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The ultra-durable Engineered Cementitious Composites (ECC) provides an opportunity for sequestering COy
during construction while reducing operational emissions in use phase. Here, ECC carbonation curing was
investigated as a precast route of CO, sequestration. Results suggest that ECC sequesters 29.6% CO, by cement
mass through early-age carbonation. The ultimate tensile and compressive strengths at 2 days were increased by
57.2% and 40.9%, respectively, while the tensile strain capacity attained 3.7%. Carbonation curing was found to

densify the fiber/matrix interface resulting in higher interfacial bond, tighter crack widths, and more robust fiber
bridging capacity. Consequently, the composite ultimate tensile strength increased by 22.7% while maintaining
comparable strain capacity at 28 days. The tighter crack widths further decrease the material water permeability
in loaded condition. These findings prove the feasibility of ECC carbonation curing and establish the scientific
foundation of carbon utilization and permanent sequestration in ECC for precast construction elements.

1. Introduction

Carbonation curing is a recent technology for sequestering CO5 in
precast cementitious materials based on carbon mineralization [1]. At
an early hydration age, unreacted calcium silicates and their early hy-
dration products provide the Ca source to convert the dissolved CO; into
CaCOs. This process permanently locks up CO; and occurs at a faster rate
than the normal cement hydration in a COy-free environment [2].
Consequently, the material early-strength development is accelerated,
leading to a shorter turnaround time for curing of precast products and
thus a higher precast manufacturing efficiency. In the long term,
carbonating curing forms a hybrid microstructure comprised of hydra-
tion and carbonation products [3,4] which reportedly refines the ma-
terial pore structure due to precipitation of CaCOs [5]. The reductions of
pore size and pore volume improve the material resistance against air/
liquid ingress [6,7] and potentially mitigate chloride-induced corrosion
of the embedded reinforcing steel [8]. Apart from improvements in the
pore structure and transport properties, carbonation curing is known to
enhance concrete durability when exposed to sulfate [7,9,10], acid [7],
and freeze-thaw environments [5]. Over the past decade, the concept of
carbonation curing has been validated and demonstrated on a variety of
precast products, such as dry-mix-based blocks [11], pipes [7], and the
general wet-mix concrete [12].

Engineered Cementitious Composites (ECC) is a novel class of fiber-
reinforced concrete with ultrahigh tensile ductility and intrinsically
tight crack widths [13] independent of steel reinforcements. When
loaded in tension, ECC has strain capacity at least two orders of
magnitude that of conventional concrete and exhibits strain hardening
and multiple fine cracking behaviors [14-16]. The design of ECC is
guided by micromechanical principles, and the composite properties are
governed by parameters associated with the cementitious matrix, fiber,
and fiber/matrix interface [17,18]. Due to the microfiber bridging, the
average crack width in ECC is generally below 100 ym and does not
increase with the imposed strains [19]. The tight crack width lowers
ECC’s water permeability [20] and promotes self-healing [21-23], thus
mitigating the operational carbon footprint by reducing the frequency of
infrastructure repairs during the service life.

ECC’s robust crack width control and low operational carbon can be
synergized with the reduction of material embodied carbon through
carbonation curing. To attain a desirable range of matrix toughness,
coarse aggregate is eliminated from ECC compositions. This necessitates
the use of high-volume cementitious ingredients providing additional
opportunities for carbonation curing and enhancing CO5 sequestration
capacity. On the other hand, pore water in materials subjected to
carbonation curing develop low pH, potentially limiting the applica-
bility of steel rebar reinforcement due to the heightened concern of
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carbonation-induced corrosion. The high ductility and intrinsic crack
control of ECC may lower the need for steel reinforcement and broaden
the application of carbonation curing. In this manner, there is synergy
between CO3 sequestration in and structural durability of ECC structural
elements.

To explore the opportunity offered by ECC for CO5 sequestration, this
study develops a carbonation curing process for precast ECC and ex-
amines its impact on the material properties. CO, uptake and mechan-
ical properties are studied at both early age and standard 28 days, and
the matrix and fiber/matrix interfacial properties are characterized
under the micromechanics-based design framework. This study exam-
ines factors influencing the material transport properties to provide an
estimate of durability; these factors include crack width, pore structure,
and the coefficient of water permeability in crack/uncracked conditions.
The experimental findings describe the feasibility of carbonation curing
for precast ECC and to advance the opportunities of utilizing CO; in
durable construction materials at scale.

2. Methodologies
2.1. Materials and mix proportions

Materials used for this study include ordinary Portland cement (PC,
Type I, Lafarge-Holcim), fly ash (FA, Class F, Boral Resources), silica
sand (F75, US Silica), high-range water reducer (HRWR, ADVA575, GCP
Applied Technologies), and polyvinyl alcohol fiber (PVA, RECS15,
Nycon). Tables 1-2 provide the PC and FA chemical compositions and
the PVA fiber technical specification, respectively.

Two typical ECC compositions were studied, and the mix proportions
are listed in Table 3. The mixtures chosen for this study have fly ash-to-
cement (FA/PC) mass ratios of 1.2 and 2.2. These compositions have
demonstrated high tensile ductility with tight cracks [21,24]. Both
mixtures were studied for CO, uptake and changes to mechanical
properties, while only one of them was selected for characterization of
microstructure and transport properties. The workability of the fresh
ECC was evaluated by the flow table test (cf. ASTM C230) and was
controlled within 220 + 10 mm.

2.2. Mixing and casting

A 12 L capacity Hobart mixer was used for mixing. The mixing
procedure is elaborated as follows:

e Step 1: dry-mix PC, FA and silica sand at a low speed for 1 min

e Step 2: mix water and HRWR, then add to the solid ingredients

o Step 3: mix the mortar at a low speed for 3 min; pause and scrap the
bowl sides to transfer the collected mortar into the batch; mix at
medium speed for 1 min

e Step 4: add PVA fiber; mix at medium speed for 3 min

The fresh ECC was cast into dogbone-shaped specimens for uniaxial
tension (see Fig. 1) and 50-mm cubes for unconfined compression. All

Table 1

PC and FA compositions (by mass %).
Composition PC Fly ash
CaO 67.5 3.4
SiOy 17.7 52.2
Aly,O3 4.2 22.2
MgO 2.0 0.9
P,0s 0.1 0.1
Fey03 3.7 13.5
K0 0.5 2.6
TiOy 0.3 1.0
SO3 3.6 2.2

LOI 21 1.0
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Table 2
PVA fiber technical specification.
Length Diameter Elongation Density Young’s Tensile
(mm) (um) (%) (kg/m*) modulus strength
(GPa) (MPa)
8 39 6 1300 42.8 1600
Table 3

ECC mix proportions.

Mixing compositions Mix I (FA/PC = 1.2) Mix II (FA/PC = 2.2)

Portland cement (PC) 1 1

Fly ash (FA) 1.2 2.2
Silica sand 0.8 0.79
Water 0.58 1.16
HRWR 0.007 0.013
PVA fiber, vol% 2 2
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Fig. 1. Dimensions of dogbone-shaped specimen for uniaxial tension.

specimens were stored in open air after casting and demolded after 24 h.
The demolded specimens were then separated into two groups for
carbonation curing and normal hydration (i.e., non-carbonated refer-
ence), respectively. The non-carbonated group was designed as a control
and cured under room conditions (23 & 2 °C, RH 60 + 5%) until the
defined testing ages.

2.3. Curing regime

The execution of ECC carbonation curing followed the typical pro-
cedure of conventional concrete [12] and was adapted to a longer pre-
conditioning treatment due to the delayed setting time associated with
the high-volume FA incorporation. A four-step process was conducted
including 1) in-molding curing, 2) off-mold conditioning, 3) carbon-
ation, and 4) subsequent curing. Fig. 2 depicts the timing, processing,
and exposure conditions at each step. Fresh ECC was first set in steel
molds (dogbone/cube) until hardened at 18 h under room conditions.
The specimens were then demolded and subjected to an enforced drying
process (i.e., de-mold conditioning). This process aims to partially
remove the pore water to evacuate adequate porous paths to facilitate
CO4, diffusion. Previous studies [25,26] suggest that 40% water removal
provides the maximal efficiency of CO, uptake and was thus chosen as
the target for ECC. In the laboratory condition (23 + 2 °C, RH 60 + 5%),
it took approximately 6 h to complete the drying process. After the off-
mold conditioning, the partially dried specimens were mounted into a
bench-top pressure chamber (see Fig. 3) for carbonation. The chamber
was filled and supplied continuously with high-purity CO, gas (99.8%
concentration) at 5 bar (0.5 MPa) at room temperature (23 + 2 °C).
Carbonation was conducted for up to 24 h, such that the early-age curing
process (Steps 1-3) was completed within 48 h.

After carbonation, a group of specimens was tested immediately (i.e.,
at 48 h or 2 days) for carbonation depth, CO5 uptake, and mechanical
properties, while the other group was stored in air until the standard 28
days. The non-carbonated control was tested at 2 and 28 days following
the same testing protocol as for the carbonated groups.
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Batching, mixing, and casting
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Carbonation curing

Step 1 in-mold curing
T=23+2°C; RH=60+5%
18 hours

Step 2 off-mold conditioning
T=23+2°C; RH=60+5%; fan-

drying at lmis; 6 hours

Step 3 carbonation
Pco,=0.5MPa; w/o heating
24 hours

Step 4 subsequent curing
T=23+2°C; RH=60+£5%
26 days

Non-carbonated reference
T=23+2°C; RH=60+5%; 28 days

Fig. 2. Curing procedure. For the carbonated specimens, Steps 1-3 comprise
the 48-hour carbonation curing process.

Fig. 3. Lab-scale pressure chamber for carbonation curing.

2.4. Material characterization

2.4.1. CO3 uptake estimate

Carbonation curing is a mass gain process due to the precipitation of
mineral carbonates from gaseous CO9, which is an energetically favor-
able exothermic reaction. The heat of reaction drives the free water to
evaporate from samples and subsequently condense inside the chamber.
In general, COy uptake in this process can be estimated via two ap-
proaches. One is based on the system mass balance, known as the mass
gain method [12,26,27], while the other is based on thermal analysis of
the carbonated sample, such as through thermogravimetric analysis
(TGA) [2,28]. The two approaches were adopted independently for
estimating CO2 uptake in ECC and the average was reported.

For the mass gain method, CO5 uptake is determined following Eq.
(1). Note that the water condensed inside the chamber originated in
ECC’s mixing water, thus should be added to the specimen mass after
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carbonation. Upon the completion of carbonation, the condensed water
was collected using an absorbent paper [29] and weighed at an accuracy
of 0.01 g.

My + Myarer —

CO,uptake(%) = M 100% )

Mcement

where

m; and my are the sample masses weighed before and after carbon-
ation, respectively

Myaer 1S the mass of the condensed water

Meement 1S the dry cement mass in the sample

CO-, uptake can also be measured from the sample mass loss during
the decarbonation stage upon heating. Due to the incorporation of silica
sand and fibers in ECC, a muffle furnace was used instead of TGA. As
TGA requires a small quantity of powder samples, the sampling process
(e.g., grinding and sieving) involves the experimental variability asso-
ciated with the sand and fiber contents among different TGA samples.
The muffle furnace method can handle larger samples without grinding
or sieving and thus can avoid this variability. The dogbone-shaped
specimens were sliced along the cross section into 5-mm thick pieces.
About 100 g of the sliced sample was heated in a muffle furnace from
room temperature to 550 °C and 950 °C. The mass change between
550 °C and 950 °C is assumed to be the mass of CO, released from the
sample. The CO, uptake can be determined following Eq. (2).

(msso — moso) — (Msso — Moso)

Meement

CO, uptake(%) = x 100% (@3]

where

moso and msso are the masses of carbonated sample at 950 °C and
550 °C, respectively

Moso and Mss are the masses of non-carbonated reference at 950 °C
and 550 °C, respectively

Meement 1 the dry cement mass in the sample

2.4.2. Mechanical testing

The mechanical testing includes unconfined compression and uni-
axial tension at 2 and 28 days. The compression test was conducted on
the 50-mm ECC cubes using a Forney loading machine at a loading rate
of 0.5 MPa/s (cf. ASTM C109). The uniaxial tension test was conducted
on the dogbone-shaped specimens with a gauge length of 80 mm (cf.
JSCE [30]). Two linear variable displacement transducers (LVDT) were
mounted to the specimen to record the gauge length elongation every
second. The loading process was displacement-controlled using an Ins-
tron loading system at a constant rate of 0.5 mm/min. Each mechanical
test included four repetitions and the average was reported.

ECC matrix toughness K, was determined experimentally as per
ASTM E399. The test was conducted on a pre-notched matrix specimen
(without fiber) subjected to three-point bending. The beam specimen
measured 304.8 mm in length by 76.2 mm in height by 38.1 mm in
depth. The loading support spanned 254 mm. The notch-to-height ratio
was 0.4. Due to the nature of CO; diffusion, carbonation occurs to the
highest extent on surface and the lowest in core. To ensure the material
adjacent to the notch tip was carbonated effectively, matrix specimens
were pre-notched before carbonation. The loading process was
displacement-controlled at a rate of 0.5 mm/min. Ky, is calculated using:

K, =5 f(2) 3)

T \w

4

() s [ 1.99—(;)(1—3){2.15—3.933+2.7(3)2}
L (e (R
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where

Kp, is fracture toughness in MPa 1/m
P is the peak load in N

S is the span in m

b is the specimen thickness in m

w is specimen width in m

a is the notch depth in m

2.4.3. Crack width measurement

ECC’s crack width was measured on the dogbone-shaped specimens
while loaded in tension. The laboratory setup documented by Liu et al.
[12] was adopted to load the specimen to a selected tensile strain and
subsequently lock the specimen in tension by a pair of bolts and nuts.
The surface of the loaded specimen was then examined for crack width
distribution along the centerline using a bench-top optical microscope at
50x magnification. Unlike conventional concrete, the micro-cracks in
ECC continue carrying load due to the fiber bridging and may be sub-
jected to partial closure when the load is released. A prior study by Yang
et al. [31] suggested that the loaded crack width could double the re-
sidual crack width measured on the same specimen after unloading.
Hence, measuring the loaded cracks is necessary to emulate the field
condition.

2.4.4. Selective acid dissolution

Early-age carbonation is known to compromise the binder alkalinity
and thus may hinder pozzolanic reactions at later ages [26]. To clarify
this effect in ECC, the reaction degree of fly ash was determined
experimentally using the selective dissolution method recommended by
RILEM TC238 [32]. The selective dissolution method assumes that
Portland cement and reacted fly ash dissolve in acid, leaving the
unreacted fly ash the only phase in the residue. This is not valid ideally
due to the undesired dissolution of a minor part of the unreacted fly ash
and other phases that may be undissolved. The testing accuracy can be
improved by applying calibration of the raw materials and residues [32],
and the results are more reliable in the presence of higher volumes of fly
ash. As the ECC mixtures used in this study had a minimum fly ash-to-
cement ratio of 1.2, the selective dissolution method could be adopted
for its high consistency. The test was conducted on powdered samples
(passing 75 um sieve) uniformly collected from the carbonation-cured
and non-carbonated ECC cement pastes at 28 days. Salicylic acid and
hydrochloride acid were used for preparing the acid solution, and the
proportion is given in [32].

2.4.5. Mercury intrusion porosimetry (MIP)

The pore structure was analyzed on ECC samples using MIP. After
stopping the hydration of sliced ECC samples through solvent exchange
(isopropanol) at 28 days, the samples were vacuum-dried in a desiccator
with silica gel. The MIP test was conducted using a Micromeritics
AutoPore Porosimeter. The contact angle of mercury was set as 130°,
and the intrusion pressure was up to 420 MPa corresponding to a min-
imum pore diameter of 3 nm.

2.4.6. Single fiber pullout test

To characterize the fiber/matrix interfacial bond, the single fiber
pullout test was performed using a 5 N load cell at a constant loading
rate of 0.5 mm/min. The test followed the same configuration as re-
ported by Redon et al. [33], and the load-displacement (P-S) curves
were collected. Fig. 4 illustrates a typical P-S curve, where the PVA fiber
experiences a debonding stage and a subsequent slippage stage. During
the debonding stage, the PVA fiber pullout load P increases up to P,
followed by a sudden drop to Py, as the fiber is completely debonded
from the matrix. The surface abrasion of the ductile PVA fiber accounts
for the slip hardening phenomenon during the slippage stage, where the
pullout load continues increasing as a function of the fiber displacement.
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Fig. 4. Typical single-fiber pullout P-S curve.
The fiber/matrix interfacial bond properties, including chemical

debonding energy Ggq (i.e., chemical bond in J. /m?), frictional bond 7, (in
MPa), and slip-hardening coefficient p can be determined as follows [33]

2(P, — P,)?
Gy=a 5
7] PEd 5)
P,
_ 6
0= dl, ©®)
d( 1 AP
= — 1 7
/ le <”T0df AS sqo_‘_ ) @
where

E; is the Young’s modulus of PVA fiber

ds is the fiber diameter

L, is the fiber embedded length

AP/AS' is the initial slope of the P-S load defined in Fig. 4

2.4.7. Backscattered electron microscopy (BSE)

To understand plausible alterations at the fiber/matrix interface, the
matrix close to the fiber surface was examined via backscattered elec-
tron microscopy (BSE) on a scanning electron microscope (SEM). Pol-
ished ECC samples were observed at a 1000x magnification using a
JEOL IT-500 SEM equipped with energy dispersive spectroscopy (EDS).
The observation was conducted at a 20 kV acceleration voltage and a 40
mA current.

2.4.8. Micromechanical modeling

The purpose of modeling efforts is to determine the fiber bridging
capacity oo and complementary energy J; and to assess the effect of
carbonation curing on the strain-hardening potential based on ECC’s
micromechanical design framework [13]. Experimental data obtained
from the tests above were used as input. The calculation follows the fiber
bridging constitutive law that links the single fiber/matrix interaction at
microscale to the single crack fiber bridging behavior at mesoscale [34].
Based on the results, pseudo strain-hardening (PSH) indices can be
determined

J
PSHenergy =t (8)
Jrip
O
PSHs[rcnglh = 0-_0 (9)

¢
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K2
Jz[p = Em (10)
where

Ep is the Young’s modulus of matrix in GPa
Kp, is the matrix toughness in MPa \/ m

2.4.9. Water permeability

The water permeability test was conducted on the non-cracked
dogbone-shaped specimens and on the cracked specimens pre-strained
to 1%, 2% and 3% in tension. A falling head test setup developed in
prior studies [12,20] was used to measure the coefficient of perme-
ability. The test began at the age of 28 days. All specimens were sealed
with epoxy on the sides and were saturated for 48 h before testing. The
water permeability setup is shown schematically in Fig. 5. The coeffi-
cient of permeability k is calculated as follows

=2k (1o an
A'l/ h/

where

k is the coefficient of permeability (m/s)

a is the cross-sectional area of the standpipe (m), i.e., 2.84 x 10> m
L is the specimen thickness in the flow direction, i.e., 0.012 m

A is the top surface area of the specimen subject to the flow, i.e., 8.93
x 1073 m?

t is the elapsed time (s)

hp and hy are the initial and final water heads (m), respectively.

2

3. Results and discussion
3.1. Carbonation behavior and pozzolanic reaction

ECC appears to be highly reactive to CO5 at the early age. Fig. 6
shows the evolution of CO5 uptake in the dogbone-shaped ECC speci-
mens after various carbonation durations. The average CO» uptake in
Mix I was found to attain 21.0% within only 1 h and up to 29.6% after
24 h. Mix II with a higher fly ash content exhibited a faster reaction
process and achieved 35.1% CO, uptake at 24 h. Compared to the
carbonation behavior of conventional mortar and concrete [3,26,35],
ECC exhibits a remarkable CO, reactivity in early carbonation. This can
be attributed to the high-volume fly ash incorporation [26], which di-
lutes cement particles and increases the contact between dissolved CO4
and Ca-bearing phases. A similar effect was observed in [26] where the

Standpipe

W
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Fig. 6. Evolution of estimated CO, uptake in dogbone-shaped ECC specimens.

24-hour CO3 uptake increased from 19.57% to 28.20% with reference to
the mass of cement when incorporated with 50% fly ash.

The depth of carbonation was measured on saw-cut cross sections of
ECC specimens by spraying the sample with phenolphthalein indicator.
After 24 h of carbonation, the dogbone-shaped specimen was found to be
fully carbonated, whereas cube specimens exhibited a layered structure
comprised of a carbonated surface (11-15 mm) and a non-carbonated
core. Fig. 7 compares the CO, uptake and carbonation depth of
different ECC specimens. The inhomogeneous carbonation along the
depth accounts for the lower average CO, uptake observed for cubes
compared to the thin dogbone-shaped specimens. Relative to Mix I, the
Mix II cube specimens containing more fly ash showed a higher CO,
uptake and a larger depth of carbonation.

XRD was conducted at 28 days to verify the mineralogical alterations
associated with carbonation curing. As indicated in Fig. 8, the main
mineral form of carbonation products was found to be calcite. Due to the
intense carbonation of ECC, portlandite and ettringite were mostly
depleted, leaving calcite the most prominent crystalline phase in the
binder. This is consistent with the findings of previous studies [3,35] and
indicates that carbonation curing forms a low-alkalinity environment
which may limit its applicability to steel-reinforced structural elements.

The pozzolanic reaction of fly ash in ECC was substantially lowered
after carbonation curing. As shown in Fig. 9, the early carbonation
nearly depleted the pozzolanic reaction at 28 days, resulting in a
decrease of the reacted fly ash fraction from 11.2% to 0.2% for Mix I and
from 6.4% to 0% for Mix II. The calcium hydroxide reduction at the early

%
Plexiglas Water | ]
Reservoir Y-
N\ A T
] S22 o
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locked in % specimen
tension L !
7
Y /

|

Fig. 5. Falling head permeability test setup schematic.
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Fig. 7. Average CO, uptake and carbonation depth in ECC subject to 24-hour carbonation.

age accounted for the loss of fly ash reaction [26]. As the matrix was
severely carbonated with an average CO, uptake up to 35.1% by cement
mass, the subsequent cement hydration was not capable of recovering
the calcium hydroxide level for pozzolanic reaction. It indicates that
most fly ash in the carbonated ECC acts as fillers or micro-aggregates and
does not participate in the pozzolanic process.

3.2. ECC mechanical properties

Carbonation curing accelerates early strength gain for both ECC
mixtures but leads to different mechanical properties at 28 days for
Mixes I and II. As shown in Fig. 10, at 2 days, carbonation curing
increased ECC’s compressive strength from 27.6 MPa to 38.9 MPa (by
40.9%) for Mix I and from 20.1 MPa to 29.5 MPa (by 46.8%) for Mix II.
The noticeably high early strength induced by carbonation curing is
evident for the effective CO5 uptake in ECC. After the early carbonation,
the compressive strength of Mix I continued increasing and reached
54.0 MPa after a 26-day subsequent air curing, which was comparable to
the non-carbonated reference recording 52.6 MPa. In comparison, for

Mix II at the same age, carbonation curing was found to lower the
compressive strength by 15.5% (from 42.7 MPa to 36.1 MPa at 28 days).
It appears that the post-carbonation strength development was slowed
down in Mix II containing a higher fly ash content. This phenomenon
could be attributed to the loss of pozzolanic reaction in the carbonated
specimens and is suggestive of a trade-off relation between the early
carbonation and fly ash pozzolanic reaction, due to their intrinsic
competition for calcium hydroxide [26]. As the cement content de-
creases and fly ash increases, the strength enhancement by carbonation
does not compensate for the strength loss associated with the reduced
pozzolanic reaction. Nevertheless, it seems that Mix I with a 1.2 FA/PC
ratio is desirable to attain a high early strength (and CO5 uptake) while
maintaining a comparable long-term strength.

The typical tensile stress—strain curves are shown in Fig. 11, and the
tensile properties are summarized in Table 4. At 2 days, carbonation
curing increased the first-cracking strength, ultimate tensile strength,
and strain capacity for both mixtures. The carbonation-cured Mix I ECC
attained the highest ultimate tensile strength recording 4.59 MPa at 2
days, exceeding its non-carbonated counterpart by 57.2%. At 28 days,
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cracking and ultimate tensile strengths at 28 days were found to
15 i i decrease by 18.2% and 29.8% respectively, and the strain capacity was
@ Carbonation curing lowered from 3.64% to 2.88%. The results of uniaxial tension tests
112 @ Non-carbonated reference confirm the positive impact of carbonation curing on Mix I that results in
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Fig. 9. Fly ash reaction degree in ECC at 28 days.

carbonation curing maintained higher ECC tensile strengths and a
comparable strain capacity for Mix I but appeared to compromise both
strength and ductility for Mix II. As noted in Table 4, the ultimate tensile
strength of Mix I at 28 days was improved by carbonation curing from
6.47 MPa to 7.94 MPa, while attaining a tensile strain capacity of 4.42%.
Nevertheless, for Mix II subjected to carbonation curing, the first-

higher tensile strength at both early age and 28 days. At FA/PC ratios
over 2.2, however, carbonation curing decreases ECC’s long-term
strength and may raise the uncertainty of net carbon benefits when
normalized to material properties [36]. Therefore, Mix I is recom-
mended for carbonation curing and was chosen for further character-
ization in the following sections.

3.3. Micromechanical analyses

The effect of carbonation curing on ECC’s micromechanical param-
eters was analyzed on the fiber-free matrix and on the composite at two
length scales. At microscale, the fiber/matrix interfacial bond was
characterized through the single-fiber pullout test [33] and examined
through combined BSE/EDS analysis. At mesoscale, the fiber bridging
capacity oo and strain hardening potential were estimated based on the
micromechanical modeling.

3.3.1. Matrix property

The modulus of elasticity Ep, and fracture toughness Ky, represent the
key factors related to matrix. At 28 days, carbonation curing was found
to increase Ep, and marginally affect Ky,. As shown in Table 5, Ep, was
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Table 4
Tensile properties of ECC mixtures.

Specimen group Testing First-cracking ~ Ultimate Tensile strain
age, day strength, MPa  tensile capacity, %
strength, MPa

Mix I- 2 3.37 £0.21 4.59 £ 0.15 3.72+0.30
carbonation 28 5.30 £0.37 7.94 £ 0.07 4.42 +£0.11
curing

Mix I- non- 2 1.24 £ 0.06 2.92 £+ 0.04 3.11 = 0.08
carbonated 28 4.21 +0.03 6.47 + 0.53 4.77 = 0.50
reference

Mix II- 2 1.69 £ 0.18 2.84 +£0.13 2.51 £0.14
carbonation 28 2.48 +£0.11 3.27 £ 0.06 2.88 +0.23
curing

Mix II- non- 2 1.06 + 0.06 2.59 +£0.11 2.49 + 0.08
carbonated 28 3.40 £ 0.25 4.66 £+ 0.02 3.64 = 0.04
reference

Table 5
Matrix properties for Mix I at 28 days.

Curing condition Em (GPa) Km (MPa-m'/?)

Carbonation curing 24.2 + 2.0 0.415 + 0.021

Non-carbonated reference 215+ 1.1 0.426 + 0.025

measured 24.2 GPa after carbonation curing and 21.5 GPa for the non-
carbonated reference, indicating a 12.6% increase ensuing from
carbonation. The carbonation-induced increase of E, was reported
previously in traditional concrete [37] and could be attributed to the
total porosity reduction due to CaCO3 precipitation. By contrast, K, was
found to be 0.415 MPa-m'/? and 0.426 MPam'/? with and without
carbonation curing, respectively. The marginal reduction in Ky, indicates
that the matrix may become slightly more brittle after carbonation
curing. This impact seemed to be trivial compared to the experimental
variability.

3.3.2. Microscale: fiber/matrix interface

At the microscale, carbonation curing was found to enhance the
fiber/matrix interfacial bond by depositing CaCOs3 along the fiber/ma-
trix interface. Table 6 illustrates the alterations of chemical bond G4 and
frictional bond t( obtained from the single fiber pullout test at 28 days.
Carbonation curing increased Gq from 0.26 J/m? to 1.67 J/m? and
7o from 1.70 MPa to 2.11 MPa, indicating a stronger resistance to fiber
debonding and slippage. This phenomenon is evidenced from the BSE
observation shown in Fig. 12a, where solid precipitates were observed at

Table 6

Fiber/matrix interfacial bond for Mix I at 28 days.
Curing condition Gq J/m?) 79 (MPa) B
Carbonation curing 1.67 £1.41 211 +1.01 0.56 £+ 0.32
Non-carbonated reference 0.26 + 0.23 1.70 + 0.84 0.58 + 0.16
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Fig. 12. SEM-BSE/EDS characterization of fiber/matrix interface for Mix I at 28 days.

several interfacial sites, seemingly acting as a ‘coating’ along the fiber
surface in the carbonated sample. The EDS analysis in Fig. 12b-c in-
dicates strong elemental signals of Ca and C with a small intensity of Si,
suggesting the primary precipitate is CaCOs, whereas the non-
carbonated reference shows the co-existence of Ca and Si in the
absence of C. It can be inferred that the CaCO3 precipitated from early
carbonation accounts for the stiffened matrix close to PVA fibers and
thus increases the fiber/matrix interfacial frictional bond. This effect
appears to be localized and discontinuous along the fiber length. The
increase of chemical bond, however, is associated with potential alter-
ations of Ca>" and AI** bearing phases [24], and their interactions with

the PVA fiber warrant further investigation.

The slip hardening coefficient § was measured as 0.56 and 0.58 for
the carbonated and non-carbonated samples, respectively. The slip
hardening phenomenon is commonly associated with the surface abra-
sion of polymeric fibers during the pullout process. In the ‘tunnel’ space
formed between fiber and matrix, the accumulated fiber debris induces a
‘jamming’ effect that requires a higher load to further pullout the fiber
[13]. The slip hardening process seems to not be substantially influenced
by carbonation curing.
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3.3.3. Mesoscale: fiber bridging capacity and strain-hardening indices

The mesoscale analysis validates the strain-hardening performance
of ECC but indicates a reduction of the strain-hardening potential after
carbonation curing. Based on the ECC micromechanics model [13], the
fiber bridging behavior is determined using experimental inputs of
fiber/matrix interfacial bond and matrix properties. The calculated fiber
bridging curves are shown in Fig. 13, and the corresponding PSH indices
are listed in Table 7. All PSH indices were above the value of unity,
suggesting that the strain hardening criteria could be achieved for both
carbonation curing and non-carbonated reference. Nevertheless,
carbonation curing was found to decrease PSHepergy from 33.2 to 29.2
and PSHgyengh from 2.00 to 1.62, resulting in smaller margins with
respect to 1. This is suggestive of a decreased strain-hardening potential
due to carbonation curing, which lowers the material’s capability to
accommodate possible inhomogeneity and variation. In these cases, the
composite performance could be restored under the guidance of ECC’s
design framework [13].

3.4. Transport properties

Transport properties are important for understanding the durability
of cementitious materials. In field structures, the ingress of air and liquid
occurs through the interconnected porous space in non-cracked mate-
rials and through both cracks and pores in cracked materials. Hence, the
effect of carbonation curing was first investigated on ECC’s pore struc-
ture and micro-cracks and was then validated by the coefficient of water
permeability measured on loaded ECC specimens.

Fig. 14 and Tables 8-9 show the pore size distribution and key in-
dicators of the composite pore structure at 28 days. It was found that
carbonation curing lowered the total porosity but tended to increase the
pore size. As shown in Table 8, the total porosity decreased from 20.2%
to 18.5% after carbonation curing, whereas the median diameter
increased from 152 nm to 224 nm. On the differential pore size distri-
bution curve depicted in Fig. 14b, the peak location (i.e., critical
diameter) was found to increase from 136 nm to 220 nm after carbon-
ation curing. The critical diameter represents the largest interconnected
pores that control the transport behavior in cementitious materials.
Thus, the increased critical diameter indicates a possible raise in water
permeation of the carbonated ECC. Table 9 breaks down the porosity
and pore volume fraction in three different pore size intervals, i.e.,
>100 nm, 10-100 nm, and <10 nm. The porosity above 100 nm was
found to be the same (i.e., 12.7%) between carbonation curing and non-
carbonated reference. However, the latter exhibited higher porosity and
pore volume fraction for pores smaller than 10 nm (i.e., small capillary
and gel pores) [38]. The increase of pores in this category can be
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Fig. 13. Fiber bridging curves predicted for Mix I at 28 days.
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associated with the products of pozzolanic reaction and account for the
lowered average pore size in the non-carbonated ECC.

When loaded in tension, ECC’s crack control ability was amplified by
carbonation curing, exhibiting tighter cracks and more saturated mul-
tiple cracking. The effect of carbonation curing on ECC crack width
distribution is shown in Fig. 15, and the average crack widths are
summarized in Table 10. Carbonation curing was found to reduce the
average crack width in ECC at all strain levels. The maximum crack
width and average crack spacing were also decreased, indicating more
distinct characteristics of multiple fine cracking after carbonation
curing. The reduction in crack width can be related to the more robust
fiber bridging behavior and the denser fiber/matrix interface induced by
carbonation curing.

Results from the permeability test suggest that carbonation curing
may accelerate the water permeation in uncracked ECC but would
decrease ECC’s permeability in cracked condition. As can be seen in
Fig. 16, the coefficient of permeability k in the uncracked ECC increased
from 1.3 x 10! m/s to 2.6 x 107! m/s after carbonation curing. This
agrees with the increased pore size and capillary pore volume in the
carbonated ECC despite a smaller total porosity. As indicated in Table 9,
the reduction of total porosity after carbonation curing stems from the
lowered volume of small capillary and gel pores that play a relatively
minor role in water permeation [38]. As such, although the matrix can
be densified by CaCOs precipitation, the pore refinement effect associ-
ated with pozzolanic reaction is compromised, leading to an increased
percentage of water permeable pores after carbonation curing.

In loaded condition, the crack width becomes the dominating factor
that governs the material permeability [12,20]. As shown in Fig. 16, the
coefficient of permeability was lowered by carbonation curing at all
strain levels. This agrees with the reduction of crack width as discussed
above. The coefficient of permeability appeared to increase with the
imposed tensile strain and was found in the ranges of 5.33 x 107 11-1.70
x 107 m/s for the carbonated ECC and 1.50 x 1071°-2.10 x 10™° m/s
for the non-carbonated ECC on an average basis. It indicates that the
more robust crack control capability led by carbonation curing over-
shadows the negative impact of the increased pore size on water
permeability. It is worth mentioning that upon the completion of the
water permeability test fewer cracks were found to be filled with white
residues in the carbonated specimens compared to the non-carbonated
reference, suggesting that the self-healing process may be lowered or
slowed down after carbonation curing. In this study, the coefficient of
water permeability stabilized at 20 days and was thus terminated for
comparison. Further investigations may address its long-term evolution
beyond this age and clarify the extent of self-healing in diverse envi-
ronments, such as wet-dry cycles and salt solutions.

4. Conclusions

The present study develops a carbonation curing process for Engi-
neered Cementitious Composites (ECC) containing PVA fiber and high-
volume fly ash and examines the impacts of carbonation on the com-
posite mechanical and transport properties. The key findings are as
follows.

e Lab-scale ECC specimens (13-mm specimen thickness) achieve a
29.6-35.1% CO5, uptake by cement mass and a fully carbonated cross
section after 24 h of early carbonation. The high fly ash content is
responsible for ECC’s significant carbonation efficiency. In turn,
carbonation curing mostly depletes the fly ash pozzolanic reaction by
lowering the binder alkalinity. The absence of pozzolanic reaction
may hinder the long-term binding ability and create a potentially
larger pore size compared to the non-carbonated reference. There-
fore, for ultrahigh volume fly ash ECC (fly ash-to-cement mass ratio
> 2.2), the trade-off between CO; uptake and pozzolanic reaction
should be considered.
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Table 7

Strain-hardening indices for Mix I at 28 days.
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Curing condition Energy criterion

Strength criterion

Jy' (J/m?) Jip (J/m?) PSHenergy oo (MPa) or. (MPa) PSHytrength
Carbonation curing 208 + 47.5 7.12+1.31 29.2 +£12.0 8.59 + 0.41 5.30 £ 0.37 1.62 + 0.19
Non-carbonated reference 280 + 34.1 8.44 +1.42 33.2 £ 9.62 8.40 + 0.22 4.21 +0.03 2.00 + 0.07
25 1 0.14 1
Total porosity ~20.2% (a) Cumulative distribution —8— M45: non-carbonated (b) Differential distribution
—8— M45: carbonation-cured
0.12
20 4 é:l'r,, Critical diameter ~ 136 nm
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Fig. 14. MIP pore size distribution for Mix I at 28 days.

Table 8
ECC pore structure properties for Mix I at 28 days.

Pore structure parameter Carbonation curing

Non-carbonated reference

Total intruded volume, mL/g 0.091 0.105
Total porosity, % 18.5 20.2
Median pore diameter, nm 224 152

Average pore diameter, nm 47 31
BET Surface area, m%/g 7.821 13.579

Table 9

ECC porosity and pore volume fraction breakdown for Mix I at 28 days.

Curing condition Pore size Porosity, Fraction of total pore
range % volume, %
Carbonation curing >100 nm 12.7 68.7
10-100 nm 5.3 28.9
<10 nm 0.4 2.4
Non-carbonated >100 nm 12.7 62.6
reference
10-100 nm 4.9 24.2
<10 nm 2.6 12.8

e In the ECC with a fly ash-to-cement mass ratio of 1.2, carbonation
curing enhances material mechanical properties immediately after
carbonation and at standard 28 days. At 2 days, ECC’s ultimate
tensile and compressive strengths were accelerated by 57.2% and
40.9%, respectively, due to the accelerated cement reaction driven
by the early-age carbonation. At 28 days, the matrix and fiber/matrix
interface were found densified leading to a composite ultimate ten-
sile strength of 7.94 MPa (6.47 MPa for non-carbonated reference).
The 28-day tensile strain capacities were found to be comparable
between carbonation curing and the non-carbonated reference (i.e.,
4.42% versus 4.77%).

e At the fiber/matrix interface, carbonation curing improves the
chemical and frictional bonds leading to a robust crack width con-
trol. The tighter crack width reduces ECC’s water permeability in
loaded condition, despite a more permeable matrix due to a larger
pore size associated with the lowered pozzolanic reaction. As field
structures are mostly in stress and prone to cracking, the enhanced
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Fig. 15. Crack width distribution in loaded condition for Mix I at 28 days.
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Table 10
ECC average crack width and spacing in loaded condition for Mix I at 28 days.

Tensile Average crack width (um) Average crack spacing (mm)
strain . .
Carbonation Non- Carbonation Non-
curing carbonated curing carbonated
reference reference
1% 2246 33+3 2.9+ 0.3 3.8+ 0.6
2% 26+ 9 38+8 1.5+ 0.3 2.1+0.2
3% 27+9 41 £15 1.1+0.2 1.7 £ 0.1
1.E-08

—@— Carbonation curing
- - - Non-carbonated reference

Coefficient of permeability k (m/s)

LE-11 9 . . T
0 1 2 3
Tensile strain (%)

Fig. 16. Coefficient of water permeability in non-loaded and loaded conditions
for Mix I; Tests began at 28 days and lasted for 20 days.

crack width control and lowered water permeability by carbonation
curing are expected to improve the durability of structures made
with ECC.

This study establishes the viability of applying carbonation curing to
ECC, with technical merits of accelerated early strength/ductility,
tighter crack width, and lowered permeability to water-borne harmful
species in loaded condition. Beyond the remarkable CO5 sequestration
capacity at the manufacturing stage, ECC after carbonation curing is
anticipated to lower the lifecycle emissions as an example of beneficially
utilizing COq for durable precast construction products. Further in-
vestigations on lifecycle and techno-economic assessments may assist
with the process optimization and accelerate industrial implementations
at scale.
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