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Abstract

The use of reactive magnesium oxide (MgO) is widelyognized in carbonated
concrete formulations associated with permanentescption of CQ Engineered
Cementitious Composite (ECC) is an advanced fibsnforced cement-based
composite with high tensile ductility and intrinally tight crack width. In this paper,
we investigate an alternative binary binding systemECC: reactive MgO and fly
ash cured with an accelerated carbonation procgssipressive strength, density,
carbonation depth, tensile performance and cratienpaof the carbonated reactive
MgO-based ECC were investigated at various curiggsaln addition, the GO
uptake and materials sustainability, in terms afrgy consumption, net G@mission
and cost of the newly developed ECC were asse$éedobjective of this research is
to further advance the application of reactive Mg utilization of CQ in the
construction industry through novel ECC materitiwés observed that carbonation
curing densifies the binding system, thus leadm@rt increase in both compressive
and first cracking tensile strengths of ECC. Thasile strain capacity of the
carbonated reactive MgO-based ECC achieved up taviB8can average crack width
below 60um after 1-day carbonation. Compared to conventi@@C (M45) and
concrete, the 1-day carbonated reactive MgO-baged €ould reduce the net GO
emission by 65% and 45%, respectively. It is codetl that environmental and
technical benefits could be simultaneously achideedhe 1-day carbonated reactive
MgO-based ECC incorporated with 50% fly ash. Tmalifigs of this research shed

light on further applications of reactive MgO cermgnthe precast industry.
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1. Introduction

As the cement and concrete industries are facing@easing pressure of GO
emission reduction, intensive efforts have beenotél/ to developing low-carbon
alternative binders1 2 and manufacturing approache3, 4. Among emerging
alternative binders, reactive MgO has demonstratedutstanding ability to sequester
CO, as compared to Portland cement (P&)€. A relatively lower temperature is
needed for the calcination process of the readig® (i.e., 700 - 1000°C for reactive
MgO vs. 1450°C for PC), thus allowing the use ¢émative fuels with relativity low
heating values (e.g., refuse-derived fuel and lyli]. The reactive MgO forms the
binding property through reacting with,® and CQto sequester COand gain
strength [8-12].Eq. 1 shows the hydration of MgO whilegs. 2 - 4 represent the
carbonation reactions. The hydration product of Mgé€, brucite, contributes little to
no bonding capability, hence demanding a sufficiemtbonation degree to form
desirable strengths. To do so requires an intesiticarbonation process to allow
transformation of MgO to a variety of hydrated megjum carbonates, mainly
including nesquehonite, hydromagnesites and dyg@ngihe ability of fixing gaseous
CO, through MgO carbonation has spurred interest ifizimg CO, to develop
carbonated reactive MgO as a binder for buildingemals.

MgO + H,O — Mg(OH), (brucite) Q)

Mg(OH), + CO; + 2H,0 — MgCOQO; + 3H,0 (nesquehonite) (2)
3
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5Mg(OH), + 4CQ, — 4MgCG;1 IMg(OH),[14H,0 (hydromagnesites) (3)
5Mg(OH), + 4CQ, + H,0 — 4MgCO; - Mg(OH), « 5H,0 (dypingite) (4)

The use of carbonated reactive MgO as a bindesfaree intrinsic barriers: (1)
the strength development largely relies on carbionathus a porous microstructure
with small thickness is preferred in facilitatingdgdiffusion; and (2) reduction in pH
of pore solution increases the risk of steel depassn, hence limiting the
application of steel reinforcemen® [. These two barriers restrict the application of
the carbonated reactive MgO to producing non-stirattporous materials at small
scale, which are of limited usage in the precahistry.

The needs of further exploring applications of te@cMgO binder with high
CO, sequestration capacity and production efficiencytivated this study.
Engineered Cementitious Composite (ECC) could Ipeoaising candidate for this
purpose [13]. ECC represents a class of high tendilctility materials with
strain-hardening and multiple-cracking behavior, [18]. The tensile strain capacity
of ECC is normally over 3%, nearly 300 times that@nventional concrete [16]. The
high tensile ductility could reduce the necessitie§ incorporating steel
reinforcements in certain applications, offeringpopiunities for low-pH binders such
as the carbonated reactive MgO [14, 15]. Anothequenfeature of ECC is that the
width of the multiple cracks can be controlled &dw 60 um [17], contributing to a
low permeability and enhanced durability in thecked condition. This tight crack

width control is autogenous, without dependencsteal reinforcement. A number of
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structural applications have highlighted substanéahnical benefits of using ECC,
e.g., impact resistance, structural rehabilitaiod seepage proofing [15, 18].

ECC can be tailored in terms of chemical formuladi@nd micromechanics to
accommodate different types of raw ingredients .[1®]conventional ECC, PC and
fly ash are the main binding ingredients while &gtic fibers such as PVA, PP and
PE fibers serve as reinforcing elements. Drivenittgrest in developing more
sustainable materials, prior investigations havangred a number of mineral
admixtures and alternative binders, e.g., groundngated blast-furnace slag
(GGBFS), alkali-activated binders, to develop loavkon ECC [19-21]. More
recently, the carbonated reactive MgO-based bingas introduced to ECC,
achieving a tensile strain capacity of up to ~488d an ultimate tensile strength of
~4.1 MPa after 28-day carbonation [13]. Despite ttiesirable mechanical
performance, the carbonation duration was long (28-days) which lessened
application appeals in the precast industry, forictvhefficient manufacturing is
economically critical. Additionally, the environmah and economic impacts
associated with the carbonated reactive MgO-ba&§¥d ilEmain uncertain.

In further pushing the application of reactive Mg@d improving the production
efficiency, an accelerated carbonation curing pgedbat was previously adopted in
conventional precast concretes [3, 9, 22-23] iseliped here for a reactive
MgO-based ECC. The carbonation duration can betesiienl to 1 day at an elevated
CO, pressure. Effects of the accelerated carbonationg on mechanical properties,

cracking behavior and microstructure of the reacgO-based ECC are examined.
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Sustainability and cost of this new version of E&€ also investigated.
2. Experimental program
2.1. Materials and mix proportion

Light-burnt MgO (MAGOX® premium grade, Premier Maggpia, LLC) and fly
ash (class F, Headwaters Resources Inc) were sdeidders. 99.5% of the MgO can
pass the standard #325 mesh and 100% MgO canhmagd®0 mesh, as per ASTM
E11 [24].Table 1 lists the chemical compositions of the MgO anda$h. Polyvinyl
alcohol (PVA) fibers with 1.2% oil content suppliéy Kuraray Ltd. (Japan) were
used for the ECC. Mechanical properties of the FYar are listed inTable 2. Tap
water was used for mixing. To achieve a sufficiemtrkability of the fresh mixture,
sodium hexametaphosphate (SHMP, chemical formudP®)s, Alfa Aesaf™) [25]

and superplasticizer (SP, W.R. Grace & Co.) wepdiegp.

Table 1. Chemical compositions of MgO and fly ash determined by XRF

Chemical componeht MgO (%) FA (%)
Sio, 0.31 52.19
Al,O3 0.2 22.23
SO, - 2.16
MgO 95.76 0.93
P.Os - 0.11
K,0 - 2.56
TiO, 0.01 1.01
Fe0O; 0.13 13.49
CaO 0.81 3.40
Cl 0.03 0.01
Loss on ignition (at 950C) 2.75 1.01

Note:? Chemical component is analyzed by X-ray fluoreseemethod using ARL9800XP+XRF
spectrometry
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Table 2. Properties of PVA fiber

Length Diameter  Elongation Density Young's modulus Tensile strength
(mm) (nm) (%) (kg/n'’) (GPa) (MPa)
8 39 6 1300 42.8 1600

Two mix proportions were studied with 70% and 50%/by the binder’s mass,
respectivelyTable 3 shows the details of the mix proportions. The tigtures were
denoted as C#énd N#, where # referred to MgO content by bindassn(i.e., 0.7 or
0.5). The C# referred to the mixtures subjectethéoaccelerated carbonation curing,
and the N# referred to the non-carbonated refertémtewas cured in aifl(= 20
201, Relative humidity (RH) = 65 + 2%).

Table 3. Mix proportions of reactive M gO-based ECC (massratio)

Batch ID MgO Fly ash Water SHMP SP PVA Fibet
C0.7, NO.7 0.7 0.3 0.60 0.060 0.0073 2.0
C0.5,N0.5 0.5 0.5 0.52 0.052 0.0073 2.0

®SHMP was 10% by water mass;
®PVA fiber content was by volume (%)

2.2. Sample preparation

Both mixtures were prepared using a 4-liter momater. The solid ingredients,
including reactive MgO and fly ash, were dry-mixat 100 rpm for 2 min. A
SHMP-SP solution was prepared using the mixing w&eMP was first added into
the mixing water and was stirred for 5 min usinghagnetic stirrer at a rate of 240
rad/min and a temperature of 85After mixing, SP was added to the solution and
was stirred for another 1 min. The SHMP-SP solutisas added to the dry
ingredients in the mortar mixer and was mixed & fm for 3 min to produce a

uniform matrix. The PVA fibers were then added arate mixed at the same rate for
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an additional 5 min. The fresh mixtures were cati cubes (50 mmd 50 mmXx 50
mm) and dogbone-shaped moldBig; 1) followed by 3-min vibration. These
specimens were covered with a plastic sheet toeptemoisture loss and set in air

(temperature = 20 +2and RH = 65 + 2%), and were demolded at 21 h atieting.

85 mm 40 mm 80 mm 40 mm 85 mm
I l f | f I
1
60 mm L 30 mm
12.7 mmI! | | | | |
I 330 mm |

Fig. 1. Dimensions of dogbone-shaped specimen for uniaxial tension test

The reactive MgO-based ECC specimens after denwmldi@re split into two
groups, i.e., carbonation-cured ECC (C#) and noharsmted ECC (N#). To facilitate
CQO, diffusion in ECC, the demolded specimens wereqaaon a grid plate for a
3-hour de-mold conditioning at temperature of 2@'@ and RH of 65 + 2%. The
purpose of the de-mold conditioning was to remoxeess moisture in the porous
space of ECC to provide interconnected pathwaysCios diffusion. The reactive
MgO-based ECC carbonation was performed in a preshamber depicted Fig. 2.
The carbonation chamber was continuously suppligd @O, gas of 99.8% purity
and 2.0 bar pressure X2.0° Pa). A tray of water (~100 g) was placed inside th

chamber to prevent sample water evaporation dutiegcarbonation process. The
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cube and dogbone-shaped ECC specimens were catidoatl day, 3 days and 7

days. The specimens’ mass changes induced by @roruring were recorded.

(-
C0; pressure = 2 bar, Room temperature, RH>90% O]
- >
; ——— ——— - CO; >99.8% purity
Gas outlet = ﬂ )

Pressure chamber

Fig. 2. Laboratory setup for ECC carbonation curing

2.3. Perfor mance evaluation

The compression test was performed on the cubdansees following ASTM
C109/C109M [26]. The loading rate was set at 0.34.@7 MPa/s. Triplicate
specimens for each batch were prepared and teRtemholphthalein indicator was
used to determine the depth of carbonation onnbgscsection of cubes.

Uniaxial tension test was performed on the doglsiteped specimens following
the Japan Society of Civil Engineers (JSCE) highfgpmance fiber reinforced
cementitious composite testing method [27]. Lineaiable displacement transducer
(LvDT) was used to measure the tensile deformafltre tension test was conducted
using an Instron® instrument (ElectroPMsE10000 Linear-Torsion Model) with a
loading capacity of 10 kN. The dogbone-shaped spers were gripped using wedge

action on their slanting edges. Sufficient degre&eedom was allowed in the grips
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to ensure the application of uniaxial tension altimg longitudinal axis. The loading
rate was 0.5 mm/min. Triplicate specimens werete&ir each batch.

Residual crack numbers and widths were measuredhendogbone-shaped
specimens in unloaded state after the uniaxiaidanssing an infinity X-C21 optical
electron microscope with a resolution of @@ (Hirbor CX-50470RZ, Japan), and the
collected images were analyzed using the discrintiaaalysis method following Li
[15]. Triplicate specimens were examined for eaobeovation, and the coefficient of
variation (COV) of crack widths and numbers werghbfmund to be less than 5%
indicating a good consistency of the measurement.

After tension test, fracture surfaces of the speaisnwere examined using a
JEOL IT500 Scanning Electron Microscope (SEM) ak\b accelerating voltage.
X-ray diffraction (XRD) was performed using powdsamples obtained from the
same specimens to estimate Laptake. The specimens were saw cut to pieces
smaller than 10 mm and were manually ground to pa88um sieve. The powder
samples were thoroughly mixed with 10% lithium fide (LiF) as an internal
reference for conducting quantitative XRD. A RigaBmartLab XRD with Cukk
radiation was used for the data collection. Theaysrwere generated at 40mA and
45kV. A beam knife was used to mitigate air scattprduring the scanning. The
diffraction pattern was collected in the range df 50° @ with a step size of 0.02°
20. Phase quantification was carried out using MOleJ2010. The phase contents

were regulated to the sample’s ignited mass at°1100
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3. Results and discussion

3.1. Compressive strength and car bonation depth

Fig. 3 (a) shows the age-dependent evolution of compressiremgth for the
four different batches of reactive MgO-based EC@.the non-carbonated reference,
the 7-day compressive strength reached 15.92 M&®4.4123 MPa for the mixes with
70% and 50% reactive MgO (NO.7 and NO.5), respebltivihe strength gain in the
absence of carbonation was likely attributed tanfation of brucite through MgO
hydration, as shown iBq. 1. Nevertheless, the contribution of brucite to coesgive
strength was relatively trivial as compared to tthaé to carbonation curing. In the
carbonation-cured specimens with 70% reactive Md@.%), the compressive
strength achieved 22.55 MPa at 1 day. Extending#nbonation duration to 7 days
improved the compressive strength to 41.99 MP&(a% increase). The same trend
was observed for the mix with 50% reactive MgO 8}0where the compressive
strength was improved by 72.5% from 1 day to 7 days achieved 31.52 MPa after
7-day carbonation. The increase in compressivengtineof reactive MgO-based
materials enabled by carbonation has been widelygrézed in previous studies and
is attributed to the precipitation of hydrated megjom carbonate$] following Egs.
2-4.

Fig 3 (b) shows the measured density of the same cubenspesi The trend in
evolution of sample density agrees closely witht thfacompressive strength, i.e., a
longer carbonation duration led to a denser bindimatrix along with a higher

compressive strength. As the carbonation duratioreased from 1 day to 7 days, the
1



226  densities were increased by 23.3% and 14.1% for @dd CO0.5, respectivelifig. 4

227 shows the carbonation depth in the same periodeteyrdined by phenolphthalein
228 indicator on the cross-section. A nearly twofoldregmse in carbonation depth was
229 observed between 1-day and 7-day of,@®posure. At 7 days, the cube specimens
230 likely achieved a complete carbonation along thekttess (50 mm) for both mixes as

231 indicated by the carbonation depth (23.7 mm for7Ghd 25 mm for CO0.5).
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Fig 4. Carbonation depth of reactive M gO-based ECC cube specimens
3.2. Tensile performance

Results of the uniaxial tension tests are showthénform of stress-strain curves
in Fig. 5. The tensile stresses recorded at occurrence offitee crack and
approaching specimen failure were named as “fi@tking strength” and “ultimate
tensile strength”, respectively. The maximum tensstrain obtained during the
tension test was referred to as the specimen’sifeestrain capacity"Table 4 lists
such defined parameters for evaluation of the kep&rformance.

As shown inFig. 5, typical elastic and strain-hardening stages waearly
identified for all batches. For the non-carbonatfdrence made with 70% MgO and
30% fly ash (NO.7), the first cracking strength aedsile strain capacity at 1 day
achieved 0.71 MPa and 4.02%, respectively. Introducarbonation curing doubled
the first cracking strength and improved the tenstrain capacity up to 6.04% at 1
day. As indicated by phenolphthalein test on thessisection, the dogbone-shaped

specimen was likely carbonated throughout the tlésk at 1 day. Extending the

13
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carbonation duration to 7 days led to a furtherdase in the first cracking strength to
2.85 MPa but substantially decreased the tensignstapacity to only 3.27%. As

compared to reference [13] at 7 days curing, thet firacking strength is almost
identical but the tensile strain capacity is higf®B89% v.s. 2.70%). It was indicated
that an optimal condition was reached by carbonatiol day, beyond which longer

carbonation would result in an excessively stroragrix and consequently reduce the

ductility.
7 7
—— 1 day (a) NO.7 —— 1day (b) CO.7
= 6} |— 3 day: 6} |—— 3 day
o —— 7 day: a —— 7 day
S o S oS
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Tensile stress (MPa)

Tensile stress (MP

~
o

Fig. 5. Uniaxial tensile stress-strain curves for (a) N0O.7, (b) C0.7, (c) NO.5, and (d) CO0.5 (the
inserts show carbonation depth determined by phenolphthalein spray on cross section.
Dogbone-shaped specimens were fully-carbonated along the thickness after 1-day
carbonation.)

For the non-carbonated reference (NO.7), howeves, rmatrix strength was

relatively low at 1 day. With a longer curing timydration of the reactive MgO
14
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gradually strengthened the matrix through predipitgabrucite in the microstructure

[13, 28], thus increasing the first cracking stitangp 1.72 MPa. The tensile strain
capacity of NO.7 increased accordingly with theragidn age. Nevertheless, both the
first cracking strength and tensile strain capaatgasured in the non-carbonated
reference (NO.7) at 7 days appeared lower thanethonsthe carbonation-cured

specimen at 1 day (C0.7). These results suppartttieacarbonation curing process
developed in this study was an effective approactathieving desirable mechanical
performance of the MgO-based ECC in a timely manner

Table 4. Uniaxial tensile properties of reactive M gO-based ECC

First cracking

Curing time Ultimate tensile Tensile strain
Batch ID (days) strength strength (MPa) capacity (%)
(MPa)

1 0.71 1.43 4.02
NO.7 3 0.87 1.64 3.93
7 1.72 2.82 5.14
1 1.56 3.52 6.04
Cco.7 3 2.52 5.37 5.79
7 2.85 4.23 3.27
1 0.62 1.19 3.08
NO.5 3 0.80 2.68 3.88
7 1.53 2.89 4.53
1 1.73 3.41 5.89
C0.5 3 2.75 492 4.88
7 3.62 5.60 4.52

For the carbonation-cured mix with lower MgO conté20.5 with 50% MgO by
weight), the same trend was observed in that tis¢ dracking strength and tensile
strain capacity peaked at 1 day and progressivetyedised with longer carbonation
duration. The highest tensile strain capacity w89% (CO0.5 at 1 day) and decreased

to 4.52% (C0.5 at 7 days).

15



281

282

283

284

285

286

287

288

289

290
291
292

293

3.3. Tensile crack patterns and fracture surface observation

Tensile crack patterns were obtained by countirglcmumber and measuring
crack width along the middle line drawn on the dwuybshaped specimen in the
longitudinal direction as shown inFig. 6. Multiple cracking during the
strain-hardening stage largely accommodates theset deformation [29]Table 5
lists the residual average and total crack widttes peak load at various curing ages.
The term “residual crack pattern” was used to iaticthat the crack patterns were

obtained after releasing the uniaxial tensile load.

Fig. 6. Typical crack pattern of C0.7 specimen after 1-day carbonation

Table 5. Residual crack widthsand numbers obtained on dogbone-shaped specimens

Batch ID Curing age (days) Avg. crack widthn) Crack number
1 33.44 47
NO.7 3 30.99 49
7 21.25 54
1 51.95 56
Cco.7 3 36.05 62
7 24.18 69
1 28.71 43
NO.5 3 24.82 44
7 20.22 47
1 30.17 55
C0.5 3 25.78 57
7 22.22 62

16
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Compared to the non-carbonated reference (NO.7N#&n8l), carbonation curing
(C0.7 and CO0.5) increased the average crack waltidscrack numbers at all ages.
Extending the carbonation duration tended to irsgeaack numbers while reducing

average crack widths. After 7-day carbonation,aherage crack widths decreased to

below 25um for both C0.7 and CO.5.

(@) NO.7 (b) C0.7
Fig. 7. SEM imagesfor (a) NO.7 and (b) C0.7 after 7-day curing

SEM images were taken on the fracture surface of @ad NO.7 at 7 days as
presented irFig. 7. The purpose of performing SEM observation waslémtify the
failure mechanism of fiber-matrix bridging, i.eibdr rupture or fiber pullout-ig. 7
(a) represents a typical fiber pullout observed in tlo&-carbonated specimens. In
comparison, fibers in carbonation-cured specimespldyed a shorter protruded
length as shown ifrig. 7 (b). The fiber also seemed to be sharpened at the tip,
suggesting fiber rupture following a short pullostage. In contrast, the
non-carbonated reference showed a relatively undadhdiber tip, suggesting
complete fiber pullout without ruptur@hese observations suggested that a stronger

fiber-matrix interfacial bond in the more exten$yvearbonated specimens (7 days)

17
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contributed to fiber rupture that impaired the E€€&train-hardening capability [30].
3.4. Estimated CO, uptake

Table 6 shows the residual MgO and Mg(QHjontents determined by XRD
(shown inFig. 8) and the associated estimates of,Qfptake. All values were
regulated to the sample’s ignited mass at 1100rfGrder to estimate the GQptake,
the MgO content in reactive MgO-based ECC was detexd by subtracting residual
MgO and Mg(OH) from the total MgO based on the mix proportionvghan Table
3. The amount of C@was obtained by assuming a mole ratio o, @MgO of 0.8,
which represents the lower limit of G@inding capacity in the reactive MgO-based
ECC listed inEgs. 2 - 4. As shown inTable 6, the CQ uptake achieved 34% for C0.7
and 17% for C0.5 after 1-day carbonation. Extendiregcarbonation duration led to a
noticeable increase in the 0ptake and a decrease in the residual amount @ Mg
and Mg(OH).

(b) C0.5
(a) CO.7

LiF
N/D/H

7 days Mu M 7 days 5 Mu
Bp N My

wﬂw

10 15 20 25 30 35 40 45 50 55 10 15 20 25 30 35 40 45 50 55
20 (%) 20 (°)

N/D/H M

Fig. 8. XRD patternsof (a) C0.7 and (b) C0.5
(B: brucite, D: dypingite, N: nesquehonite, Mu: mullite, H: hydromagnesite, M: MgO, LiF:
lithium fluoride (internal reference)
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Table 6. Residual contents of M gO, Mg(OH), and estimated CO, uptakein reactive
MgO-based ECC after carbonation curing

Batch  Carbonation MgO Mg(OH), Estimated CQuptake Estimated CQuptake by
ID time (days) (%) (%) by MgO+FA mass (%) MgO mass (%)

1 12 11 34 49
C0.7 3 9 11 35 50
7 4 7 46 66
1 11 16 17 34
C0.5 3 9 5 26 52
7 9 5 26 52

Note: Phase content and GQptake were based on sample’s mass ignited at’C100@ Rietveld
refinement, Rwp was in range of 4.06-5.41. GOF waange of 1.73-2.62.

As can be seen in a plot of @Qptake versus carbonation duration showRim
9, the rate of C@uptake in the first three days of carbonation feaser in C0.5 than
in CO.7. This is indicative that a higher amounflpfash may accelerate the process
of MgO carbonation. Similar results enabled by addily ash have been previously
reported in PC systems and were attributed to grehspersion of reactive particles
in the matrix due to incorporation of higher volwsy& fly ash [23, 31]. After 7-day
carbonation, the CQuptake achieved 46% and 26% by binder’s mass i7 @dd
CO0.5, respectively. The higher @@Qptake attained in C0.7 was expected given the
relatively higher portion of reactive MgO in thexmi

The evolution of CQ uptake was correlated with the tensile strain ciypas
displayed inFig. 9. For the C0.7 mix, the CQuptake slightly varied from 33% (1 day)

to 35% (3 days) at a rate of 1.0%/day, but notieaicreased up to 46% after 7 days
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352

353

354

355

356

357

358

359

360

361

of carbonation at a rate of 2.7%/day. The decre@asensile strain capacity showed a
corresponding trend, where the rate of change wasl $rom 1 day to 3 days (i.e.,
from 6.04% to 5.79% imable 4) at a rate of -0.1%/day, but became pronounced
when carbonation reached 7 days (3.27%) at a r&te0.6%/day. The same

relationship between tensile strain capacity and @@dake was confirmed for CO.5.

60 Estimated CQuptake Tensile strain capacn)9-0 —

S e By 2
~ - Co0.5 -@=LU -

_QCJ 50 7.5 é‘

[ ] QO

© (48]

g 40} 16.0 o

S ! ; ]

S 30t las ¢

'©

© [ 1 =

% 20} 430 ©

I | (D)

= D

ﬁ 10F 4115 &

it e

1 day 3 days 7 days
Carbonation time

Fig. 9. Relation between estimated CO, uptake and tensile strain capacity

The observed decrease of tensile strain capacityimireased carbonation time
may be explained through changes in the interfab@ld between the reactive
MgO-fly ash matrix and PVA fibers. Greater £€0ptake tended to strengthen the
matrix and likely led to a stronger fiber-matrixfaballowing less slippage at the
interface. Such an increase in the fiber-matrixcoted the fiber to rupture prior to
complete pulling out, resulting in loss of tengllectility. For the mixtures used in this
study, it is concluded that 1-day carbonation maysbfficient to achieve desirable

tensile ductility while still possessing a promiheapacity for CQ sequestration.

20



362

363

364

365

366

367

368

369

370

371
372

373
374
375
376
377

378

379

3.5. Environmental and economic impacts

Material sustainability indicators (MSIs) were atip to evaluate the overall
environmental and economic factors affecting thestesnability of the reactive
MgO-based ECC developed in this study. The MSlsaaset of indictors calculated
based on energy and material flow in the manufagiuyprocess [16, 29]. The major
MSIs of the reactive MgO-based ECC were chosennasgg consumption, CO
emission and material cost, which were collectedefach component as shown in
Table 7. It should be noted that the fly ash was assursesl @aste stream with zero

embodied energy consumption and &mission in this study.

Table 7. Breakdown of embodied energy consumption, CO, emission and material cost for
ingredientsin reactive M gO-based ECC

Component Energy consumption (GJ/t) LAnission (kglt) Cost (USD/t)

Cement 45-6% 870-940° 4g
MgO 2.4 1400° 200°
Water 1.2 0.2 7.0

Fly ash a 0° 25.6°
Superplasticizer 35 1667°° 121F
Na(PQ)s 12.8' 1065 688°

PVA Fiber 107 1710° 12670°

®Data fromPacheco-Torgal et al., (2017) [32].
®Data fromKeoleian et al., (2005) [33].

“Data fromUnluer and Al-Tabbaa (20148][
4Data from Tripathi (2007) [34].

¢ Market price that may fluctuate.

The MSiIs of the reactive MgO-based ECC were caledlan a volume basis

and were compared with that of concrete and theerttional version of ECC (M45)
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[11] in Table 8. The total energy consumption and cost of MgO-8a=s€EC were
calculated followingeq. 5, whereMa denotes total energy/cost of EQ@;, andF;
denote energy/cost and fraction of mixing comporieméspectively. The net GO
emission of MgO-based ECC was calculatedgs6, whereCiy, denotes net CO
emission of ECCC; andFC; denote C@emission and fraction of mixing component

i, respectivelyCodenotes C@uptake in ECCTable 6).

Miorar = X M; X F; (5)
Crotar = XL(C; X FCy) — Cy (6)
Table 8. Comparison of M SIsand cost for concrete, conventional ECC and reactive
MgO-based ECC
Material Energy consumption (GHm  Net CQ emission (kg/f)  Cost (USD/ )
Concrete 2.5 373° 108°
ECC-M45 6.7 581 443
ECC-CO0.7 3.7 451 - 551 308
ECC-CO0.5 1.9 132 - 205 178

#Data from Yang et al. (2007) [29].
®Data fromPortland Cement Association.
°Data from Yu and Leung (2017) [35].

The energy consumption, G@&mission and cost of conventional ECC (M45)
were 2.8, 1.6 and 4.1 times that of concrete, s@dy. The high volumes of cement
and silica sand, as well as the use of PVA fibacsounts for these differences.
Substituting the Portland cement binding systemE@GC-M45 by the reactive
MgO-fly ash binder significantly improves the suisébility performance. Compared
to ECC-M45, the ECC-CO0.7 and ECC-CO0.5 have redostaf 44% and 71% in total

energy consumption, and of 31% and 60% in prodoctiost, respectively. With
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1-day carbonation, the net @®mission of ECC-CO0.5 is projected to decreasepy u
to ~65% compared to that of ECC-M45. It is intereptthat the carbonated
ECC-C0.5 has an even lower net £@mission compared to the conventional
concrete. Despite a higher embodied,@® MgO than Portland cement, net €O
emission of ECC-CO0.5 is found lower compared td diaconventional concrete due
to CO, sequestration enabled by carbonation curing. Witansile strain capacity of
5.89% after 1-day carbonatioriTaple 4), the ECC-CO0.5 presents an excellent
environmental benefit while possessing a desirabdhnical performance. Further
investigations on durability of this new version BICC would be helpful in

determining life-cycle impacts of its applicatidnsspecific structures.

4, Conclusions

A new version of precast ECC was developed baserktactive MgO-fly ash
binding system and accelerated carbonation cuninggss using high purity GGat
an elevated pressure of 2 bars. Conclusions canalven as follows:

1) Accelerated carbonation curing densified therasttucture of the reactive
MgO-based ECC through precipitation of hydrated mesgum carbonates, thus
leading to higher compressive strength compareabtecarbonated reference at the
same age. First crack strength obtained from ualid&nsion test also increased with
increasing duration of carbonation curing.

2) Strain hardening and multiple cracking were wjedadentified in the
carbonated reactive MgO-based ECC subjected txiahi@nsion. 1-day carbonation

led to an increase of the tensile strain capacidynf3.08 - 4.02% (non-carbonated
23
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reference) to 5.89 - 6.04%. However, carbonatiaimguwith durations longer than 1
day progressively reduced the tensile ductility hwihe lowest observed strain
capacities (3.27 - 4.52%) occurring after 7 daysasbonation curing.

3) When the carbonation period increased from I tlays, the estimated GO
uptake, as measured by binder mass, increased3#étno 46% for mixtures with 70%
MgO and from 17% to 26% for those with 50% MgO. Teereasing trend of tensile
strain capacity with longer carbonation duratiorsvebosely correlated with the trend
of CO, uptake, indicating that a higher carbonation degbeyond the 1-day
carbonation curing was responsible for the redutsile ductility for this new
version of ECC.

4) With a longer carbonation curing, the averagelkwidth was reduced and
the total number of cracks was increased. Comparéiae non-carbonated reference,
carbonation curing likely created a stronger fibwtrix interfacial bond and
consequently led to increased occurrence of filpgture.

5) Compared to the benchmark ECC-M45, the 1-dayarwted reactive
MgO-fly ash binding system (with 50% MgO) has loveenbodied energy and GO
as well as lower cost. The total energy consumpsaeduced by ~71%, the net €0
emission is reduced by ~65%, and the productiohisasduced by ~60%. With up to
50% fly ash incorporated in the binding system, tiesv 1-day carbonated ECC
version could achieve both technical and envirortalemenefits for precast
applications, with MSIs dropping below those ofmat concrete. The findings of this
research could be applicated into wall precast m@egipes and wall panels.
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