigated. The number of ruptured and pulled-out fibers were counted
separately with the result given in Table 2-7. The results show that for both the carbonation-cured
and air-cured ECC sample the dominant failure mode is fiber rupture under all loading conditions
including static and fatigue loading at different stress levels. This may be the reason that both PVA
ECC specimens exhibited a bilinear S-N curve relationship similar to that of metal since metallic

materials are typically dominated by rupture failure [41].

The carbonation-cured ECC had a higher percentage of ruptured fibers compared to the
air-cured reference specimen. The ratio between the number of ruptured fibers and pulled-out
fibers increased by 15% after carbonation curing. This could be attributed to the increased
interfacial bond between PV A fibers and the matrix after carbonation curing by depositing CaCO3
along the PVA fiber/matrix interface as evidenced from backscattered electron images [8], which
was verified by the single-fiber pullout test. The average values of the chemical bond G, and the
frictional bond 79 were calculated and reported in Table 2-8. The detailed single-fiber pullout load
and displacement curve can be found in Figure 2-17. The G4 and 79 of the air-cured ECC were
comparable with literature [32,44], while the G4 and 79 values of the carbonation-cured ECC
increased drastically from 0.37 J/m? to 2.42 J/m? and from 1.32 MPa to 2.24 MPa, indicating a
stronger resistance to fiber debonding and slippage. This confirmed the strengthening of the
interfacial bond between PVA fibers and carbonation-cured ECC matrix, leading to better crack
width control capability than the air-cured ECC, which further improved the fatigue performance

of the carbonation-cured ECC.
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(a) (b)
Figure 2-16 Optical microscopy image for PVA fibers that was (a) ruptured, (b) pulled out from

the specimens.

Table 2-7 Ratio between ruptured fibers and pulled-out fibers for carbonation-cured and air-

cured ECC (% of ruptured fibers).

Fatigue stress level

Material Static
0.85 0.6
Carbonation-cured ECC
30:10 (75%) 32:8 (80.0%) 31:9 (77.5%)
(M45)
Air-cured ECC (M45) 24:16 (60.0%) 25:15 (62.5%) 29:11 (72.5%)

39



Table 2-8 PV A fiber/matrix interfacial bond for carbonation-cured and air-cured ECC (M45) at
28 days.

. Average Chemical bond G4 Average Frictional bond 7
Material No. P.(N) P»(N)

(J/m?) (MPa)
1 043 0.27
) 0.57 0.43
Carbonation-
cured ECC 3 0.59 0.39 242+ 0.75 2.24 4+ 0.83
(M45)

0.62 0.47

5 1.14 0.93

1 0.26 0.20

2 0.25 0.14

Air-cured ECC

0.47 0.41 0.37+0.32 1.32 + 0.64

(M45)
4 0.46 0.40

5 035 0.33

Air-cured ECC
Carbonation-cured ECC

=
A o o o~

Single fiber pulloutload (N)

=
[

1
Displacement (mm)

Figure 2-17 Single fiber pullout load-displacement curve for both air-cured and carbonation-

cured ECC
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2.4. CO: footprint and cost evaluation

To evaluate the CO» footprint and cost for the ECC after carbonation curing, the carbon
emission and material cost for ingredients for ECC production are summarized in Table 2-9. The
fly ash in this study was assumed to be IWMs with a zero CO; footprint. It should be noted that
the costs were the price of each ingredient ranging from 2018 to 2020, likely to fluctuate due to
inflation in the future.

Typical M45-ECC and conventional concrete were used as a benchmark to quantify the
effectiveness of carbonation curing on the CO> emissions and costs, as shown in Figure 2-18. The
result suggests that carbonation curing decreased the embodied carbon footprint of carbonation-
cured M45-ECC by 22% compared to typical M45-ECC (from 606 kg CO,/m>to 474 kg CO,/m?).
However, this value is still higher than that of conventional concrete (341 kg CO2/m?) since the
high cement and fiber usage was not reduced, indicating the incorporation of IWMs to reduce
ECC's embodied carbon footprint further is necessary. More detailed contributions of embodied

carbon footprint by ingredients are shown in Figure 2-19.

Table 2-9. The carbon emission and material cost for ingredients for ECC production.

Component CO; emission (kg/t) Cost (USD/t)
OPC type 1 870-940° 48°

FA 0 25.6°
Silica sand® 23.3 63.9
WRP 1667 1211
PVA fiber® 1710-3400 3000

 Data from [45,46].
® Data from [47-49] and cost range from 2018 to 2020.

¢ Data from [50-51], and cost in 2020.
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Figure 2-19. Contributions of embodied carbon footprint by ingredients

2.5. Field applications

The carbon sequestration mentioned above is limited to laboratory-scale materials. When
scaling up to field-scale dimensions, i.e., real-size railway ties or in-situ pavements, the amount of
CO; sequestered per cement mass through carbonation curing will significantly decrease due to

diffusion limitations of CO; into larger volume materials.
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2.5.1 Optimizing carbonation curing for large-scale applications

Following the carbonation process in Figure 1-3, carbonation depth (obtained by
phenolphthalein test) and CO; uptake per cement mass can achieve 11 mm and 14.5% for beam
specimens in Figure 2-6 and Table 2-4. However, the cross-section area for the field-scale
specimen is usually ten to twenty times that of the beam specimen. To maximize the CO> uptake
of the ECC rail tie, a 10 inches cube has been fabricated within the carbonation reactor, as shown
in Figure 2-20, under various drying and CO: exposure duration. Under the same conditions for
which 14.5% CO; uptake was achieved in the beam specimen, the 10 inches cube reached a
carbonation depth of only 5 mm (6 mm decrease compared to the beam specimen), and the CO»
uptake also decreased to 3.2 % (11.3% decrease compared to beam specimen). It is thus necessary
to modify the carbonation process to improve the carbonation depth and CO» uptake for real-size

railway ties.

Figure 2-20. Large-scale reactor for carbonation curing.

Drying time (i.e., 8 hours and 32 hours) and carbonation time (i.e., 24 hours, 48 hours, and
144 hours) were investigated to find a suitable duration for large-scale CO2-curing. With 32 hours
of drying and 48 hours of carbonation, the 10-inch cubic specimen can achieve approximately 8.4 %
CO» uptake. More detailed results of carbonation depth for different carbonation processes and the
CO» uptake are demonstrated in Figure 2-21 to 2-22 and Table 2-10. The CO, uptake for the

carbonated area (gray area) is uniform, while in the non-carbonated area (purple area), the CO»
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uptake has a logarithmic distribution (see Figure 2-23 (a)). XRD analysis also confirmed this by
observing the 2 theta of Calcite, as shown in Figure 2-23 (b).

18 hours demold

32 hours drying

48 hours carbonation
Percent volume that
stored CO2: 25.0%

18 hours demold

8 hours drying

48 hours carbonation
Percent volume that
stored CO2: 17.7%

18 hours demold
32 hours drying

144 hours carbonation

Percent volume that
stored CO2: 26.3%

™ 18 hours demold
~ 8 hours drying
8 144 hours carbonation

- Percent volume that
stored CO2: 20.4%

9.3mm

Figure 2-21. Carbonation depth of 10 inches cube specimens under different carbonation
processes.

Table 2-10. CO; uptake (per cement mass) of 10 inches cube under different carbonation

processes
Drying time (h) Carbonation time (h) CO2 uptake (g) CO2 uptake (%)
8 24 302 3.2%
8 48 512 5.4%
8 144 586 6.2%
32 48 779 8.4%
32 144 806 8.6%
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Figure 2-23. (a) CO; uptake for different layers of cube, (b) XRD analysis for different layers of
cube, (c) CO; uptake and water content for different layers of cube.
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The results suggest that if the carbonation time is enough (i.e., 48 hours), the drying time
will be the main factor impacting CO» uptake for large-scale specimens. The reason is that the
carbonation of the ECC is highly dependent on the mixture's water content, as shown in Figure
2-23 (c¢). According to T.C. Power’s empirical formula for components, volume changes during
cement hydration in Figure 2-24 [52][53]. A longer drying time allows more water in capillary
pores to evaporate from the mixture. Therefore, the mixture and CO, gas have more contact surface
area to react, resulting in more CO; uptake and carbonation depth. Since there is no significant
CO; uptake increase by extending the carbonation time from 48 hours to 144 hours, we chose 32
hours of drying and 48 hours of carbonation time as recommended for large-scale specimens’

carbonation process (see Figure 2-25).
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Figure 2-24. T.C. Power’s empirical formula for component volume changes during cement
hydration [53].

Casting

18 hours

4 = 32 haurs drying

Carbonation

24 = 48 hours

Figure 2-25. The recommended carbon curing process for larger-scale specimens.
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2.5.2 Railway ties

Railway ties are chosen as field-scale products in this research based on several
considerations. The rail industry is transitioning from wood ties to prestressed concrete railway
ties due to the lack of quality wood. Conventional concrete railway ties use many prestressed wires
to meet the American Railroad Engineering and Maintenance-of-Way Association (AREMA)
standards. However, traditional prestressed concrete railway ties still fail prematurely due to the
development of cracks (in the rail seat area and center binding), prestress losses, corrosion, and
bond failure of prestressing wires [54][55][56]. Without any prestressing, ECC is considered a

more durable material for railway ties that meet the AREMA standards.

The dimension of the real-size rail tie for this research is around 7°9”°x12”x10”, which meets
the American Railway Engineering and Maintenance-of-Way Association (AREMA) standard for
concrete railway ties [57]. The relevant equipment necessary for full-size rail tie construction
includes (but is not limited to) a rail fastener system, cast-in shoulders, concrete/ECC molds, and
vibration tools. Based on the literature review and iterations of communication with industrial
specialists, we chose the E-Clip fastener from Pandrol. This fastener system has been widely
adopted in North America and can be easily installed and removed without special tools [58][59].
The detailed e-clip and dimensions of large-scale carbonation-cured ECC railway ties can be found
in Figure 2-26. Helser Industry built a custom mold due to the unique design of our railway ties
(no prestressed wires). The rail will be used for the qualification lab tests before in-track testing of

the carbonated ties is AREMA 141 RE rail [57].
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Figure 2-26. (a) Pandrol e-clip fastener systems, (b) dimensions of full-size carbonation-cured
ECC railway ties.

Sixteen carbonation-cured ECC railway ties are prepared. Before Transportation Technology
Center, Inc. (MxV Rai, TTCI) provided the single tie push test (STPT), the following prerequisite
laboratory tests were conducted according to AREMA standards for a preliminary assess the
railway tie’s performance before installation in track. Three of the sixteen real-size ECC railway

ties were prepared and examined following the AREMA standards [57]:

1. Test 1A: Bending-Rail seat Positive
2. Test 1C: Bending-Center Negative
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3. Test SA: Fastener Uplift Test

4. Test 6: Tie and Fastener System Wear/Deterioration Test

5. Test 7: Fastener Electrical Impedance Test

Detailed test setup can be found in Figure 2-27 to Figure 2-30. According to AREMA
standards, the ECC railway ties passed tests 1A and 1C since no crack was observed after MTS
held the required load P for 3 minutes. For test SA, ECC railway ties passed the standard that no
inserts were pulled out or loosened in the tie, and no fastening system components were fractured.
The post-test condition for the fastening system is shown in Figure 2-31, which also achieves the
requirement from AREMA. Finally, for test 7, the railway ties will meet the criteria if a minimum
impedance value of 20,000 ohms has been measured. The impedance value for carbonation-cured
ECC railway ties exceeded 200,000 ohms. The main reason is that no prestressed wires exist in
ECC railway ties. Carbonation-cured ECC also passed Test 6. Only 1 marker reached 0.203” at
2.7 million cycles which is acceptable for the wear/deterioration test, showing promising wear

resistance. All laboratory test results were also reviewed and accepted by MxV Rail engineers.

Figure 2-27. Test 6 setup for wear/deterioration test
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Figure 2-29. Test 5A setup for fastener uplift test
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Figure 2-31. Post-test condition for fastener system

After passing all the prerequisite laboratory tests, a total of the remaining 13 carbonation-
cured ECC railway ties were sent to TTCI to conduct STPT on the High Tonnage Loop (HTL) at
the Facility for Accelerated Service Testing (FAST) located in Pueblo, Colorado, and included the

following activities:

1. A test section with 13 concrete ties was established on the HTL at FAST.

2. Single tie push testing at 0 million gross tons (MGT) was conducted to characterize the
track lateral stability of the concrete ties.

3.  Inspections during and after the train operation were performed to document the

conditions of the concrete tie section.
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After the ties arrived, they were unloaded and visually inspected. The visual inspection
showed the ties were intact and in good physical condition. A hydraulic tie inserter was used to
install the ties in the track. The claw of the tie inserter caused the tie surface indentation/damage.
Therefore, the installation method was changed to push the tie ends laterally using a rail crane to
avoid tie damage. One tie experienced breakage during the rail crane push. Based on the
observations made during the installation, one tie was selected to conduct AREMA bending tests
1A and 1C at the MxV Rail’s Component Testing Laboratory to ensure the ties' in-track
performance. Both tests met the AREMA test recommendations, and the tie section remained

installed in the track for the duration of the testing.

After installing the 13 ties in the test zone, STP testing per the AREMA Manual for Railway
Engineering, Chapter 30, Part 2, Test 8 — Single Tie Lateral Push Testl was performed at 0 MGT
[57]. In the test, the force required to push the tie laterally through the ballast section was measured
as a function of the tie’s lateral displacement. The hydraulic piston was attached to the tie and then
pushed against the rail. Figure 2-32 shows the ties' STP test setup (conceptual schematic and actual
setup). The STP tests were conducted for 0 MGT only. Every other tie in the 13-tie section was
pushed for a total of six pushed ties. The push forces and tie lateral displacement for each of the
six ties were recorded during tie pushing. Generally, the peak forces between 0 and 0.25 inch of
the tie lateral displacement are tracked and evaluated at FAST. The average value of the peak

forces was 2.76 kips, an amount above the required tie lateral resistance of 2 kips for FAST.

Lateral displacement
measured relative to rail

Fixture connected to tie with
piston applying load to rail
(acting as a reaction frame)

Figure 2-32. STP test setup for conceptual schematic and actual test setup on concrete ties
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The train operation started after verifying that the carbonated ECC railway ties passed the
STP standard. The track condition, including tie surface condition and track gauge, was monitored,
especially the first 40 laps. Several observations were made during the inspection: Hairline cracks
were detected near the rail seat and center of ties in Figure 2-33(a) and (b). Cracks grew broader
as tonnage accumulated, as shown in Figure 2-33 (c) and (d). One tie pad and insulator were broken
in the first 10 laps Figure 2-33 (e) and (f). The track gauge was monitored during the entire
operation. The track gauge was maintained within 56.5-57.0 inches in the test section. Thirteen
concrete ties were able to hold the track for the first night. However, after the first night of
operation, 12 of the 13 ties had cracks, 8 of the 12 were fully cracked, and 4 of the 12 were half-
cracked. Due to the safety concerns from these cracks, the entire test section had to be removed
from the track, and the STP test at 10 MGT was canceled. Upon its removal, the tie section had
accumulated 2.5 MGT.

Pre-carbonated ECC railway ties met the test requirements of the AREMA laboratory design
tests for prestressed concrete ties. Based on the test results, the AREMA tests for prestressed
concrete ties do not indicate ECC railway ties' in-track performance. Therefore, post-test
observations were made to clarify the problems for carbonation-cured ECC railway ties. The cross-
sectional area of the critical crack shows that unexpected non-uniform fiber dispersion was found,
as shown in Figure 2-34. The fiber aligned in the same direction as the casting, which limited the
performance of the real-size railway ties. When scaled up to the larger structural elements, this

remains a technical challenge that needs to be solved.

Also, when scaling up to field-scale dimensions, the amount of CO; sequestrated per cement
mass will likely be lower. Though we can achieve 8.4 % CO, uptake for full-size railway ties (i.e.,
9 kg of CO» capture) by adjusting the carbonation process, there is still a need to find a way to
enhance the carbon sequestration further to decrease the CO> footprint for larger field scale

elements.
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(e) Tie pad breakage (f) Insulator crack

Figure 2-33. Tie condition inspection: (a) Hairline crack around rail seat; (b) Hairline crack in
tie center; (c) Crack after first lap; (d) Same crack after 120 laps; (e) Tie pad breakage; (f)
Insulator crack
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Figure 2-34. 11. Fiber dispersion at the failure section of carbonation-cured ECC railway ties

To substantiate the hypothesis that fiber dispersion impacts the high ductility of large-scale
ECC railway ties through the formation of multiple cracks, a 10" by 5" by 22" deep beam sample
was meticulously fabricated. This deep beam sample, half the width of the railway ties, was cast
using a single batch of materials. Employing the same testing arrangement as Test 1A depicted in
Figure 2-28(a), the deep beam samples exhibited the desired formation of multiple cracks (see
Figure 2-35), thus validating that proper casting techniques can effectively address fiber dispersion

issues and maintain performance in large-scale ECC specimens.

Figure 2-35. Test setup for deep beam and the multiple cracks formation at failure
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2.6. Conclusions

This study examined the impact of carbonation curing on the fatigue resistance of ECC.
The results demonstrated that carbonation-cured ECC is more durable and more ductile under
fatigue loading conditions, compared to air-cured ECC. This research establishes evidence at the
laboratory scale that carbonation curing of ECC leads to a lowering of embodied carbon in precast

structural elements and of the operational carbon during structural use.

Specifically, ECC can achieve 20% CO: uptake by cement mass after a 24-hour
carbonation curing period. This direct sequestration of CO> lowers the CO» footprint of precast
ECC elements. Carbonation curing leads to improvements in ECC’s mechanical properties
including increased first cracking flexural strength (27% increase), ultimate flexural strength (32%

increase), and deformation capacity (69% increase of midspan deflection).

Carbonation curing was also shown to enhance the chemical bond, G4, and frictional bond,
79, between the PV A fiber/matrix interface, which improves the composite crack width control and
fiber bridging capacity. Consequently, the average crack width decreased from 62 to 30 um after
carbonation curing, and the maximum crack width also decreased from 148 pm to 76 pm after

carbonation curing.

Finally, carbonation curing improves the fatigue life of ECC at high-stress levels and
maintains comparable fatigue life when the stress is low. This is attributed to ECC's enhanced
crack width control ability from increasing fiber/matrix interface bond after carbonation curing,

which slows down crack propagation and extends the fatigue life of ECC.

When scaling up to field-scale dimensions, the amount of CO» sequestered per cement
mass through carbonation curing is lower than indicated here due to diffusion limitations of CO,
into larger volume materials, as demonstrated in the railway ties application. Further, the
performance of structural elements at field scales is impacted by an increase in material non-
uniformity, especially related to non-uniform fiber dispersion when ECC is processed in large
batches. Though this problem can be solved with proper mixing and casting methods, there is a
need to extend this research to verify the conclusions further and to understand the limitations of
carbonation-cured ECC performance in actual structural elements. Indeed, large scale structures
(bridge deck slab, building frames, one-ton dampers, ...) built with ECC (without carbonation-

curing) have been successfully cast and tested [60-63]. In addition, the durability of carbonation-
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cured ECC elements exposed to typical environmental conditions should be evaluated at laboratory

and field scales.
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Chapter 3.  Utilization of Industrial Waste Materials (IWMs)

While carbonation curing, as discussed in Chapter 2, can effectively reduce the embodied
carbon footprint of ECC by 22% at the laboratory scale, it is noteworthy that the CO> emissions
associated with ECC remain 1.5 times higher than those of conventional concrete. Moreover, when
ECC is applied in field-scale applications, the embodied carbon footprint tends to increase due to
reduced CO; sequestration efficiency. Consequently, there is a pressing need to explore additional
strategies for further decarbonizing ECC. This chapter integrates the findings on carbonation
curing from Chapter 2 with the utilization of various innovative waste materials (IWMs),

presenting a novel approach for developing a low-carbon and cost-effective ECC.

3.1. Introduction

Ocean plastic pollution has become a major environmental challenge [1]. The annual
marine plastic debris that flows into ocean are expected to be 9-23 million tons and will
continuously increase without any action [2,3]. Specifically, abandoned, lost and discarded fishing
gear (ALDFG) is recognized as the most harmful waste of marine plastic pollution, which enters
ocean 1.9-2.3 million tons annually [3,4]. The ALDFG seriously impacts aquatic ecosystem and
threatens fish stocks, causing approximately 3300-33000 USD per tons economic costs annually
[5]. It requires a significant reduction in plastic debris to solve this crisis by recycling the gear that
is recovered or at end of life in accordance with the Global Ghost Gear Initiative (GGGI) [4] and

find alternative applications for the recycled plastic waste materials.

Mitigating CO> emissions is one of the most critical challenges for our society. If all
countries in the world meet their current targets set within the Paris climate agreement, the
estimated warming will be around 2.6-3.2 degree Celsius in 2100 [6]. The production of Portland
cement accounts for 8% of global CO» emissions, which makes concrete a significant CO; emitter
[6]. As the global construction market continuously expands, effective strategies for mitigating
concrete CO: footprint are much needed. Repurposing the waste ALDFG, i.e., waste fishing nets

into fibers for reinforcement of concrete may be a potential solution by substituting the
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conventional synthetic fiber with the recycled waste fishing nets. [7] pioneered the study of

concrete reinforcement with fibers from waste fishing nets.

ECC is a fiber-reinforced cementitious composite that has high tensile ductility several
hundred times that of normal concrete [8]. It has been proven that the intrinsic tight crack width
of ECC even when highly strained retains a lower water permeability [9] and chloride diffusivity
[10], leading to enhanced infrastructure durability [11]. This implies the feasibility of developing
low maintenance civil infrastructure with low operational carbon. ECC is now deployed in the

building, transportation, and energy infrastructures for enhanced resilience and durability [8].

Despite the advantages, the high amount of cement in ECC due to eliminating the coarse
aggregate led to a high embodied CO; footprint for ECC. For example, M45 ECC, a most studied
ECC mix composition, possesses an embodied carbon footprint twice that of conventional concrete
[12]. The development of a truly low-carbon ECC remains an open challenge. In recent research,
industrial waste materials (IWMs) were used as substitutes for raw materials in typical ECC
mixtures to reduce the CO; footprint of ECC [13] such as limestone calcined clay cement (LC3)
ECC. LC3 improves the tensile ductility and crack width control capacity of ECC [14—16], reduce
the cement carbon emissions and costs by up to 35% [17] and 15-25% [18] compared to ordinary
Portland cement (OPC), although the compressive strength of LC3-ECC is lowered by 12-30%
compared to OPC-ECC [14]. By substituting OPC with LC3, ECC's CO; footprint and costs can
be significantly reduced [12].

Polyvinyl alcohol (PVA), polypropylene (PP), and polyethylene (PE) fibers are common
fibers for reinforcing ECC. Specifically, PVA fiber has been tailored with a surface coating for
optimal reinforcement performance in ECC [19]. PE fiber has been widely applied to high-
performance ECC due to its high strength, high aspect ratio, and high complimentary energy for
multiple steady-state cracking, which positively affects ECC’s performance [20,21]. However,
PVA and PE fibers have high embodied carbon footprint, energy, and costs while PP fibers have
limited reinforcement performance [22]. It Is essential to find a substitute fiber for PVA and PE
fibers that lowers the costs and carbon footprint of ECC to make it more competitive to
conventional concrete. Waste polyethylene rope fiber (WPE) is an industrial waste fiber from the
fishing industry, i.e., fishing nets. The waste fishing nets discard each year is about 10% of global
marine plastic waste (by volume) [23,24]. Repurposing WPE for ECC has the potential to reduce
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marine waste while greening ECC. Specifically, WPE meets all the requirements for fiber in ECC:
a minimum tensile strength of 1000 MPa, an inelastic failure strain greater than 5%, and a suitable
diameter between 30-50 pm [25], making it a potential substitute fiber for virgin PE or PVA fibers

in low-carbon ECC.

Carbonation curing lowers concrete carbon footprint by sequestering CO» through its early-
age curing process. During carbonation curing of a precast element, CO> reacts with calcium
silicates and their hydration products and is converted into calcium carbonate (CaCO3) [26].
Meanwhile, [26-29] studied the carbonation curing effect on the tensile, flexural, and fatigue
performance of ECC which were found to be improved due to the accelerated cement reaction and
denser microstructure by CaCOs precipitation. This also enhanced the fiber/matrix interface
bonding to control crack width, which lowered the water permeability and promoted the self-
healing of ECC (Lepech and L1, 2009; Li and Herbert, 2013). However, denser microstructure also
limited CO» sequestration since it became harder for CO> to diffuse into the inner matrix. Therefore,

finding a way to help COz sequestrate deeper into a precast product is needed.

Sisal fiber has been used as a natural fiber reinforcement in cement and geopolymer
composites for its low energy consumption and greenhouse gas emissions [32]. Sisal fiber is one
of the most produced fibers globally and accounts for 2% of the world’s plant fiber production
with at least 300 thousand tons of annual production [33,34]. Compared to PE and glass fibers,
sisal fiber lowers the embodied CO; footprint by 75-95% of and the embodied energy by 85-95%
[35]. The geometry of sisal fiber is a tubular pillar [36,37], which may serve as a conduit to
promote CO» diffusion in a cementitious matrix, thus enhancing CO» sequestration. The reduced
alkalinity by carbonation curing [38] will also solve the well-known degradation problem of sisal
fiber in a cementitious matrix [32]. In this study, sisal fibers were adopted for the sole purpose of
channeling CO> deeper into the precast element, taking advantage of their hollow nature. Their
mechanical reinforcement effect is assumed negligible when compared with that from the WPE
fibers. Hence, any degradation of sisal fiber in an alkaline environment is unlikely to affect the

composite’s long-term properties.

By combining a low-carbon binder, CO> sequestration, and waste fiber utilization, this
research develops a sustainable ECC with comparable cost and CO; footprint to conventional

concrete while recycling the plastic marine waste. By using LC3, WPE, waste foundry sand (WFS),
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sisal fiber, and carbonation curing (see Figure 3-1), a comprehensive experimental program
including compressive strength, uniaxial tensile strength, crack patterns, interfacial bonding
strength, cost, embodied carbon footprint and energy evaluation was initiated. To identify the
effects of adding sisal fiber on ECC’s mechanical properties and carbonation efficiency, four
different amounts of sisal fiber were considered for both carbonation curing and air curing
conditions for OPC-ECC. For the one with the best performance, OPC was substituted by LC3 or
WES to minimize the cost and embodied carbon footprint. Thermogravimetric analysis (TGA) was
used to evaluate the CO» uptake of ECC mix proportions. Single fiber pull-out tests were conducted

on WPE and Sisal fiber to determine the interfacial bond between the fiber and cementitious matrix.

Cement + Sand + Fiber + Curing condition Conventional
Portland cement Silica sand PVA/PE/PP.. .etc. Air-cured ECC

Waste marine | Recycled and
fishing nets | repurposed

IWMs Cement IWMs Sand IWMs fiber Curing condition Sustainable
+ L + - low-carbon
LC3 cement Waste foundry sand WPE fiber CO,-cured ECC
Limitation

Figure 3-1. Research framework for sustainable low-carbon ECC development

3.2. Experimental program

3.2.1 Materials and mix proportions

Seven mix proportions were designed (Table 3-1). The materials for these mixtures include
type 1L ordinary Portland cement (OPC) from Lafarge Holcim cement, metakaolin (MK,
Sikacrete®M-100) from Sika Corporation, limestone (LS, Snowhite®12-PT) from Omya Canada
Inc., F-75 whole-grain silica sand from U.S. Silica Holdings Inc., waste foundry sand (WFS) with
270 um mean particle size from Aero Metals Inc., Class F fly ash (FA) from Boral Material
Technologies Inc. The high-range water reducer (WR, MasterGlenium 7920) from BASF. The
particle size distribution for silica sand and WFS was measured according to ASTM C136 [39]
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corresponding distribution curves for WFS from the literature [40—42] are also shown in Figure

3-2. The chemical compositions of FA, MK, and LS are listed in Table 3-2.

The waste polyethylene rope fiber (WPE) is from discarded fishing gears, cut into 12mm
length filaments by laser. The sisal fiber is from Carriage House Paper. More detailed dimension

and mechanical characteristics of WPE and sisal fiber can be found in Table 3-3.

Table 3-1 Mix proportion of ECC (kg/m?).

Sand Fiber®
Mixture OPC LS MK FA  Water WR
Silicasand WFS WPE  Sisal

OPC-0S20 570 0 0 400 0 760 3672 0% 2% 0.5
OPC-2S00 570 0 0 400 0 760 3672 2% 0% 0.5
OPC-2S05 570 0 0 400 0 760 3672 2% 0.5% 0.5
OPC-2S10 570 0 0 400 0 760 3672 2% 1% 0.5
OPC-2S15 570 0 0 400 0 760 3672 2% 1.5% 0.5
LC3-2S10° 314 171 855 400 0 760 3672 2% 1% 0.5
WFS-2S10 570 0 0 200 1623 760 3672 2% 1% 1.0

¥Volume fraction.

855% OPC, 30% MK, and 15% LS for LC3 binder [14].
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Figure 3-2. Particle size distribution for F-75 silica sand and WFS [40—42].

Table 3-2. Chemical compositions of FA, MK, and LS (%).

Material SiO, ALOs; FeoO3 CaO  KoO SO;  MgO TiO2 P20Os CaCOs

FA 522 222 13.5 34 2.6 2.2 0.9 1.0 0.1 0.0
MK  50.8 46.6 0.5 0.0 0.3 0.1 0.0 1.7 0.0 0.0

LS 23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 97.7
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Table 3-3. Properties of fiber.

Diamet Fiber ] .
' Length Ptameter Tensile strength  Young’s modulus Density
Fiber type aspect 5
(mm) (um) atio (MPa) (GPa) (g/cm?)
WPE 128 42° 285 1550° 100.3° 0.97°
Sisal fiber® 8 150 53 490 21.5 1.45

& Measured by optical microscope.
® Measured according to ASTM 3822 and ASTM D3800 [43,44].

¢ Provided by manufacturer.

3.2.2 Sample preparation and CO: curing process

Dogbone-shape specimens (Figure 3-3) were cast for the uniaxial-tension test, the
50x50x50 mm?® cubes for the compression test, and 305x76x38 mm® beams for the matrix
toughness test. Single fiber pull-out specimens were also fabricated (Figure 3-4). There were two
curing conditions for each mix proportions: air curing of normal hydration process for non-
carbonated reference and carbonation curing for carbonated specimens. All samples under both
curing conditions were de-molded after 18 hours until hardened. Air-cured specimens were cured
in normal room conditions with 23 + 2°C temperatures and 60 + 5% relative humidity.
Carbonation-cured specimens were subjected to 4 hours fan drying process to remove the pore
water in the mixtures to enhance the CO> diffusion [45]. Then, fan-dried specimens were cured
under 5 bar bone dry CO> (99.8% purity) at room conditions (23 + 2°C) for 24 hours [26].
Additional cube specimens were cut to measure the carbonation depth and CO; uptake right after
the carbonation-curing process, i.e., at the age of 48 hours. The mechanical testing for all the other

specimens, both air-cured and carbonation-cured, was conducted at 7 days and 28 days.

71



="
A

ea

65 mm 12.7 mm

r

>

Y
A

| 30 mm
635 mm 40mm 80 mm

Figure 3-3. Dimension of the dogbone-shape specimens for the uniaxial tension test.
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Figure 3-4. Dimension of single fiber pull-out specimens.

3.3. Test methods

3.3.1 Carbonation depth and CO: uptake
Phenolphthalein indicator was used to determine the carbonation depth for the carbonation-
cured samples. The specimens were saw-cut after carbonation, and the phenolphthalein solution

was sprayed to measure the uncolored thickness as carbonation depth.

CO» uptake was measured from specimens’ mass loss during the decarbonation process of
heating, i.e., TGA. The cube specimens were sliced into 5 mm thick layers and ground into powder.
TGA was conducted from room temperature to 1100 °C. The decomposition temperature for calcite
(CaCOs) ranges from 550 — 950°C [46-48]. Hence, the mass difference between 550 — 950°C is
the mass loss from the release of CO> and can be calculated using Equation (3-1) [26]. Each 5 mm
thick piece was measured, and the CO; uptake per cement mass throughout the cross-section can

be obtained, as shown in Figure 3-5.
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CO; uptake (%) = (Ms50—Mos0)—~(Ms50—Mos0) % 100% (3-1)

Mcement

where mss, and mgs, are the masses of carbonation-cured samples at 550 and 950 °C, Mss, and
Mys, are the masses of air-cured samples at 550 and 950 °C, and M epmene is the mass of the cement
sample. Besides the CO; uptake estimation, to investigate the effect of introducing sisal fiber into
the mixture, water loss during the enforced drying process was also considered and can be

estimated by Equation (3-2):

Water loss (%) = —~"2 x 100% (3-2)

Mcement

where m,, and m, are the masses of samples before and after 4 hours drying process.

Depth (mm)
o

o
|

2

10 15 20 25
Depth (mm)

Figure 3-5. Typical sample preparation of TGA for CO: uptake estimation.

73



3.3.2 Mechanical tests

Uniaxial tension test and compression test were conducted after 7 days and 28 days of
curing. A 100 KN capacity Material Testing Systems (MTS) loading frame was used for the
uniaxial tension test in this study. Dogbone specimens were loaded under displacement control at
a rate of 0.5 mm/min following JSCE [49]. Two linear variable displacement transducers (LVDT)
were placed on the samples with a gauge length of 80 mm. A Forney loading machine was used
for the compression test. 50x50x50 mm? cubes were conducted with a 0.5 MPa/s loading rate

according to ASTM C109 [50].

Matrix toughness (K,) of the ECC matrix was measured following the ASTM E399 [51],
with a pre-notch (notch to height ratio = 0.4, i.e., 15.2 mm in this study) 305x76x38 mm?® beam
specimen. The experiment was conducted under displacement control at a rate of 0.5 mm/min.

Detailed matrix toughness test setup and dimensions are shown in Figure 3-6.

T

*

38.1 mm
I Pre-notch 15.2 mm

127 mm " 35 mm

|=25_4gn1m 254 mm 25_Tmm=|

Figure 3-6. Matrix toughness test setup.

3.3.3 Single fiber pull out test

An Instron Model 8000 test system with a 5 N load cell was used for the single fiber pull
out test to evaluate the fiber/matrix bridging and interfacial bond between fibers and cementitious
matrix. WPS/sisal fibers were glued on the steel plate, connected to the actuator, and pulled at a

constant loading rate of 0.5 mm/min, as shown in Figure 3-7 [52]. The load-displacement curves
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for the single fiber, chemical debonding energy, Gy, frictional bond strength, 79, and slip-hardening

coefficient f were determined following the method of [53,54].

Y

X XY Translator load-cell mount
Load-cell

Z Specimen mount ]
Fiber A: specimen glued
Fiber B: specimen held by grips

l< Fiber
/’— Superglue

;;z:i' : '_\

Fiber free length
=1mm

Fiber mounting plate

Figure 3-7. Single fiber pull-out test setup [52].

3.3.4 Pseudo-strain-hardening (PSH) indices from micromechanical modeling

The fiber bridging capacity and complementary energy J, can be determined using
fiber/matrix interfacial bond and matrix properties obtained from 3.3.2 as inputs based on the ECC
micromechanical model [8,55]. Then, PSH indices can be determined by Equation (3-3) and

Equation (3-4), which can be used to evaluate the strain-hardening performance of ECC.

Jb
PSHeneTgy =]t' (1-3)
ip
Kin
Jeip = = (3-4)
tip Em

where E,,, is the Young’s modulus of the matrix, and K, is the matrix toughness.
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3.4. Results and discussion

3.4.1 Water loss and CO: uptake estimation

Sisal fibers serve as conduits for water and CO> during the enforced drying and carbonation
curing process. Figure 3-8 and Figure 3-9 show the water loss and CO- uptake for the OPC cube
specimens with sisal fiber content of 0.0% to 1.5%, i.e., OPC-2S00 to 2S15, for various sisal fiber
contents. The average water loss without any sisal fiber is around 20.42%, and up to 25.68% for
1.0% of sisal fiber added (26% increase). The average CO; uptake (Figure 3-9), obtained from the
TGA curves (Figure 3-10), increased from 17.75% to 18.23%, 20.67%, and 21.25% (3%, 16%,
and 20% increase, respectively) when 0.5%, 1.0%, and 1.5% of sisal fiber were added. This finding
validates the hypothesis that hollow sisal fiber can be effective as conduits for CO» penetration

into the precast product during carbonation process.

IS
o

S

o

25.68

w
S
L
w
=]
f

2437 24.49
b I

20.67 2125

o
L

Water loss per water mass (%)
S
2
!

CO, uptake per cement mass (%)
n
(=]

0.0 0.5 1.0 15 0.0 0.5 1.0 15
Sisal fiber content (%) Sisal fiber content (%)

Figure 3-8. Water loss for OPC-WPE-sisal  Figure 3-9. CO; uptake per cement mass for
fiber ECC by mass loss. OPC-PE-Sisal fiber ECC by TGA.
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Figure 3-10. Typical TGA &DTG for OPC-PE-sisal fiber ECC

To further investigate the role of sisal fiber during carbonation curing, CO uptake from
the surface to core was measured for both air-cured and carbonation-cured samples (Figure 3-11).
There is a drastic decrease of COz uptake when the depth exceeds 15 mm for the 0% sisal fiber
sample, while the samples with sisal fibers can still maintain around 3.31% of CO; uptake at 25-
30 mm depth. It is reasonable that there is an upper limit for CO; uptake for the 0% sisal fiber
sample since the carbonation process is governed by the diffusion of CO; through the surface into
the matrix [56,57]. The formation of CaCO; during the carbonation process densifies the matrix,
which makes it harder for CO; to further penetrate thorough the sample [26]. The tubular pillar
geometry of sisal fiber channels the ingress of CO; through the densified cement matrix and lets
CO; diffuse deeper, leading to a 16% increase of CO; uptake for 1.0% sisal fiber ECC. The
carbonation patterns for the cross-section of the specimens, as revealed by the phenolphthalein
indicator, also support this observation. As shown in Figure 3-12 (c) and (f), where the transparent
color was observed between the interface of sisal fiber and cement matrix, indicating the formation
of precipitates (CaCQOs) along the sisal fiber for the carbonation-cured specimens. With higher sisal
fiber content, the transparent color area increases more (Fig. 1(f)). This phenomenon could not be

found in the air-cured samples (see Figure 3-12(b) and (¢)).
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Figure 3-13(a) shows the CO» uptake for the LC3-ECC, i.e., LC3-2S10. The average CO»
uptake increased from 16.25% to 19.43% (20% increase) when the sisal fiber content was
increased from 0% to 1%. Also, Figure 3-13(b) indicates the average CO. uptake for WFS-ECC,
i.e., WFS-2510, is comparable to normal silica sand ECC. The slightly increased CO» uptake from
20.67% to 21.14% (2% increase) may be caused by the larger particle size of the WFS, as shown
in Figure 3-2.
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Figure 3-11. CO2 uptake for OPC-PE-sisal fiber ECC among different depth
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Figure 3-12. Carbonation depths and patterns as revealed by the phenolphthalein indicator,

for air-cured (a) 0% sisal fiber, (b) 1% sisal fiber, (c) 1.5% sisal fiber; and carbonation-

cured (d) 0% sisal fiber, (e) 1% sisal fiber, (f) 1.5% sisal fiber ECC.
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ECC by TGA.
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3.4.2 Micromechanical properties

3.4.2.1 Matrix properties

Table 3-4 illustrates the matrix properties for OPC-PE-sisal fiber ECC, including Young’s
modulus £, and fracture toughness K,,. Carbonation curing increased Ej from 22.2 GPa to 25.8
GPa (16% increase). Carbonation curing makes the matrix stiffer by microstructural densification
[58] through the CaCOs precipitation. A similar densification effect has been reported for
conventional cement paste [59,60] and ECC after carbonation curing [26]. In contrast, Ky
diminished from 0.45 to 0.41 (9% reduction) for the carbonation-cured sample. The reduction
suggests a slight increase in the brittleness of the matrix following carbonation curing. This matrix

embrittlement effect is beneficial to enhancement of the PSH indices (see Equation (3-3) and (3-

4)).

Table 3-4. Matrix properties for OPC-PE-sisal fiber ECC.

Curing condition E. (GPa) Kn (MPaym)
Air-cured 22.2+1.31 0.45 + 0.01
Carbonation-cured 25.8+0.72 0.41 £+ 0.01

3.4.2.2 Fiber/matrix interface

From a micromechanics-based viewpoint, excessively low resistance to fiber pull out and
excessively high resistance that led to fiber rupture are the primary factors that limit the
performance of ECC [61,62]. Therefore, it is crucial to understand the effect of carbonation curing

on the fiber/matrix interface properties.

Table 3-5 lists the WPE fiber/matrix interfacial bond, including chemical bond G,
frictional bond 7y, and slip hardening coefficient /3 for air-cured and carbonation-cured ECC. Five
single fiber pull-out specimens for each air-cured and carbonation-cured were measured.
Carbonation curing increased the average G4 from 0.39 J/m?to 0.68 J/m? (74% increase) and the
average 7o from 0.98 MPa to 1.45 MPa (48% increase), suggesting a more substantial fiber bridging
capacity. The strengthening between fiber and matrix by carbonation curing makes the

hydrophobic WPE fibers more resistant to debonding and pullout failure under tensile loading,
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leading to higher strength and ductility than air-cured ECC. The carbonation-induced increase of
interfacial bond between fiber and matrix was also reported in a previous PVA ECC study [26]
and is attributed to the deposition of CaCOs3 along the fiber/matrix interface. Carbonation curing
marginally increased /5 from 0.5 to 0.53 (6% increase), indicating the strain hardening process was
not considerably influenced. In contrast, the average G4 and 7y increased from 0.01 to 0.05 J/m?
and 0.49 to 0.92 MPa, respectively for sisal fiber/matrix interface (Table 3-6). Nevertheless, the
interfacial bond after carbonation curing remained low. It can be anticipated that sisal fiber will
encounter severe slippage and pull-out problems during tensile loading. This statement will be

verified in later section 3.4.3.2.

Table 3-5. PE fiber/matrix interfacial bond for carbonation-cured and air-cured ECC.

. - Chemical bond G4 Frictional bond 79 Slip hardening
Curing condition

(J/m?) (MPa) coefficient /3
Air-cured 0.39+0.16 0.98 + 0.20 0.50 £+ 0.09
Carbonation-cured 0.68 +0.14 1.45 + 0.26 0.53+0.22

Table 3-6. Sisal fiber/matrix interfacial bond for carbonation-cured and air-cured ECC.

Curing condition Chemical bond G4 (J/m?) Frictional bond 7y (MPa)
Air-cured 0.01 £+ 0.00 0.49 £ 0.14
Carbonation-cured 0.05 £+ 0.04 0.92 £ 0.11

Strain hardening indices for both air-cured and carbonation-cured ECC are greater than 1
(Table 3-7), indicating that strain hardening criteria are satisfied for both curing conditions [8].
However, the PSHenergy decreased from 37.31 to 21.21 (43% decrease) after carbonation curing,

which may lead to a reduced strain-hardening potential for ECC and need to be further confirmed.
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Table 3-7. Strain-hardening indices for OPC-ECC.

Curing condition Jb ’(J/mz) ']tip (J/mz) PSHenergy
Air-cured 340.33 + 28.7 9.12 +0.77 37.31+6.32
Carbonation-cured 138.19 + 24.7 6.52 +0.41 21.21 +5.13

3.4.3 Mechanical performance

3.4.3.1 Compressive strength

The compressive strength of the air-cured and carbonation-cured OPC-ECC are presented
in Figure 3-14. With increasing amount of sisal fiber from 0% to 1%, the compressive strength of
the air-cured OPC-ECC decreased from 34.3 MPa to 27.7 MPa (19% decrease) at 7 days and from
44.3 MPa to 40.9 MPa (8% decrease) at 28 days due to the artificial flaws induced by adding the
sisal fiber. Similarly, the compressive strength of the carbonation-cured ECC decreased when the
sisal fiber was increased from 0% to 1%; from 38.9 MPa to 38.5MPa (1% decrease) and 52.8 MPa
to 47.6 MPa (10% decrease) at 7 days and 28 days, respectively. However, there is a significant
compressive strength drop for 1.5 % sisal fiber ECC (OPC-2S15). The compressive strength
decreased from 38.9 MPa to 30.7 MPa (21% decrease) and 52.8 MPa to 36.4 MPa (31% decrease)
at 7 days and 28 days. The high amount of fiber usage (2% WPE + 1.5% sisal fiber for a total 3.5%
of volume fraction) led to the compressive strength reduction for 1.5% sisal fiber ECC, suggesting

a problem with fiber dispersion difficulty.

Carbonation curing increased OPC-ECC’s compressive strength from 34.3 MPa to 38.9
MPa (13% increase) for 0% sisal fiber added and 27.7 MPa to 38.5 MPa (39% increase) for 1%
sisal fiber added at 7days. Similarly, the compressive strength increased from 44.3 MPa to 52.8
MPa (19% increase) and 40.9 MPa to 47.6 MPa (14%) for 0% and 1% sisal fiber ECC at 28 days.
The increased compressive strength is due to the microstructural densification by the CaCOs3
precipitation for the carbonation-cured OPC-ECC. The strength gain by carbonation curing
compensates for the strength loss by the addition of sisal fiber, suggesting a comparable
compressive strength for carbonation-cured 1% sisal fiber to air-cured 0% sisal fiber OPC-ECC

(47.6 MPa and 44.3 MPa).
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Distinct from the strength gain of OPC-ECC after carbonation curing, the compressive
strength of carbonation-cured LC3-ECC slightly decreased, as shown in Figure 3-15 (a) from 32.9
MPa to 31.6 MPa (4 % decrease). This could be attributed to the lower OPC content in addition to
the calcium hydroxide (CH) competition between carbonation curing and the pozzolanic effect of
MK for LC3 (comprising 55% OPC, 30% MK, 30% LS) [63]. Even without carbonation curing,
LC3 consumes nearly all of CH after 3 days of hydration [16] Meanwhile, carbonation curing
requires CH to react with COz, leading to lesser CH content and resulting in a lack of pozzolanic
effect. Figure 3-15 (b) shows that compressive strength decreased for WFS-ECC, which is caused

by the larger particle size and impurities intrinsic in WFS [64].
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3.4.3.2 Tensile performance

Figure 3-16 shows the tensile stress-strain curves for 0% WPE with 2% sisal fiber ECC,
i.e., OPC-0S20. There is no strain-hardening behavior, and the specimen fails with a single crack.
All sisal fibers were pulled out rather than ruptured during the tensile test, indicating low interfacial

bond between the sisal fiber and the matrix, consistent with the results in section 3.4.2.2.
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Figure 3-16. Tensile stress-strain relationship for OPC-0S20, 0% WPE and 2% sisal fiber,
ECC.

The representative tensile stress-strain relationships for OPC-ECC are shown in Figure
3-17., and the more detailed curves are shown in Figure 3-18 and Figure 3-19. The key tensile
parameters, including average first crack strength, average ultimate strength, and average tensile
strain, are summarized in Table 3-8 and Table 3-9. The 1% crack strength of OPC-ECC decreased
with the increase of sisal fiber content due to the sisal fiber-induced artificial defects. Specifically,
the 1% sisal fiber OPC-ECC reduced the 1*' crack strength of 0% sisal fiber OPC-ECC from 2.61
MPa to 2.52 MPa (3% decrease), 4.00 MPa to 3.72 MPa (7% decrease) for air-cured and
carbonation-cured samples at 7 days, respectively. The reduction of 1% crack strength benefits the
multiple crack initiation, leading to more multiple crack formations and higher ultimate tensile
strain by 81% increase and 13% increase for air-cured and carbonation-cured OPC-ECC. However,
when the content of sisal fiber exceeded 1%, i.e., 1.5% of sisal fiber, the ultimate tensile strain
decreased drastically from 8.98% to 3.68% (59% decrease) for air-cured and 7.47% to 5.06% (32%

decrease) for carbonation-cured, as a result of poor fiber dispersion.

Carbonation curing increased the 1% crack strength of the specimens due to the

densification of the matrix, which impeded the crack initiation and reduced the tensile ductility of
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ECC. However, as shown in section 3.4.2.2, the fiber/matrix interfacial bond increased
significantly after carbonation curing, i.e., 74% for Ga and 48% for 7y, compensating for the
disadvantage of 1% crack strength gain after carbonation curing. Therefore, the average ultimate
strain was still enhanced for carbonation-cured 1% sisal fiber OPC-ECC by 13% and 47% at 7 and
28 days. The maximum strength also increased by 17%. The improved tensile performance of
carbonation-cured ECC is consistent with the results in [16,26]. The addition of sisal fiber and
carbonation curing results in a tradeoff of artificial flaws, increased interfacial bond, and fiber

dispersion.

In contrast, carbonation curing decreased the ultimate strength and tensile strain of LC3-
ECC (Figure 3-20(a)). The lack of pozzolanic effect due to the competition of CH in the early ages
of hydration during the carbonation curing process led to the ultimate strength decrease. The
average ultimate strength and strain for 1% sisal fiber LC3-ECC still exceeded 3.98 MPa and
6.05%, showing a promising tensile performance comparable to previous LC3-ECC studied
[14,16]. Figure 3-20(b) presents the similar ultimate strength and increased tensile strain of WFS-
ECC compared to silica sand ECC. The ultimate strain for air-cured and carbonation-cured 1%
sisal fiber WFS-ECC is 9.95% and 10.73%, respectively, exceeding 8.98% and 7.47% of strain for
silica sand ECC.
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Figure 3-17. Representative tensile stress-strain relationship for 2% WPE (a) air-cured, (b)

CO»-cured OPC-ECC at 7 days.

85



7 7
—0% Sisal fiber —0.5% Sisal fiber

6 —1.5% Sisal fiber 6 —1.0% Sisal fiber
=5 =3
A A
s 4 24
23 3
b=l s
o2 ©2
g1 21
F 0 T T T T T 1 H 0 T T T T T 1

0.00 0.02 004 006 008 0.10 000 0.02 0.04 006 0.08 0.10
Tensile strain Tensile strain
(@)

7 7

6 6
=9 =5
e A
54 =4
HE %
Z1 —0% Sisal fiber Z 0.5% Sisal fiber
=0 ] . _ —1.5%Sisal fiber = . — 1.0% Sisal fiber

0.00 0.02 0.04. 0.0§ 0.08 0.10 0.00 002 004 006 008 0.10
Tensile strain Tensile strain

(b)
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Figure 3-19. Tensile stress-strain relationship for 2% WPE (a) air-cured, (b) COz-cured
OPC-ECC at 28 days with different contents of sisal fiber.
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Table 3-8. Tensile properties of OPC-ECC at 7 days.

Sisal fiber Curing Average 1% crack  Average ultimate ~ Average ultimate
content condition strength strength strain

0% 2.61+0.13 4.03 £ 0.17 495 % 0.19%
0.5% 2.58+0.28 4.63 + 0.08 7.23 +1.92%

Air-cured
1.0% 2.52+£0.03 4,71 £ 0.15 8.98 + 0.68%
1.5% 2.47 +0.04 3.47 £ 0.02 3.68+0.12%
0% 4.00 £ 0.16 5.69 £ 0.16 6.64 + 0.98%
0.5% Carbonation- 3.68 +0.24 6.09 +£ 0.26 7.31+0.18%
1.0% cured 3.72+0.34 5.53+0.19 7.47 + 1.23%
1.5% 2.79+£0.43 5.45+0.08 5.06 £ 0.73%
Table 3-9. Tensile properties of OPC-ECC at 28 days.

Sisal fiber Curing Average 1* crack  Average ultimate ~ Average ultimate
content condition strength strength strain

0% 2.72 4+ 0.09 4.48 £ 0.08 5.63 £ 0.90%
0.5% 245+ 0.14 5.291+0.46 8.95 + 1.15%

Air-cured

1.0% 247 +£0.20 4.63 + 0.08 7.56 £ 0.04%
1.5% 2.39+£0.03 3.96 +£ 0.36 541 +0.22%
0% 3.83+0.17 6.19 + 0.40 6.12 + 0.41%
0.5% Carbonation- 3.87+0.15 6.14 + 0.02 8.62 + 1.28%
1.0% cured 3.53 £ 0.08 5.72 4 0.02 8.98 + 1.33%
1.5% 3.37 £ 0.09 5.62 1+ 0.05 3.74 £ 0.17%
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Figure 3-20. Tensile stress-strain relationship for 1% sisal fiber (a) LC3-ECC, and (b)
WFS-ECC.

3.4.4 Crack patterns and crack width distribution

The 0% WPE 2% sisal fiber sample, i.e., OPC-0S20, shows only one localized failure crack,
as shown in Figure 3-21 and Figure 3-22. Shows the representative crack patterns for 0% and 1%
sisal fiber OPC-ECC under both curing conditions at failure. All OPC-ECC with 2%WPE present
multiple cracks irrespective of the contents of sisal fiber. Adding more sisal fiber contributed to
more crack numbers at failure with comparable crack width, suggesting the benefits of adding sisal

fiber that enhance the ECC’s tensile ductility.

Carbonation curing also improved the crack control capacity of ECC. Figure 3-23 presents
the crack width distribution for 1% sisal fiber carbonation-cured and air-cured OPC-ECC with
silica sand and WFS. Carbonation curing leads to more crack formations and smaller crack width.
The average cracks width for 1% sisal OPC-ECC and WPS-ECC decreased from 101.5 um to 69.7
pum (31% decrease) and 92.6 um to 69.0 um (25% decrease), respectively. More tiny cracks below

80 um was observed and there were no cracks larger than 160 um for carbonation-cured specimens.
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Figure 3-21. Representative crack patterns for OPC-0S20, 0% WPE and 2% sisal fiber,

ECC under ultimate tensile strain.

ESSS
~ Air-cured
- 1% sisal fiber

- CO,-cured
0% sisal fiber

(b)

Figure 3-22. Representative crack patterns for 0% and 1% sisal fiber of (a) air-cured and

- COy-cured
. 1% sisal fiber

(b) carbonation-cured OPC-ECC under ultimate tensile strain.
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Figure 3-23. Crack width distribution for 1% sisal fiber carbonation-cured and air-cured

OPC-ECC with (a) silica sand and (b) WEFS.

3.4.5 Sustainability of WPE-sisal fiber ECC

To evaluate the sustainability of the ECC, the embodied energy, embodied carbon footprint,
and material costs, representing the total energy consumption, CO2 emission, and costs during the
manufacturing process of the materials, were assessed as Material Sustainability Indicators (MSIs)
[11]. Table 3-10 lists the MSIs, including all the major ingredients for producing ECC. It should
be noted that the material cost may fluctuate. The OPC type 1L used in this study results in up to
10% reduction in carbon footprint compared to OPC type 1 listed in Table 3-10. According to
Michigan Concrete Association and literature [65]. The fly ash, WPE, and WFS in this study were
assumed to be industrial waste streams with a net zero embodied energy consumption and CO»
footprint. It should be noted that the costs were the price of each ingredient ranging from 2018 to

2020, likely to fluctuate due to inflation in the future.

Conventional concrete, typical M45-ECC, MgO-based ECC, high volume fly ash (HVFA)
ECC, and LC3-PP-ECC were used as a benchmark to evaluate the MSIs of low-carbon ECC in
this study as shown in Figure 3-24 and Figure 3-25, which also illustrates the CO- analysis for
each ingredient based on the lower bounds of the variation, i.e., symbol A and symbol B in Fig. 5
represents the lower bounds of embodied carbon footprint of traditional concrete and LC3-2S10

in Fig. 4, respectively. By carbonation-curing and replacing conventional PE fiber by WPE, the
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embodied energy and carbon footprint (3.23 GJ/m? and 368 kg CO2/m?) of OPC-2S10 were found
to decrease compared to M45-ECC (6.37 GJ/m? and 606 kg CO./m?), while still higher than
concrete (2.61 GJ/m® and 341 kg CO/m?). Further replacing the OPC with LC3, i.e., LC3-2S10,
significantly lowered the embodied CO; footprint for ECC. The average embodied CO» footprint
of LC3-2S10 decreased to 169 kg CO2/m® compared to concrete (341kg CO2/m?®) and M45-ECC
(606 kg CO2/m?) with a 50% and 72% reduction, respectively, since cement contributed to the
primary CO; emissions of ECC. The costs of LC3-2510 and OPC-2S10 decreased to 76 and 80
USD/m? compared to M45-ECC (430 USD/m?) since the main costs of ECC is from fiber (see
Figure 3-25), i.e., PVA fiber in M45 (345 USD/m?) and PP fiber in LC3-PP mixture (115 USD/m?).
Substituting conventional PE (675 USD/m?) with WPE reduces the fiber cost drastically to 9.6
USD/m?, leading LC3-2S10 and OPC-2S10 ECC (76 and 80 USD/m? respectively) to be
competitive with traditional concrete (89 USD/m?). The costs of WFS-2S10 further decreased to
60 USD/m?, which is 33% lower than traditional concrete. However, the embodied energy and

carbon footprint of WFS-2S10 remained higher than concrete.

Taking the pavements construction as an example, among the total of 2.9 million miles of
paved road in U.S., about 5% is paved with concrete [66] consuming 22 million tons of concrete
pavements [67]. If all concrete pavements were replaced with LC3-ECC in this study, the
consumption of the WPE is 0.2 million tons, which is about 10% of annual ALDFG waste.
Meanwhile, the embodied carbon footprint and costs will remain comparable with the conventional
concrete and contribute to mitigating the environmental and economic impacts caused by marine
waste. However, it should be noted that this WPE-sisal fiber ECC is only applicable to pre-cast

pavements for which carbonation curing is suitable.
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Table 3-10.The embodied energy, carbon emission, and material cost for ingredients ECC

production.
Component Embodied energy (GJ/t) CO emission (kg/t) Cost (USD/t)
OPC type 1 4.8-5.5% 870-940° 48¢
LC3¢ 4 550 40.3
FA 0 0 25.6°
Silica sand® 0.067 233 63.9
WR* 35 1667 1211
PE fiber 73-116¢ 20004 35200°¢
Sisal fiber 18f 170" 682

@ Data from [68].

b Data from [69,70].

¢ Data from [14,16,71], where CO, emission of LC3 can also be presented in 1344-1562 kg/m?.
4 Data from [12,22].

¢ Data from [72].

"Data from [35].
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3.5. Conclusions

A sustainable low-carbon ECC is developed using industrial waste, renewable plant fiber,
and carbonation curing. The repurposed materials include waste high modulus polyethylene (WPE)
fiber from the marine industry and waste foundry sand. The developed carbonation-cured WPE-
sisal fiber ECC has lower embodied energy, carbon, and cost than concrete and other grades of
ECC while maintaining the unique high tensile ductility of the ECC family of composite materials.
Meanwhile, the repurposing of WPE also serves as a potential solution for reducing marine plastic
waste.

Specifically, the embodied carbon of the developed ECC was found to reduce up to 50% that
of traditional concrete with the incorporation of low-carbon LC3 binder, CO, sequestration, and
waste polyethylene fiber and waste foundry sand utilization. Additionally, the cost of this ECC is
only 67% that of traditional concrete. The resulting low-carbon ECC has a compressive strength
of at least 30 MPa and the tensile strength of 4 MPa with a 6% tensile ductility. Furthermore, the
developed ECC exhibits improved autogenous crack width control with an average crack width of

69 mm.

The addition of sisal fiber in the low carbon ECC was found to serve multiple purposes.
From a sustainability point of view, renewable sisal fiber was found to enhance carbon
sequestration by 10% by serving as conduits allowing deeper diffusion transport of CO; into the
precast element during carbonation curing. From a mechanical performance point of view, sisal
fibers were found to enhance the tensile ductility of the ECC by serving as artificial flaws and

triggering a larger number of microcracks in the composite during tensile strain-hardening.

The developed ECC offers compelling advantages of low carbon footprint, cost-
effectiveness, and ductile performance, thus positioning it as a competitive alternative to

conventional concrete in both economic, environmental and technical performance terms.

This research opens a feasible pathway of creating civil infrastructure that has low embodied
carbon in the material production phase as well as low operational carbon in the infrastructure use
phase. Future research is needed to quantify the cost and carbon footprint savings in the life cycle

of civil infrastructure using such low carbon ECC materials.
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Chapter 4.  Use of Localized Materials

By combining the carbonation curing and the use of IWMs methods proposed in Chapter 2
and Chapter 3, a sustainable low-carbon ECC with 50% reduction in embodied carbon footprint
and 33% decrease in costs reduction compared to conventional concrete can be developed.
However, the costs of IWMs, especially for FA, and the manufactured silica sands that commonly
used in ECC are expected to rise due to the inflation. To address this challenge, this chapter
introduces the use of localized materials, such as volcanic ash (VA) and desert sand (DS), as
substitutes for FA and silica sand., offering a feasible pathway towards decarbonizing ECC using

locally available materials.

4.1. Introduction

Concrete is widely used in modern urban and highway pavement construction due to its
capacity to carry heavy loads [1] with lower life cycle cost, enhanced durability, and sustainability
compared to asphalt pavement [2]. In 2020, over 0.15 million miles of road in the United States
was surfaced with concrete [3], consuming more than 22 million tons of concrete [4]. However,
traffic volumes have significantly increased over the past 20 years, leading to an earlier need to

reconstruct and rehabilitate concrete pavements [5].

Engineered cementitious composites (ECC) is a strain-hardening fiber-reinforced concrete
with high tensile ductility [6]. The intrinsic ability of ECC to tightly control microcrack width and
exhibit self-healing capabilities [7,8] results in reduced water permeability [9] and improved
fatigue performance [10—12] than those of conventional concrete. Therefore, ECC has been
successfully applied in transportation infrastructure, including bridge decks and pavements, to
enhance durability and resilience [13,14]. It has been proven that the thickness of ECC pavements
can be reduced by more than 50% [15] while maintaining comparable service life to conventional
concrete pavements [14]. However, ECC suffers from a high embodied carbon footprint due to

high cement usage [16]. Therefore, industrial waste materials (IWMs), also known as industrial

105



waste streams, have recently been used to reduce the carbon footprint by substituting raw materials

in ECC mixtures [17].

Fly ash (FA) is one of the most utilized IWMs in ECC since it can enhance matrix
workability and self-consolidating processing due to the spherical shape of fly ash particles. It can
also reduce the heat of hydration and drying shrinkage of ECC [18]. However, the price of FA is
expected to keep increasing due to the declining supply caused by the diminished coal combustion
plants operation in the future [19,20]. Furthermore, in certain regions, particularly in the Middle
East, the primary power generation sources are oil and natural gas, with coal contributing only 5%
to the power supply in 2016 [21,22]. Importation of FA, while feasible, incurs a high cost and
carbon footprint associated with long-distance transportation. Thus, finding a suitable alternative

IWMs to substitute FA in ECC is imperative.

Recent research used the Middle East’s volcanic ash (VA) to develop low-cost, low-carbon
concrete [23,24]. VA-ECC has also been investigated and shown comparable tensile performance
with promising tensile ductility (7.4%) and tiny crack width (50 um at failure) to FA-ECC [25].
Nonetheless, the compressive strength of ECC was reduced up to 40% by substituting FA with
VA due to the larger particle size and higher porosity of VA [25]. Despite the presence of a
substantial body of literature on the shrinkage behavior of conventional ECC, which has been
shown to experience significant shrinkage (reaching up to 1200 pe-1800 pe at 28 days) due to its
high cementitious contents [26—28], the shrinkage characteristics of VA-ECC have not been
studied. It is hypothesized that VA-ECC may exhibit more shrinkage than FA-ECC, as previous
studies have indicated increased shrinkage in VA concrete [29]. When restrained, the increased
shrinkage will cause high tensile stress and may lead to cracking in VA-ECC, thereby limiting its

applications with large surface area, such as in pavements.

Methods for mitigating the shrinkage of concrete and ECC has been proposed in previous
studies. One practical approach is adding shrinkage-compensating admixture [30], including
calcium sulfate and calcium aluminate, which can react with water to form ettringite [31,32]. By
incorporating calcium sulphoaluminate cement (CSA), intrinsic self-stressing FA-ECC has been
developed, resulting in tiny crack width and high ductility (5.5%) [33]. To achieve self-stressing

ECC, increased early-age expansion and lowered long-term expansion loss are required (expansion
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loss < 50%) [33]. This provides a potential solution for investigating self-stressing VA-ECC.
However, VA-ECC suffers from larger shrinkage compared to FA-ECC. To achieve adequate
early-age and long-term expansion for self-stressing VA-ECC, a higher content of CSA is required.
This contradicts the idea that only a low content of CSA can be used for VA-ECC, considering the
high temperatures prevalent in the Middle East and the rapid setting time of high-dosage CSA
cement [34,35]. These factors impose limitations on the working time available for ECC between
the mixing and placement operations. The combination of high-temperature environments,
limitations on CSA content, and low water-to-binder ratio to achieve a desired strength all hinder
the early-age expansion of VA-ECC. Consequently, further research is required in order to mitigate

the pronounced shrinkage and develop a self-stressing VA-ECC.

Besides FA, the cost and embodied carbon associated with the manufactured F75 silica sands,
commonly employed in ECC, are higher than locally available desert sand (DS) in the Middle East
[36]. Considering the cost-effectiveness and abundant availability of DS, DS-ECC, which
demonstrates promising strain-hardening behavior, has been investigated [37-39]. Although DS-
ECC experiences a decrease in strength and Young’s modulus [39], the use of DS results in a lower
material cost [36]. Consequently, DS proves to be a favorable fine aggregate choice for VA-ECC.
Both VA and DS are locally accessible materials that offer the benefits of low-cost and low-carbon

emissions.

This research aims to develop a durable self-stressing ECC utilizing VA, DS, and a low
content of CSA, which allows a sufficient construction time window in the summer season. A
comprehensive experimental program was conducted to evaluate the tensile performance,
compressive strength, flexural strength, crack patterns, shrinkage, cost and embodied carbon
footprint of DS-VA-ECC, with water-to-binder ratio (W/B ratio), CSA dosages, and curing
conditions, as controlled variables. Specifically, DS-VA-ECC with four different W/B ratios were
fabricated to identify the most suitable mix based on mechanical performance and workability.
Subsequently, adjustments were made to CSA dosages and curing conditions to achieve optimal
working time windows and self-stressing characteristics. X-ray Diffraction (XRD) analysis and
optical microscopy were conducted to investigate the microstructural mechanisms behind the

observed physical and mechanical properties.
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4.2. Experimental programs

4.2.1 Materials and mix proportions

Seven mixtures were designed for DS-VA-ECC, as shown in Table 4-1. Four W/B ratios
of 0.18 (W18), 0.20 (W20), 0.22 (W22), and 0.24 (W24) were used to examine the mechanical
properties and workability of ECC, with the CSA content fixed at 100 kg/m>. For the W/B ratio of
0.2, two additional CSA dosages of 70 (W20-C70) and 130 (W20-C130) were investigated. A
control mixture W20-F100 using FA instead of VA, served as a benchmark to evaluate the
shrinkage effect of FA and VA in this study. All 0.2 W/B ratio mixtures were cured under 5
conditions (see Table 4-2). To obtain the strain-hardening effect and to reduce the material costs
and embodied carbon simultaneously, a hybrid 1% PE and 1% PP fibers was adopted for all

mixtures. Fiber properties can be found in Table 4-3.

Table 4-1. Mixture design of ECC (kg/m?).

EE EE

Mixture PLC® CSA VA FA DS Water WR  PE PP

W18-C100 500 100 500 0 660 198 40 10 10

W20-C100 500 100 500 0 660 220 32 10 10

W22-C100 500 100 500 0 660 242 23 10 10

W24-C100 500 100 500 0 660 264 14 10 10

W20-C70 530 70 500 0 660 220 30 10 10

W20-C130 470 130 500 0 660 220 34 10 10

W20-F100 500 100 0 500 660 220 7 10 10

*Portland limestone cement (PLC).

“Volume fraction for both PE and PP fibers is 1%.
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Table 4-2. Curing conditions of ECC.

Name Curing method
T20-Air Samples were cured in the air (20£3 °C, 40+5% RH).
A wet cloth covered samples for 24 h, then cured in the air (20£3 °C,
T20-Wet24
40+£5% RH).
A wet cloth covered samples for 72 h, then cured in the air (20£3 °C,
T20-Wet 72
40+5% RH).
T40-Air Samples were cured in 40 °C oven.
Samples were cured in 40 °C oven, and a wet cloth was covered for the
T40- Wet72
first 72 h.
Table 4-3. Technical parameters of PP and PE fibers.
Nominal Young’s Rupture
Fiber Diameter Length ) Density
strength modulus  elongation 5
type (um) (mm) (g/em’)
(GPa) (MPa) (%)
PE 24 12 2.90 116 242 0.97
PP 18 12 0.40 - 40 0.91

The binder system included Portland limestone cement (PLC) from Lafarge Holcim
Cement Co., CSA from CTS company, VA sourced from Gulf Business Horizon (commercially
known as SNP crete), and DS from Saudi Readymix. The chemical compositions and particle size
distributions of these binder constituents are shown in Table 4-4 and Figure 4-1, respectively.
Figure 4-2 illustrates the morphology of FA and VA obtained from a scanning electron microscope
(SEM). While the particle size of VA is comparable to the reference FA, its angular particles
contrast with the spherical shape of FA. The angular morphology of VA results in inferior paste

rheology in the fresh state of ECC.
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Table 4-4. Chemical compositions of PLC and VA (%).

Constituents Si02 ALO; Fex0s CaO MgO Na,O K20
PLC 18.8 4.6 2.8 68.3 2.1 0 06
CSA 7.0 10.1 0.7 47.2 1.1 0 0.1
VA 48.35 14.43 12.34 12.43 6.54 1.26 0.77
FA 51.6 16.2 5.0 10.8 3.7 4.8 2.5

100r __pic
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Figure 4-1. Particle size distributions of dry constituents.

ED

(a) FA (b) VA
Figure 4-2. SEM pictures of (a) FA and (b) VA.
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4.2.2 Sample preparation

The dry ingredients comprising PLC, CSA, VA, and DS were pre-mixed for 5 minutes with
a Hobart HL300 planetary mixer operated at the first speed (94 rpm). Water and water reducer
were added and mixed for 5 minutes to attain a uniform paste. Once the fresh mixture was prepared,

1% PE and 1% PP fibers were added and mixed at the second speed (174 rpm).

Following 28-day curing under air condition (T20-Air, 2043 °C, 40+5% RH), compressive
strength, uniaxial tension, and bending tests were carried out on cubes measuring 50 by 50 by 50
mm?, dogbone-shaped specimens (see Figure 4-3), and beam samples measuring 300 by 75 by 13

mm?, respectively.

4.2.3 Mechanical properties tests

This study used a 100 KN capacity Material Testing Systems (MTS) loading frame for
uniaxial tension tests and 4-point bending tests. The tests were performed on specimens after 28
days of curing. The uniaxial tension tests were conducted under displacement control at a 0.5
mm/min rate per JSCE [40]. The dimensions of dogbone-shaped specimens used for the uniaxial
tension test are shown in Figure 4-3(a). Two linear variable displacement transducers (LVDT)
were positioned with an 80mm gauge length, as illustrated in Figure 4-3(b). The 4-point bending
tests were conducted according to ASTM D6272 [41] to measure the ultimate tensile strength and
tensile strain of beam specimens. Detailed experimental configuration for the 4-point bending tests
can be found in Figure 4-4. Additionally, 50 by 50 by 50 mm? cubes were fabricated and subjected
to loading at a rate of 0.5MPa/s using the Forney machine following ASTM C109 [42].
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Figure 4-3. Dogbone-shaped specimen for uniaxial tension (a) showing dimensions (Unit: mm)

and (b) the grip and LVDT setup.
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Figure 4-4. Experiment configuration for 4-point flexural bending (Unit: mm).

4.2.4 Shrinkage monitoring

For the free shrinkage/expansion tests, square prism specimens measuring 25 by 25 by 300
mm? were utilized with the test setup in accordance with ASTM C490 [43] (refer to Figure 4-5).
The length of the specimens was measured 3 hours after demolding and continued until 90 days.

Five distinct curing conditions were implemented, as depicted in Table 4-2. T20-Air and T40-Air
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denoted curing in the air at 20 °C and 40 °C, respectively. Similarly, T20-Wet72 and T40-Wet72
indicated that the samples were covered with a wet cloth for 72 hours and subsequently cured in

20 °C and 40 °C air, respectively. T20-Wet24 represented the samples only covered with a damp
cloth for 24 hours in 20 °C air.

Shrinkage/expansion characteristics for W20-C70, W20-C100, and W20-C130 with
different curing conditions were analyzed, including the maximum expansion, expansion at 28/90
days, and expansion loss. The mix proportion of W20-F100 was also measured as a reference

benchmark for comparing shrinkage/expansion between VA and FA ECC.

300

st B

bt

Section B

25

(a) (b)

Figure 4-5. Square prism specimen for free shrinkage/expansion test (a) showing dimensions
(Unit: mm) and (b) the test setup.

4.2.5 Micro/mechanism investigation

Due to difference in water demand, it is anticipated that VA-ECC will exhibit substantially
higher shrinkage in comparison to FA-ECC. Therefore, the chemical compositions of W20-F100
and W20-C100 T20-Air/Wet24 ECC were evaluated using the XRD method. The paste samples
were ground into powders with particle sizes under 100 pm and sealed before measurement. The

fibers were separated through sieving before conducting the tests. This study used a Rigaku Ultima
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4 diffractometer with Cu K-alpha radiation for the XRD analysis (scan step 0.05 degree/step and

1 degree/min).

4.2.6 Working time window/feasibility evaluation

The working time window and flowability of DS-VA-ECC were determined by flow table
tests following ASTM C1437 [44]. ECC mortars were filled into the truncated cone, which had a
bottom diameter of 100 mm and 60 mm in height. The truncated cone was lifted away from the
mortar after 1 minute, and the table was immediately dropped 25 times in 15 seconds [44].
Afterward, the spread diameter of the ECC mortar was measured along the four scribed on the
tabletop with a caliper. The spread diameter was recorded every 30 minutes after the mixing water
was added to the mixtures until the surface of ECC hardened and the spread diameter dropped
below 130 mm, which is regarded as suitable fluidity to secure workability at a construction site

[45].
4.3. Results and discussions
4.3.1 Shrinkage behavior

4.3.1.1 Effect of substituting FA with VA

Figure 4-6. plots the 90 days free length change of air-cured fly ash ECC (W20-F100) and
VA-ECC (W20-C70, C100, and C130 ECC). The shrinkage for the benchmark W20-F100 mixture
at 28 days is -728 pe, which is smaller than conventional ECC, i.e., -1200 pe to -1800 pe [26—
28,46], due to the usage of CSA. The shrinkage of W20-F100 in this study was consistent with
those of CSA ECC in the literature [25,47,48], showing around -600 pe to -900 pe shrinkage with
similar CSA dosage. The decreased shrinkage is caused by the expansion mechanism of CSA

cement forming the ettringite [32,49], which is governed by Equation (4-1) - (4-3) [S0-52]:
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Figure 4-6. Shrinkage deformation of air-cured (T20-Air) W20-F100, C70, C100, and C130

ECC.

2C3S + 11H — C3S,Hg + 3CH

(4-1)
2C,S + 9H - C3S,Hg + CH
C4A3S +2CS + 37H —» C3A - 3CS - Hay + 2AH;
CS + 2H - 2CSH, (4-2)
CoA3S + 2CSH, + 34H — C3A - 3CS - Hsy + 2AH,
C.A3S + 8CSH, + 74H + 6CH — 3C3A - 3CS - Hay (4-3)

where C3S and C,S represents the tricalcium and dicalcium silicate from cement, respectively. The

hydration reactions of both calcium silicates in Equation (4-1) will form the Calcium hydroxide

(CH) and Calcium silicate hydrate (C3S,Hg). C4A3S, CS, CSH,, are ye'elimite, anhydrite, and

gypsum from CSA cement, which can react with water and CH (from Equation (4-1) and VA/FA)

to form aluminum hydroxide (AH3) and ettringite (C3A4 - 3CS - Hs,) in Equation (4-2) and Equation

(4-3).
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Upon the substitution of FA with VA, specifically T20-Air W20-C70, C100, and C130 in
this study, the 28 days shrinkage increased drastically to -3459 pe, -3006 pe, and -2794 e,
correspondingly. This increase can be attributed to the higher water demand caused by the
inherently angular form of VA particles, incorporating the water loss during the hydration process
of VA-ECC compared to FA-ECC. The CaO and MgO contents within VA (12.43% and 6.54%)
are higher relative to FA (10.8% and 3.7%), as shown in Table 4. The CaO and MgO in VA/FA
consume water during hydration, competing with CSA cement, and could potentially impede

ettringite formation.

The higher water demand associated with VA leads to larger autogenous shrinkage, as the
water is maintained within the capillaries, eliciting high capillary forces when this water is used
for hydration [53,54]. Therefore, alternative curing such as wet-curing rather than air-curing may
be a plausible solution to provide sufficient water for VA instead of depending on a higher amount
of mix water. Further detailed XRD analysis of the microstructural mechanism is discussed in

Section 4.3.5.

4.3.1.2 Effect of curing conditions

The free length change for W20-C70, C100, and C130 with various curing conditions is
depicted in Figure 4-7 to Figure 4-9. In the aspect of temperature, under air-cured conditions, 40°C
samples demonstrate higher shrinkage than 20°C samples. The shrinkage at 28 days increased from
-3459 pe to -4140 pe for W20-C70. The shrinkage also increased from -3006 pe to -3319 pe for
W20-C100. A similar shrinkage increment effect was observed for W20-C130 that the shrinkage
increased from -2794 pe to -3374 pe. Higher curing temperature accelerated the evaporation of
free capillary water, resulting in considerable drying shrinkage. The evaporation of water also
aggravated the lack of water for ettringite formation mentioned previously. T20-Wet24, T20-
Wet72, and T40-Wet72 show the possible solution by providing adequate water to VA-ECC
during curing. For both 20°C and 40°C, VA-ECC demonstrates expansion rather than shrinkage.

Take T20-Wet24 (24 hours wet-curing, followed by 20°C air-cured) for the W20-C70 mix
as an example, a maximum expansion of 2261 pe can be obtained and maintaining a 390 pe

expansion at 90 days. When raising the temperature to 40°C (T40-Wet72), a maximum expansion
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of 3141 pe is reached for W20-C70 and retained a 1371 pe expansion at 90 days. It is reasonable
that T40-Wet72 provides more expansion than T20-Wet24 at first 24 hours since the rate of
reaction for hydration grows with increasing temperatures [55-57]. With sufficient water supply,

more ettringite is formed in a short period of time for higher temperature (40°C).

If the wet-curing time is also extended to 72 hours for 20°C W20-C70 so that there are
longer hydration and ettringite formation time for the specimens, comparable maximum expansion
and expansion at 90 days can be accomplished by T20-W72 (2989 pe and 1221 pe) compared to
T40-W72 (3141 pe and 1371 pe), respectively. However, T20-Wet72 requires more time (3.17
days) to gain the maximum expansion than T40-Wet72 (1.14 days), which also relates to the

hydration rate for different temperatures.
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Figure 4-7. Shrinkage deformation of W20-C70 ECC under different curing conditions.
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Figure 4-8. Shrinkage deformation of W20-C100 ECC under different curing conditions.
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Figure 4-9. Shrinkage deformation of W20-C130 ECC under different curing conditions.
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4.3.1.3 Effect of CSA contents

When it comes to the different contents of CSA, W20-C70, C100, and C130 ECC shows
an expansion enhancement with increased CSA to PLC, consistent with that reported in the
literature [28,33,47,58], no matter the curing conditions. The maximum expansion rose from 3141
pe (W20-C70) to 5390 pe and 8843 pe (W20-C100 and C130 ECC) under T40-Wet72 curing. A

similar trend can also be found in other curing conditions.

The expansive behavior of ECC with CSA is known to reverse after reaching a peak. To
achieve the goal of long-term self-stressing, the expansion loss of ECC should be limited to 50%
of its maximum expansion for promising self-stressing effect [33], which could be verified by free-
length change tests. Table 4-5 shows the expansion characteristic for all W20 ECC with various

CSA contents and curing conditions. It can be found that the expansion loss/maximum expansion
ratios (% ratio) for W20-C70 are greater than 50%, specifically, 83%, 59%, and 56% even under
wet-curing conditions. In contrast, once the content of CSA exceeds 100, i.e., W20-C100 and

W20-C130, the % ratio are all controlled below 50% when wet-curing. For W20-C100, % ratios

are 43%, 41%, and 38%; For W20-C130 exhibits %ratios of 22%, 30%, and 20%, showing a

robust self-stressing effect. W20-C70 is then ruled out in this study, considering its lack of self-
stressing behavior. It should be noted that although wet-curing W20-C100 and W20-C130 meet

the self-stressing criteria, further investigation is needed to verify their workability.
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Table 4-5. Expansion characteristics for W20 ECC mixtures.

Maximum expansion” Expansion at” Expansion
Mixture loss/maximum
Age (d) (ne) 28d (ne)  90d (ue) expansion
T20-Air-F100 1.18 178 =728 -1001 662%
T20-Air-C70 0.21 -699 -3459 -3675 -
T40-Air-C70 0.21 -1833 -4140 -4414 -
T20-Wet24-C70 1.14 2261 521 390 83%
T20-Wet72-C70 3.17 2989 1380 1221 59%
T40-Wet72-C70 1.14 3141 1575 1371 56%
T20-Air-C100 0.21 -216 -3006 -3166 -
T40-Air-C100 0.21 -542 -3319 -3552 -
T20-Wet24-C100 1.17 4056 2405 2295 43%
T20-Wet72-C100 3.16 5275 3361 3094 41%
T40-Wet72-C100 2.14 5390 3509 3318 38%
T20-Air-C130 0.21 -110 -2794 -2944 -
T40-Air-C130 0.21 -504 -3374 -3587 -
T20-Wet24-C130 1.18 6803 5444 5313 22%
T20-Wet72-C130 3.00 8115 5846 5704 30%
T40-Wet72-C130 3.00 8843 7231 7038 20%

* Positive and negative values represent expansion and shrinkage, respectively.
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4.3.2 Working time window

The diameters were recorded within 30-minute intervals starting 30 minutes after water
was added to ECC mixtures. The flow table tests were stopped once the spread diameters fell under
130 mm for in-site suitable workability [45], incorporated with the surface hardening of the ECC

mixtures. The open working time windows could then be determined for each VA-ECC mix design.

Figure 4-10 illustrates the spread diameters for T20-Air-C100 ECC under distinct water-
to-binder ratios of 0.18 (W18), 0.20 (W20), and 0.22 (W22). T20-Air-C100 ECC exhibits a
reduction of spread diameter with a decrement in the water-to-binder ratio. W20 and W22 show
comparable spread diameters of 165 mm at 30 minutes, while W18 demonstrates a reduction to
150 mm. As time progressed, the spread diameter diminished to 135 mm and 130 mm at 60 and
90 minutes, respectively. W20 and W22 maintain relatively larger spread diameters compared to
W18. However, the spread diameter should increase significantly when the water-to-binder ratio
increases [59,60]. W20 and W22 show equivalent spread diameters of 149 mm and 130 mm at 60
minutes and 139 mm and 142 mm at 90 minutes. This phenomenon can be attributed to the
mitigated water reducer for W22 (from 32 to 20), which compensates for the increment, as the
amount of water reducer also positively correlated to the mixtures’ setting time and spread
diameter [61]. It should be noted that the WR content for W18 is already 40 kg/m?, making it
ineffective to enhance workability by further increasing WR. Doing so would result in excessive
cost and bleeding of cementitious matrix. Therefore, water-to-binder ratio of 0.18 (W18) is not
considered suitable for this study due to its limited working time window. W20 may be more

attractive for its greater strength compared to W22 with a comparable working time window.
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Figure 4-10. Spread diameter test results for T20-Air-C100 ECC. Shaded areas represent the
range of experimental variability.

The results of flow table tests for W20-ECC with various CSA contents and curing
temperatures are included in Figure 4-11. The diminution of spread diameters is noticeable in
correlation with an increment of CSA contents for both 20°C and 40°C curing temperatures. A
substantial effect of temperature on spread diameter is reported in previous literature [62]. The
diameter of the T40-Air-C130 decreased drastically from 131 mm to 115 mm compared to T20-
Air-C130. In addition, the open working time window for W20-C130 was shortened to less than
60 minutes at 40°C curing conditions since the diameter already fell under the targeted 130 mm
for in-field workability. 40°C is a possible temperature when considering casting in the Middle
East. In contrast, the working time window for W20-C100 is extended to 90 minutes at 40°C.
Additionally, the spread diameter for W20-C100 retains slightly under 130 mm requirement for
127 mm at 120 minutes, which implies that W20-C100 can achieve nearly 2 hours of working time
window at 20°C, representing that CSA dosage of 100 is more suitable considering the working

time window than W20-C130.

Although both W20-C100 and W20-C130 exhibit self-stressing behaviors, considering
their feasible open working time windows, W20-C100 will be a more favorable option for

infrastructure construction in the Middle East. However, it should be emphasized that while the
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spread diameter of W20-C70 fell under 130 mm after 150 and 120 minutes for 20°C and 40°C
curing, showing a sufficient long working time window for applications, W20-C70 ECC is not a

preferred choice due to its lack of self-stressing effect.
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Figure 4-11. Spread diameter test results for W20 ECC. Shaded areas represent the range of
experimental variability.

4.3.3 Mechanical performance

4.3.3.1 Compressive strength

Increasing the water-to-binder ratio reduces the compressive strength of ECC, which is
identical to the behavior of conventional CSA cement concrete and ECC [63,64]. As shown in
Figure 4-12(a), the 28 days compressive strength of T20-Air W18-C100 decreased from 48.3 MPa
to 40.9 MPa (by 15%) for W20-C100. The compressive strength further diminished to 38.9 MPa
(19% decrease) and 36.4 MPa (25% decrease) for W22-C100 and W24-C100, respectively. The
compressive strength for W20-C100 ECC with different curing conditions at 28 days is shown in
Figure 4-12(b), indicating that the wet-curing conditions lead to enhanced strength. Wet-curing
promotes the hydration process, lowering the porosity and densifying the microstructure of the

cementitious matrix, resulting in higher compressive strength development [65—-67]. The strength
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gain for wet-curing is approximately 13% for T20-Wet24, T20-Wet72, and T40-Wet72 compared
to T20-Air ECC (from 48.3 MPa to 54.6MPa, 54.6MPa, and 53.6MPa at 28 days). Nevertheless,

inadequate water supply associated with 40°C curing temperature was found to lower the

compressive strength by 5% (from 40.9 MPa to 39.0 MPa at 28 days) for T40-Air ECC.
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Figure 4-12. Compressive strength of C100 ECC with different (a) water/binder ratio, and (b)
curing conditions at 28 days.

4.3.3.2 Tensile performance

The tensile stress-strain curves at 28 days are shown in Figure 4-13, and the tensile
properties are summarized in Table 4-6. Like compressive strength, the tensile strength of T20-
Air-C100 ECC decreased from 9.03 MPa for W18 to 8.29 MPa, 7.71 MPa, and 6.32 MPa for W20
(8% decrease), W22 (15% decrease), and W24 (30% decrease), respectively. The phenomenon for
wet-curing also corresponds to compressive strength, the tensile strength of wet-cured ECC
increased significantly (T20-Wet24, T20-Wet72, and T70-Wet72), while tensile strength T40-Air
declined to 7.35 MPa from 8.29 MPa for T20-Air. It should be noted that the tensile strain capacity
of wet-curing ECC was impaired due to the enhanced tensile strength, which may hinder the
formation of multiple cracks. However, the tensile strain capacity still exceeds 4%, except for the

T40-Wet72, attaining a promising strain capacity [6].
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Figure 4-13. Tensile stress-strain curves at 28 days.
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Table 4-6. Summary of tensile results.

Ultimate tensile

Tensile strain

Name
strength (MPa) capacity (%)
W18, T20-Air 9.03 £0.51 7.17 £ 0.46
W20, T20-Air 8.29+£0.21 6.31 +1.26
W22, T20-Air 7.71 £ 0.42 5.62 + 1.85
W24, T20-Air 6.32 + 0.04 7.96 + 0.72
T20-Wet24 9.35+0.25 4.14 + 0.27
W20-Wet72 9.42 +0.43 5.20 + 1.40
T40-Air 7.35 1 0.65 4,99 +0.32
T40-Wet72 10.15 £ 0.50 1.41 £ 0.56

4.3.3.3 Flexural performance

Consistent with the finding of compressive and tensile strength, flexural strength (MOR)
of T20-Air-C100 ECC reduced contrary to the increment of water-to-binder ratio, as shown in
Figure 4-14. Flexural strength-deflection curves at 28 days are portrayed in Figure 4-15. The MOR
decreased from 14.0 MPa for W18 to 12.5 MPa and 12.0 MPa for W20 (11% decrease) and W22
(14% decrease), respectively. Although W24 shows a MOR of 9.3 MPa (34% decrease), it still
maintains a considerable advantage with a MOR of around 80% higher than conventional concrete.
This is noteworthy considering that the MOR of traditional concrete and FA-ECC typically falls
below 5 MPa [68-72] and 5-10 MPa [73-75], respectively, which makes the developed ECC

competitive.

The curing condition of T40-Air also impaired the MOR of W20-C100 by 13% (from 12.5
MPa to 10.9 MPa) due to the accelerated evaporation of water that should be used for hydration.
In contrast, other curing conditions, wet-curing, benefit the MOR. The MOR increased to 14.7
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MPa, 14.8MPa, and 16.9 MPa for T20-Wet24 (18% increase), T20-Wet72 (18% increase), and
T40-Wet72 (35% increase), respectively.
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Figure 4-14. Flexural strength (MOR) of C100 ECC with different (a) water/binder ratio, and (b)

curing conditions at 28 days.
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Figure 4-15. Flexural strength-deflection curves at 28 days.
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4.3.4 Crack patterns and crack width distribution

Figure 4-16 illustrates the crack patterns in the narrow-gauge region (80 mm long, as shown
in Figure 4-3(a)) of the ECC dogbone-shaped specimens. Typical specimens were selected to
represent the crack patterns at failure with different water-to-binder ratios (T20-Air W18, W20,
W22, and W24) and curing conditions (W20-C100 T20-Air, T20-Wet24, T20-Wet72, T40-Air,
and T40-Wet72). The results indicate that the ECC with various water-to-binder ratios
demonstrates multiple micro-cracking patterns. There are no significant variations of crack
numbers with different water-to-binder ratios. However, the increased strength of the ECC induced
by wet-curing limits crack initiation and propagation, and fewer cracks were observed when the
curing conditions T20-Wet24, T20-Wet72, and T40-Wet72 were applied, especially for the T40-
Wet72 specimen with only 5 cracks.

The crack number distribution of different C100 ECC at specimen failure is shown in
Figure 4-17. The average crack width for air-cured specimens tight, specifically 64.1um, 62.7um,
and 67.2 um for W20, W22, and W24, respectively. Despite the crack numbers reduced after wet-
curing, the average cracks width of T20-Wet24 and T20-Wet72 are still below 100 um with 84.4
um and 94.1 pum, respectively, which is comparable to conventional ECC that range from 70 pm
to 120 um [76-78] and the suggested criteria of <100 pm to maintain high durability [79]. In
contrast, the average crack width and the tensile strain capacity for T40-Wet72 are 156 um and
1.41%. Thus, long curing time (72 hours) at high temperature is not recommended is not

recommended for further infrastructure applications.
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Figure 4-16. Representative crack patterns for ECC at failure with different water/binder ratios
and curing conditions.
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Figure 4-17. The crack number distribution of different C100 ECC at specimen failure, showing
the effect of (a) water/binder ratio, and (b) curing conditions.

4.3.5 Micro/mechanism analysis

Figure 4-18 depicts the XRD patterns results. As per Eq. (2) in section 3.1, the reaction
between anhydrite (CS) and water with ye’elimite (C,A43S) leads to the formation of ettringite
(C3A - 3CS - H3,). XRD patterns indicate that the anhydrite peaks are notably higher in T20-Air-
C100 ECC compared to T20-Air-F100 and T20-Wet24-C100. This observation suggests an
insufficient amount of water available to react with anhydrite and form ettringite. Moreover, the
XRD pattern demonstrates a pronounced increase in CH formation in T20-Air-C100, indicating
that water was utilized to form CH from CaO. Therefore, the formation of ettringite in T20-Air-
C100 is significantly lower than T20-Air-F100 and T20-Wet24-C100, as indicated by XRD

analysis.

The results confirmed that the water supply for air-cured specimens is insufficient due to
the competition from a higher content of CaO and greater water consumption caused by the angular
particle shape of VA compared to FA. Thus, a suitable curing treatment, such as wet-curing, which
provides sufficient water, emerges as an effective solution, as demonstrated in this study. This
approach can compensate for the more significant shrinkage observed in the air-cured VA-ECC

and facilitate the development of a self-stressing ECC that utilizes locally available materials.
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Figure 4-18. XRD patterns of the (a)T20-Air W20-F100 and W20-C100, and (b) T20-Air and
T20-Wet24 W20-C100 ECC.

4.3.6 Pavement application, carbon footprint, and cost evaluation

To evaluate the sustainability of the localized materials DS-VA-ECC, the CO> emission
and cost during the manufacturing process of the ECC ingredients are listed in Table 4-7. It should
be emphasized that the material cost may change over time. FA and VA were assumed to be the
industrial waste materials in this study with a zero embodied carbon footprint. However, for the
Middle East, the transportation-related CO; footprints and costs should be included in FA and
silica sand. As the average cargo transportation distance of 5571 kilometers to import FA [80] into
the Middle East, incorporating the CO> emission of 3.67 to 5.61 g CO»/t-km [81] and cost of 15.4
to 18.5 USD/t [82], specifically 16 USD/t provided by manufacturer, for FA, the additional 31.3
kg/t and 16 USD/t of CO emission and cost should be included for FA and silica sand.

Embodied carbon footprint and cost of conventional concrete [16] were used as a
benchmark to evaluate the sustainability of localized ECC in this study, as shown in Figure 4-19
and Figure 4-20. Shifting from the use of FA and silica sand to localized materials, namely VA
and DS, the carbon footprint and cost (549 kg CO»/m* and 354 USD/m?) of VA-C100 were found
to decrease compared to that of FA-silica sand ECC (585 kg CO2/m? and 411 USD/m?), while still
higher than conventional concrete (341 kg CO2/m> and 89 USD/m?). The primary CO2 emissions
and costs in ECC are the high cement content and the use of synthetic fiber. As a result, even with

the substitution of FA and silica sand with localized materials, the material costs and carbon
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emissions for W20-C100 ECC remain higher than concrete. There is a 5% CO; emission and 14%
cost reduction for VA-ECC compared to FA-ECC. It should be noted that this analysis disregards
the increased MOR of VA-ECC compared to FA-ECC and conventional concrete, which would
substantially reduce the costs and embodied carbon footprint of VA-ECC in practical field

applications.

Using pavement construction as an example, the implementation of VA-ECC can
significantly reduce the required volume of materials. The developed self-stressing localized DS-
VA ECC, i.e., W20-C100, with 24 or 72 hours of 20°C wet-curing, shows promising MOR and
ample working time windows. The MOR values for W20-C100 (14.7 MPa and 14.8MPa for T20-
Wet24 and T20-Wet72) are nearly three times and 1.5 times higher than conventional concrete and
FA-ECC [68-75]. Consequently, this translates to a reduction of 42% and 18% in required
pavement thickness. Figure 4-21 illustrates the materials embodied carbon footprint and costs for
pavement construction for each 1 km? of pavement (surface area). Take the minimum
recommended pavement thickness of 0.15 m for concrete [83—85] as an example, concrete
pavement requires 150000 m® of material, while FA-ECC and VA-ECC necessitate 106500 m* and
87000 m?>, respectively. The embodied carbon footprint and costs for wet-cured W20-C100 (48
million kg CO; and 31 million USD) have been reduced by 22% and 30% compared to FA-ECC
(62 million kg CO> and 44 million USD). Furthermore, the carbon footprint of VA-ECC is 7%
below that of traditional concrete. At the same time, its high tensile ductility, MOR, and self-

stressing properties contribute to its competitive advantage as a localized material.
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Table 4-7. The carbon emission and material cost for ingredients of ECC production.

Component CO; emission (kg/t) Cost (USD/t)
PLC 8158 45-67°
CSA 588 ¢ 33-40¢
FA 31.3¢ 120°
VAP® 0 104
DS® 23.3 5
Silica sand © 54.6 79.9
WR ® 1667 1211

PE fiber 2000° 22000°
PP fiber 3100° 3500°

4 CO; emission of PLC was reduced to 90% compared to OPC in [86] according to [87].
®Provided by the manufacturer.

¢COz emission of CSA cement was reduced to 65% compared to OPC in [86] according to [88].
4 Data from [88,89], where the exchange rate of 1:1.08 for euros and USD is used in this study.

¢Data from [90-92], where cost and CO; emission of FA and silica sand included the transportation

fee and CO; emissions [80—82].
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4.4. Conclusions

A self-stressing ECC has been developed utilizing locally available materials, volcanic ash
(VA) and desert sand (DS), incorporating low-content calcium sulphoaluminate (CSA) cement
under water curing strategy. Offering a potential pavement material for the Middle East with
substantial mechanical performance and lower embodied carbon footprint than concrete and other
fly ash ECC when considering the pavement application. Based on the results of mechanical
performance tests, free length change tests, and XRD analysis, as well as sustainability evaluations,

the following conclusions can be derived:

1. Wet-curing can compensate for the increased shrinkage from incorporating volcanic ash
VA (replacing fly ash FA) by providing additional external water to meet the high water
demand of VA. Consequently, a self-stressing expansion VA-ECC is achieved through
wet curing in the case of W20-C100 and W20-C130 mixtures.

2. Increasing the calcium sulphoaluminate CSA content reduces the working time window.
Given that the working time window for W20-C130 is limited to 90 minutes at room
temperature, W20-C100 is more suitable for practical applications, offering a longer
working time of 120 minutes.

3. The mechanical performance of VA-ECC is comparable to that of FA-ECC. Wet-curing
enhances the strength of VA-ECC by providing ample water for the hydration process.

Conversely, high-temperature air-cured conditions impaired the strength of VA-ECC.

136



4. The designed wet-cured W20-C100 mixture attains a 14.7 MPa of MOR, surpassing the
performance of conventional concrete. As a result, the pavement thickness can be reduced
by up to 42% when employing this VA-ECC than conventional concrete, leading to a 7%
reduction in embodied carbon footprint. Additionally, compared to FA-ECC, the
developed VA-ECC demonstrates further reductions in embodied carbon footprint and

costs of 22% and 30%.

The substitution of FA and silica sand with local materials, VA and DS, results in a 7%
reduction in CO» emissions for pavement applications, with the potential for further enhancements
to align with the approach discussed in Chapter 2. Further investigations are required for the carbon
sequestration approach involving carbonation curing, which holds promise for implementation in
VA-ECC. Although the cost of localized materials ECC remains higher than that of conventional
concrete, the gap between them is expected to diminish in the future due to the projected inflation

of FA and silica sand, which make this VA-ECC more competitive alternative.
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Chapter 5.  Conclusions

5.1. Concluding remarks

The need to mitigate CO, emissions to slow down global warming has become an
increasingly pressing challenge for our generation. Engineered cementitious composite (ECC)
offers a potential solution to reducing the carbon footprint of the built environment due to its
remarkable tensile ductility, which enhances durability and provides a practical strategy to mitigate
concrete CO» footprint for the structural product use phase. However, ECC's high cement content
and synthetic fiber usage contribute to a significant CO» footprint during the material production
phase. Therefore, effective strategies to decarbonize ECC are essential if this material is broadly
used in future construction applications.

The research conducted in this thesis explored various approaches to decarbonizing ECC
while quantifying the reduction of embodied carbon footprints and costs associated with each
strategy. These approaches included carbon sequestration through carbonation curing, utilization
of industrial waste materials (IWMs), and incorporation of localized materials. Mechanical
performances, such as compressive, tensile, flexural, and fatigue performance, were
experimentally investigated, along with the study of micromechanical properties, including matrix
and fiber/matrix interface properties. A low-carbon sustainable ECC material is developed, and a
localized ECC is also presented to demonstrate the effectiveness of these decarbonization
strategies.

A series of experiments were performed to examine the impact of carbonation curing on
ECC. The mechanical performances, such as compressive, tensile, fatigue, and flexural behaviors
of carbonation-cured ECC, were improved due to the matrix densification and enhanced interfacial
bond between the fibers and cement matrix. Carbonation curing resulted in 14~30% of CO; uptake
by cement mass after a 24-hour curing period, thereby reducing the embodied carbon footprint of
ECC by an average of 22% compared to typical M45-ECC while maintaining equivalent costs. To
further decrease the embodied carbon footprint of ECC, various IWMs, such as fly ash, LC3
cement, waste polyethylene fibers (WPE), and waste foundry sands (WFS), were integrated with

149



carbonation curing to develop a low-carbon ECC. Sisal plant fibers were introduced to serve as
conduits for CO; diffusion transport to increase carbon sequestration. The addition of sisal fiber in
the low-carbon ECC enhanced carbon sequestration by 10%. In combination, use of IWMs coupled
carbonation curing resulted in a low-carbon sustainable ECC material with a 50 % reduction in
embodied carbon footprint compared to conventional concrete and a 33% cost reduction,

demonstrating a promising approach to decarbonizing ECC.

It should be noted that in the discussion of IWMs, it is assumed that all IWMs are
universally accessible, however, this assumption may not hold since some IWMs are not
universally available in all regions of the world. A case study of the Kingdom of Saudi Arabia
(KSA) explored the use of localized materials, such as volcanic ash and desert sand, to investigate
the challenges facing ECC applications when certain key materials, such as fly ash, are unavailable
locally. The use of volcanic ash resulted in excessive shrinkage and greater water consumption in
ECC, but these issues were able to be overcome through the addition of CSA cement and use of
water curing. Using locally available materials reduced the embodied carbon footprint of VA-
ECC by 5% compared to FA-ECC, with a 14% cost reduction. Considering the potential for
enhanced mechanical properties of ECC that utilizes locally available materials, the embodied
carbon footprint can be further reduced by 22% compared to conventional concrete.

This research demonstrated the synergistic application of carbonation curing and use of
IWMs to achieve a low-carbon ECC. Carbonation curing alone led to a 14~30% reduction in the
embodied carbon footprint compared to M45 ECC. Using IWMs alone can reduce the embodied
carbon footprint by 24~55% and reduce the cost by 80~86%. When incorporating carbonation
curing and the application of IWMs, the embodied carbon footprint of ECC can be decreased by
as much as 67~77%. This substantial carbon reduction highlights the effectiveness of combining
these approaches as an efficient way to mitigate CO; emissions in ECC production. When the
upper bound of the range of carbon and cost savings for the developed low-carbon ECC is
compared with the lower bound of the range of carbon and cost for conventional concrete, a 24%
of reduction in embodied carbon footprint and 10% of cost savings is achieved. This gives high
confidence that these decarbonization approaches are viable even if we consider the worst-case
estimate for carbon and cost reductions of low-carbon ECC. It is important to note that the impact

of carbonation curing should be carefully considered when integrating these methods. In the case

150



of including new IWMs in the ECC mixture, carbonation curing may possibly impair the

performance of ECC.

5.2.  Research impacts, limitations, and future recommendations

The mechanical performance of ECC after carbonation curing was systematically
investigated. The fatigue failure, crack propagation, fiber/matrix interface, and fiber failure modes
of carbonation-cured ECC were studied via micromechanical observations. These findings
demonstrate that the application of carbon sequestration through carbonation curing offers a
feasible strategy for future decarbonization of ECC and can be combined with other

decarbonization approaches, as shown in Figure 5-1.

CO, footprint: - 5%
Costs: -14%

Localized
materials
CO, footprint:-14~30% |  Carbonation Decarbonization of ECC «— Industrial waste | co, footprint:-24~55%
Costs: ~0% curing materials (IWMs)| ~ Costs:-80786%

CO, footprint: -67~77%
Costs: -80~86%

Compared to concrete
CO, footprint: -24~50%
Costs: -10~33%

Figure 5-1. Integrated methods for decarbonization of ECC

This research lays the foundation for mitigating the embodied carbon footprint of the
concrete industry, where ECC is the particular class of materials, demonstrating that use of low-
carbon ECC can be a viable opportunity to support resilient and sustainable infrastructure.
However, an important challenge lies ahead: translation of the methodologies and insights gained

from decarbonization of ECC into traditional concrete applications.
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While large-scale structures constructed with ECC have demonstrated successful casting
and testing, further research is needed before applying the carbon sequestration method of
carbonation curing in the conventional concrete industry because the carbonation curing used in
this research was primarily conducted on a batch-scale and not applied to field-scale structures.
Replicating the mechanical properties observed in batch-scale samples to larger field-scale
elements presents challenges, particularly concerning the fiber dispersion and the lack of formation
of multiple cracking behaviors when under stress, as evidenced in ECC railway ties. However, this
research also highlights the potential of carbonation curing for scaled-up specimens if appropriate
mixing and casting processes are adopted. Therefore, establishing a standard mixing and casting

procedure for carbonation-cured infrastructures is highly recommended.

One solution to extend the decarbonization methodologies to a broader range of traditional
concrete may be through the direct integration of pre-carbonated materials before the mixing and
casting. Ground granulated blast-furnace slag (GGBFS) is a promising candidate for pre-
carbonation, as it contains approximately 50% CaO and MgO, which facilitates CO2 sequestration
before concrete mixing. This approach not only overcomes previous barriers related to matrix
densification but also improves CO; storage through mineral carbonation within large-volume
specimens, thereby addressing the limitation posed by the slow diffusion of CO; into the material.
This innovative strategy may provide a pathway for reducing cement usage in both ECC and
traditional concrete, potentially leading to development of cement-free concrete materials in the

future.

Addressing the carbon emissions of our concrete construction industry, especially in the
concrete materials portion of the built environment, remains an urgent need. While the
decarbonization of ECC shows the possible opportunities for lowering the carbon footprint of
cementitious materials, there remains a need to extend these approaches to encompass a wider
range of conventional concrete applications. This will require significant efforts to deal with
potential performance challenges, such as the corrosion of steel rebar in carbonation-cured
traditional concrete due to the decreased alkalinity and lower cement pore water pH environment.
Despite the potential obstacles, maintaining a proactive approach to reduce carbon emissions
associated with the concrete and cement industries is imperative to ensuring future reductions in

the carbon footprint of the built environment.
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