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ABSTRACT

Steel slag has been used as supplementary cementitious materials or aggregates in concrete. However,
the substitution levels of steel slag for Portland cement or natural aggregates were limited due to its low
hydraulic property or latent volume instability. In this study, 60% of steel slag powders containing high
free-CaO content, 20% of Portland cement and up to 20% of reactive magnesia and lime were mixed to
prepare the binding blends. The binding blends were then used to cast concrete, in which up to 100% of
natural aggregates (limestone and river sands) were replaced with steel slag aggregates. The concrete
was exposed to carbonation curing with a concentration of 99.9% CO, and a pressure of 0.10 MPa for
different durations (1d, 3d, and 14d). The carbonation front, carbonate products, compressive strength,
microstructure, and volume stability of the concrete were investigated. Results show that the
compressive strength of the steel slag concrete after CO, curing was significantly increased. The
compressive strengths of concrete subjected to CO, curing for 14d were up to five-fold greater than that
of the corresponding concrete under conventional moist curing for 28d. This is attributed to the for-
mation of calcium carbonates, leading to a microstructure densification of the concrete. Replacement of
limestone and sand aggregates with steel slag aggregates also increased the compressive strengths of the
concrete subjected to CO; curing. In addition, the concrete pre-exposed to CO, curing produced less
expansion than the concrete pre-exposed to moist curing during the subsequent accelerated curing in
60 °C water. This study provides a potential approach to prepare concrete with low-carbon emissions via

the accelerated carbonation of steel slag.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

materials [4,5]. In addition, reactive magnesia was also used to
prepare magnesium carbonate binders [3]. The presence of MgO

Manufacturing of Portland cement is an intensively energy-
consuming and CO,-emitting process, which accounts for around
5%—8% of the total man-made CO, emissions globally [1]. On one
hand, to produce low-carbon alternative cements is of great sig-
nificance for the prospect of developing sustainable construction
materials. On the other hand, CO; curing for construction materials
has recently gained increasing attention owing to its potential of
reducing the carbon emissions [2,3]. This CO, curing technology
provides a new way for integrating the economical, permanent, and
safe sequestration of CO, and producing low-carbon construction
materials. In some previous studies, alternative binders based on
calcium carbonate were developed via carbonating CaO-rich raw
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enhanced the carbonation of Ca(OH), and improved the mechani-
cal strength accordingly [5]. Our previous studies found that Mg>*
could change the morphology of CaCO3 and make the carbonate
products pack more closely, facilitating the mechanical strength
improvement [6,7]. As the manufacturing of MgO and CaO also
produce CO,, seeking for alternative more economical CaO and
MgO resources for preparing the carbonated binders would be of
great interest and significance.

Steel slag is a type of byproduct produced during the steel
manufacturing. In 2015, 120 million tonnes of steel slag was pro-
duced in China with another >1 billion tonnes accumulated, while
the total utilization ratio is only 10%. Most of the steel slag was
occupying a huge amount of farmland and causing environmental
pollution of the soils and underground water. Steel slag contains
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high contents of CaO as well as MgO. The utilization of steel slag as
construction materials, e.g. supplementary cementitious materials,
aggregates, etc. has been widely studied [8—12]. However, steel slag
exhibits poor hydraulic property due to its lack of tri-calcium sili-
cates and amorphous SiO; content [10,13]. Therefore, high
replacement of Portland cement with the steel slag resulted in the
decrease of mechanical strength development [14]. In addition,
steel slag containing high content of free-MgO/CaO may cause
excessive expansion and hence induce volume instability of the
materials in the long term, leading to a limited replacement level as
a cementitious material. Steel slag was also used as aggregates in
concrete [11,12], but the risk of excessive expansion exists if it
contains high contents of free-MgO/CaO.

Nonetheless, the high contents of free-MgO/CaO in the steel slag
make it a potential candidate for carbonated binder and it has
already been proved to have high carbonation reactivity [15—19].
For example, compacted steel slag paste with high compressive
strength of up to 80 MPa was prepared by CO, curing [15]. This is
attributed to the microstructure densification of the materials as a
result of formation of calcite (CaCO3). Moreover, carbonation of the
expansive components (mainly free-MgO/CaO) in the steel slag was
reported to effectively improve the soundness of mortars using
steel slag as partial replacement for natural aggregates [20]. How-
ever, so far there have been very limited studies on the incorpo-
ration of high volume of steel slag as both binding materials and
aggregates in concrete under CO; curing. The aim of the present
study is to investigate the possibility of utilizing steel slag at a high
replacement level (60% in binding materials and 100% in aggre-
gates) to produce concretes using the accelerated carbonation
technology. Reactive magnesia and lime were also used to prepare
the binding materials with different MgO and CaO contents,
considering more calcium and magnesium sources are available for
the formation of carbonates. To facilitate the penetration and
diffuse of CO, into the concrete specimens, CO, with a high con-
centration of 99.9% and a pressure of 0.1 MPa was used for
carbonation. The effects of 99.9% CO; curing under the pressure of
0.1 MPa on the carbonation front, compressive strengths, micro-
structure, and volume stability of the concretes were thoroughly
investigated and discussed. This study may provide a potential
approach to make steel slag concrete with high replacement levels,
and also to integrate the construction materials manufacturing
with CO; storage.

2. Materials and experimental methods
2.1. Raw materials

Portland cement (type P.II 52.5) manufactured by the Onoda
Cement Co., Ltd., Nanjing was used. Converter slag was provided by
Baosteel Co., Ltd., Shanghai, which was produced in a Basic Oxygen
Furnace (BOF). Quicklime and reactive magnesia were produced by
calcining limestone and magnesite, respectively. Table 1 shows the
chemical compositions of the Portland cement, lime, reactive
magnesia, and steel slag. According to the XRD patterns of the steel
slag shown in Fig. 1, the steel slag mainly consists of various types of
calcium silicate and Portlandite (hydration products of free-CaO).
The MgO exists mainly in the forms of periclase and solid solu-
tions, while the CaO exists mainly in the forms of calcium silicate,
free-CaO, Portlandite, and other solid solutions. It should be noted
that content of free-CaO is 8.38%. Steel slag was ground into par-
ticles with different size ranges. Steel slag powders with particle
size smaller than 75 pm was used as a replacement of Portland
cement. Steel slag with particle size smaller than 5 mm was used as
fine aggregates, and coarse steel slag with size of 5—16 mm was
used directly as the coarse aggregates for concrete. Fig. 2 shows the

Table 1
Chemical compositions of Portland cement, lime, reactive magnesia and steel slag/
wt.%.

Cement Lime Reactive MgO Steel slag
MgO 2.35 13.39 88.52 7.19
Ca0 64 82.19 3.18 42.42 (8.38")
Si0, 19.43 1.63 2.76 11.04
Fe,03 2.96 0.11 0.26 27.37
Al,05 4.73 0.13 0.42 1.61
SO;3 2.58 0.04 0.61 0.11
K,0 0.68 0.06 0.03 —
Na,O 0.11 0.05 0.06 -
MnO - — - 2.28
P»0s - - - 2.09
TiO, - - - 0.5
Cr,05 - - - 0.15
V,05 - - - 0.13
L 2.81 2.15 3.62 —

2 Ignition loss.
b f-ca0.

2 Theta /°

Fig. 1. The XRD pattern of steel slag (1: Calcium silicate (CasSiOs), 2: Beta-Calcium
silicate (Ca,SiOy4), 3: Lime, 4: Portlandite, 5: Brownmillerite, 6: alpha-Calcium Silicate
(Ca,Si0y), 7: beta-Larnite, 8: Periclase).

optical images of steel slag powders and aggregates. For compari-
son, limestone and river sands were used as the natural aggregates
for concrete.

2.2. Preparation and CO; curing of concrete

Binding materials were firstly prepared by mixing steel slag
powders, Portland cement, magnesia, and quicklime according to
the formulation of binding materials shown in Table 2. Accordingly,
two types of binding materials were prepared, which were desig-
nated as “SCM” and “SCLM” respectively. SCM represents that the
binding materials consist of 60% of steel slag, 20% of Portland
cement, and 20% of reactive magnesia, while in SCLM 10% of
quicklime was incorporated in the binding materials as a replace-
ment of reactive magnesia. Letters “N” and “S” indicate that the
concrete were cast with natural aggregates (limestone as coarse
aggregates, and sand as fine aggregates) and with steel slag (both
coarse and fine aggregates) respectively.

Concrete specimens were cast with the same mix proportion of
340 kg/m® binding materials, 1200 kg/m> coarse aggregates,
675 kg/m> fine aggregates, and 185 kg/m> water (water to binder
ratio of 0.54). For each mix proportion, twelve cubic concrete
specimens with size of 100 x 100 x 100 mm were cast. The cubic
specimens were used to examine the compressive strength. After
being cast, all the concrete specimens were cured in a moist room
with 98% relative humidity and temperature of 23 °C for 24 + 2 h,
and then demoulded. Thereafter, the concrete cubes were cured in
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Fig. 2. Optical images of steel slag powders and aggregates: (a) steel slag powders; (b) and (c) <5 mm fine slag aggregates; (d) 5—16 mm coarse slag aggregates.

Table 2
Mix proportions of concrete/wt.%.

Mix design Binding materials Fine aggregates Coarse aggregates
Steel slag Portland Reactive magnesia Lime
cement
SCM-S 60 20 20 0 Steel slag Steel slag
SCLM-S 60 20 10 10 Steel slag Steel slag
SCM-N 60 20 20 0 Sands Limestone
SCLM-N 60 20 10 10 Sands Limestone

the moist room for 7 more days and then exposed to CO; curing
with a concentration of 99.9% and a pressure of 0.10 MPa for
different durations of 1, 3, and 14 d respectively. For comparison, six
concrete cubes for each mix proportion were cast and cured in the
moist room until the compressive strength test at 7 and 28 d.

In order to evaluate the volume stability, prismatic concrete
specimens with size of 100 x 100 x 400 mm for each mix pro-
portion were prepared. Similar to the cubic concrete specimens, the
prismatic concrete specimens were subjected to CO; curing for 14 d
after the 7 d of moist curing. Subsequently, the concrete prisms
were immersed in water at 60 °C to accelerate the hydration of
periclase and free lime that might have not been carbonated or
hydrated. A strain gauge was embedded into the central part of the
concrete prism horizontally during the casting process. The defor-
mation of concrete specimens was recorded automatically with a
computer, and was zeroed at 3 h after being immersed into the
60 °C water for excluding the thermal expansion due to the tem-
perature rise. For comparison, concrete prisms that were continu-
ously placed in the moist room for 14 d, and then were also cured in
the 60 °C water to investigate their linear deformation.

2.3. Performance test procedure

At each curing age as mentioned above, the carbonation depth
of the concrete was examined by spraying phenolphthalein indi-
cator and compressive strengths of concrete were tested. For the
compressive strength test at each age, the mean value of three

specimens was used.

Mortar sample in the concrete was extracted via carefully
removing the coarse aggregates first. Then the mortar sample was
crushed and ground gently into powders with a pestle and mortar,
and during this process the fine aggregates were tweezed once they
were observed. The powder sample was passed through a 224 um
sieve. The fraction passed through the 224 um sieve was ground
further with the mortar and pestle until the entire sample passed
through the 75 pm sieve while the fraction retained on the 224 pm
sieve was removed considering it usually contained high content of
fine aggregates. The powders with particle sizes less than 75 pm
were used to examine the carbonation products formed in concrete
during CO, curing by using X-ray diffraction (XRD, SmartLab X-ray
diffractometer, Rigaku Co. Japan) with Cu Ko radiation
(A = 1.5418 A) and a scanning 20 range of 5°-80°. Slices with
thickness of 5 mm were sawn from the carbonated concrete spec-
imens, and then vacuum dried at 60 °C for 24+2 h. The dried slices
were epoxy impregnated, polished, carbon coated, and then
investigated by Backscattered Electronic microscopy (BSE) coupled
with Energy Dispersive X-ray (EDX), using JEOL JSM-5900LV SEM to
characterize the microstructure.

3. Results and discussion
3.1. Carbonation front

Fig. 3 shows the optical images of the concrete specimens after



L. Mo et al. / Cement and Concrete Composites 83 (2017) 138—145 141

Before
Moist curing carbonation CO, curing for  CO; curing for CO, curing for
for 28d (moist curing 1d 3d 14d
for 7d)

Fig. 3. Optical images of concrete specimens sprayed with phenolphthalein indicator (1: SCM-S, 2: SCLM-S,3: SCM-N, 4: SCLM-N).

being sprayed with phenolphthalein indicator. All the concrete
specimens cured under moist condition showed obvious pink
across the whole section, whereas after being exposed to CO; the
pink area was reduced and gradually disappeared with the increase
of exposure time to 14d. This indicates that the CO; has gradually
penetrated throughout the whole sections of specimens and reac-
ted with the relevant MgO and CaO-bearing phases, e.g. Portlandite,
calcium silicate, magnesia, lime, etc. It is also clear that the SCM-S
sample is the most resistant to CO, penetration since even after
14 d of accelerated carbonation, there is still a portion of the core
remaining uncarbonated. This could be ascribed to the denser

Q c/css — 1# SCLM without CO, curing
—— 2# SCLM with CO, curing for 1d
—— 3# SCLM with CO, curing for 14d
— 4# SCM without CO, curing
— 5# SCM with CO, curing for 1d

b i 6# SCM with CO, curing for 14d

C‘i_ % 6

43

2#

T | \ | :\w T T .

L
I
10 20 30 40 50 60 70 80
2 Theta /°

Fig. 4. XRD patterns of mortar samples SCM-S and SCLM-s extracted from concrete
exposed to moist curing and CO, curing (a: Alpha-Calcium silicate (Ca,SiO4), b: Beta-
Calcium Silicate (Ca;SiO4), Br: Brucite, CS: Wollastonite (CaSiO3), C5S: Alite (Ca3SiOs), C:
Calcite, P: Portlandite, Q: Quartz, M: Brownmillerite).

structure formed before and during the accelerated carbonation
process, which will be discussed below.

Fig. 4 shows the XRD patterns of the mortar samples extracted
from concrete specimens. Accordingly, for the concrete without CO,
curing, peaks of the most notable hydration products, i.e., Por-
tlandite and brucite were observed. Portlandite was formed due to
the hydration of Portland cement, free-CaO contained in steel slag,
and the added quicklime. Brucite was the hydration product of the
reactive MgO. For the concrete with CO, curing, calcite was the
main carbonate product by the consumption of Portlandite and
many other Ca-rich minerals such as brownmillerite and various
forms of calcium silicates contained in Portland cement and steel
slag. This was confirmed by the disappearance of Portlandite peaks
and relatively weaker peaks of calcium silicates (particularly alpha-
and beta-calcium silicate) identified in the carbonated samples.
Meanwhile, the diffraction peaks of brucite were absent in the
mortar samples after carbonation, which may be ascribed to its
transformation to the various hydrated magnesium carbonates
[3,5—7]. However, due to the limited amount of MgO in the mortar
samples, these Mg-carbonates were not identified from the XRD
patterns. In addition, magnesium could also be incorporated in the
calcite structure during carbonation resulting in Mg-bearing calcite
as indicated by previous studies [6]. From the XRD analysis, no
obvious influence was observed by the incorporation of quicklime
on the types of hydration or carbonation products but it may affect
their quantities.

3.2. Compressive strength

Table 3 shows the compressive strengths of concrete specimens
cured under moist condition and exposed to CO; curing. All the
concrete specimens cured under moist curing condition exhibited
relatively low compressive strengths. For example, the compressive
strengths of concrete specimens at 7 d ranged from 7.9 to 10.7 MPa.
With the curing age increasing to 28 d under moist curing, the
compressive strengths increased slightly regardless of the type of
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Table 3

Compressive strength of concrete specimens subjected to moist curing and CO, curing/MPa.
Mix design Moist curing CO; curing

28d Before carbonation (moist cured for 7d) 1d 3d 14d

SCM-S 115 10.7 38.6 52.7 61.3
SCLM-S 10.5 9.4 335 48.4 55.9
SCM-N 10.7 9.0 24.6 40.8 46.2
SCLM-N 9.4 7.9 27.6 36.6 41.2

coarse aggregates, which is due to the large replacements of the
Portland cement with low hydraulic steel slag. In contrast, after
exposure to CO; curing for only 1 d, the compressive strengths of all
the concrete specimens were significantly increased. For the con-
crete made with natural limestone aggregates after only 1 d of CO,
curing, in comparison to the concrete prior to the CO, exposure
(namely after 7d of moist curing), the compressive strengths were
increased by 2.7—3.5 times, while those of the concrete made with
steel slag as fine and coarse aggregates were increased by
approximately 3.6—3.8 times.

Moreover, with increasing CO, exposure time, the compressive
strengths were increased dramatically. After 14 d of CO; curing, the
compressive strengths of concrete SCM-N, SCM-S, SCLM-N, and

©

SCLM-S were 46.2 MPa, 61.3 MPa, 41.2 MPa, and 55.9 MPa respec-
tively, which were 4.2—9.5 folds higher than those of the concrete
specimens cured under moist condition for 7d, and were 4.3—5.3
times higher than those of the concrete specimens after 28 d of
moist curing. This is attributed to the carbonation reaction of the
Mg- and Ca-rich minerals in the concrete specimens during CO;
curing, which produced various strength-contributing carbonate
products as confirmed by many other studies [3,6,7]. It is also clear
that the strength enhancement rate was reduced with CO; curing
time due to (a) the fast carbonation reaction in the first few days,
which would be the case for samples SCM-N, SCLM-N and SCSM-S
or (b) the denser microstructure formed during the carbonation
process leading to more difficult CO, penetration in the samples,

(d)

Fig. 5. Typical BSE images of the concrete subjected to moist curing and CO, curing: (a) mortar matrix in concrete SCM-S subjected to moist curing, (b) interface between steel slag
aggregates and matrix in concrete SCM-S subjected to moist curing, (c) mortar matrix in concrete SCM-S subjected to CO, curing, (d) interface between steel slag aggregates and

matrix in concrete SCM-S subjected to CO, curing. Br: Brucite, C: Calcite, S: Steel slag.
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which corresponds to the case of sample SCM-S (see Fig. 3). In
addition, regardless of the aggregates type, prolonged carbonation
time caused more augments in compressive strength of the con-
crete containing higher content of reactive magnesia. In compari-
son to the concrete cast with natural limestone and sands, the
concrete prepared with steel slag aggregates exhibited higher
compressive strengths due to their higher amounts of minerals that
could be carbonated.

3.3. Microstructure

Fig. 5 shows the typical BSE images of concrete containing steel
slag aggregates subjected to moist curing and CO, curing. Under
moist curing condition, the microstructure of mortar matrix in
concrete was porous (Fig. 5a). This is understandable as only 20% of
Portland cement was used, which produced a small amount of
hydration products in the concrete. In addition, a porous interface
between the coarse steel slag aggregate and the mortar matrix was
also observed in Fig. 5b. In comparison, as shown in Fig. 5c, the
mortar matrix in the carbonated concrete was much denser, owing
to the formation of calcite as a result of carbonation. Moreover, a
denser interface between the coarse steel slag aggregate and
mortar matrix were observed in the carbonated concrete (Fig. 5d).

3.4. Volume deformation under accelerated curing in 60 °C water

Fig. 6 shows the expansion curves of concrete prisms with and
without accelerated carbonation followed by curing in 60 °C water.
Accordingly, all the concrete prisms without carbonation treatment
produced great expansions when cured in the 60 °C water. For
example, the expansions of SCM-N and SCLM-N without CO,
treatment reached 500 and 250 microstrains at 60 d respectively.
The expansion was mainly caused by not only the hydration of
periclase and free-CaO existing in the steel slag but also the lime
and magnesia added. The higher the incorporation of magnesia, the
larger the expansion was produced due to the larger expansion of
MgO compared to CaO upon hydration. In comparison to the con-
crete prisms cast by using the natural limestone and river sand
aggregates, the concrete prisms prepared with steel slag as fine and
coarse aggregates produced much higher expansion, and even
cracked the specimens (as shown in Fig. 7a and c), which implies
that the hydration of periclase and free-CaO contained in the steel
slag aggregates contributed significantly to the expansion. SCM-S
and SCLM-S reached maximum expansions of 4500 and 4000
microstrain around 55 d in the 60 °C water. After then the defor-
mation curves of both SCM-S and SCLM-S declined. This is corre-
sponding to deterioration of concrete caused by cracking (Fig. 7a
and (c)), which could not force the strain gauge to produce equiv-
alent expansion simultaneously. Regardless of the aggregates type,
the CO, treatment on the concrete prisms dramatically reduced the
expansion. This can be attributed to the fact that the contents of
periclase and free-CaO in the steel slag, quicklime and reactive
magnesia added had been significantly reduced due to carbonation
as shown in the XRD analysis (Fig. 4). Fig. 7 shows the images of the
concrete specimens after 60 d curing in the 60 °C water. As shown
in Fig. 7, the concrete without carbonation treatment were deteri-
orated owing to its excessive volume expansion, while good
appearance of the concrete with previous CO; curing was observed,
agreeing well with the deformation test.

4. Discussion

Under conventional moist curing, the steel slag powders
exhibited low binding properties and contributed little to the

4500 FF T T T T T T T T
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4000 — SCM-N, with 0.1MPa CO, curing for 14d N
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Fig. 6. Expansion curves of the concrete specimens after being exposed to moist curing
or CO; curing and then followed by curing in 60 °C water: (a) concrete made with SCM,
and (b) concrete made with SCLM.

@

Fig. 7. Optical images of the concrete specimens after being exposed to moist curing or
CO, curing and then followed by curing in 60 °C water for 60 d: (a) SCM-S, moist
curing previously, (b) SCM-S, CO, curing previously, (c¢) SCLM-S, moist curing previ-
ously, and (d) SCLM-S, CO, curing previously.
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compressive strength of concrete. This is due to the lack of minerals
with relatively high hydraulic activity in the steel slag [10,13,14].
However, under carbonation condition with a CO, pressure of
0.1 MPa, the CO, could penetrate through the whole concrete
specimens rapidly to react with the carbonation components in the
steel slag, e.g. calcium silicates, free-CaO, Portlandite, etc., and
hence formed calcium carbonate (e.g., calcite), generating high
binding performance, which agrees with previous studies [15,16]. .
The compressive strength enhancement of the steel slag concrete
with CO, curing is attributed to the microstructure densification of
concrete owing to the formation of carbonate products. Apart from
the minerals in the steel slag, the hydration products of Portland
cement, unhydrated Portland cement, reactive magnesia, and
quicklime could also be carbonated and contributed to the forma-
tion of these strength-giving carbonates. Addition of quicklime in
the blends was expected to provide more calcium content for the
calcite formation but it was found that it actually decreased the
compressive strength of concrete in comparison to the SCM blends.
This implies that the carbonation products of magnesia (either
hydrated magnesium carbonates [3]| or Mg-bearing calcite [6,7])
contributes more to the strength enhancement than the pure
calcite. The most obvious evidence can be referred to Fig. 3, where
the partially carbonated SCM-S gives higher strength than the fully
carbonated SCLM-S at 14 d, showing that although the replacement
of magnesia by quicklime enhanced the carbonation degree, it leads
to more porous matrix and decreases the overall strength.

Incorporation of steel slag in concrete as fine and coarse ag-
gregates caused no obvious influences on the compressive strength
of concrete under moist curing, but dramatically increased the
compressive strength of the concrete when subjected to CO; curing
(Table 3). This is related to interface enhancement due to the for-
mation of calcite in the interface zone, densifying the interface
microstructures (Fig. 5d). The full replacement of the nature ag-
gregates also resulted in much lower carbon footprint of the con-
crete and significantly improved the sustainability of these
construction materials.

The deformation examination on the carbonated concrete dur-
ing the continuous curing in 60 °C water indicates that the volume
of carbonated steel slag concrete is stable within the test age in
comparison to the moist cured concrete. This is related to the
contents of expansive free-CaO and periclase intrinsically con-
tained in steel slag, and that from the added quicklime and
magnesia, all of which were notably reduced due to the carbonation

reaction. While for the moist cured concrete, the continuous hy-
dration of unhydrated MgO and CaO was accelerated and produced
excessive expansion during the subsequent curing in the 60 °C
water, eventually cracking the concrete. In the moist cured con-
crete, cracked coarse steel slag aggregate was observed as shown in
Fig. 8, which is due to the hydration of free-CaO contained in the
coarse steel slag aggregate. Under CO, curing, dense carbonate
products formed around the coarse steel slag particle act as a
protection layer, preventing the water from diffusing into the inner
part of the steel slag aggregate, and therefore inhibit continuous
hydration of the expansive components of free-CaO and periclase.
This significantly improves the volume stability of steel slag con-
crete. This study demonstrated that the CO, treatment could be a
potential approach to utilize the steel slag as both binder and ag-
gregates in concrete. Nevertheless, the long term volume stability
of the steel slag concrete needs to be investigated further.

The carbonation approach developed in this study seems not to
be suitable for standard in-situ use in constructions, however it
could be used for precast products manufacturing in a factory, e.g.
concrete blocks, pervious concrete, bricks, etc. Further study on
application of the carbonation technology is needed, which would
be of great interest and significance.

5. Conclusions

The effects of CO, curing on the carbonation depth, compressive
strength, and volume stability of the concrete made with steel slag
as binding materials and aggregates were investigated. Some con-
clusions can be drawn as follows:

1 Based on the phenolphthalein indicator test, with 0.1 MPa CO,
curing, the concrete specimens were almost carbonated within
3d, indicating it is effective to accelerate the carbonation of
concrete via pressurized CO,.

2 Under conventional moist curing, the compressive strengths of
concrete cast with the binding blends consisting of 60% steel
slag powders, up to 20% of lime and magnesia, and only 20% of
Portland cement were very low, being 7.9—10.7 MPa at 7 d and
9.4—11.5 MPa at 28 d. However, they were increased dramati-
cally during the following CO; curing. The compressive strength
of concrete subjected to CO, curing for 14 d were increased by
4.3-5.3 folds in comparison to those of the concrete moist cured
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Fig. 8. BSE image of a cracked steel slag aggregate in moist cured steel slag concrete (L: free-CaO, P: Periclase, Po: Portlandite).
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for 28 d. This is related to the densification of concrete caused by
the formation of carbonate products.

3 Under moist curing, replacement of natural aggregates (lime
stone and river sand) with steel slag caused negligible in-
fluences on the compressive strength of concrete. In contrast,
under CO; curing condition, concrete prepared with steel slag as
the aggregates exhibited higher compressive strengths than
those of the concrete cast with natural aggregates, which may
be attributed to the enhancement of the interface between the
coarse steel slag aggregates and the mortar matrix as a result of
carbonation.

4 CO, treatment on the steel slag concrete improved its volume
stability. On the one hand, carbonation directly reduced the
contents of periclase and free-CaO in the concrete. On the other
hand, the carbonate products layer formed around the coarse
steel slag aggregate may play a key role in preventing the water
from diffusing into the inner part of steel slag aggregate to
further hydrate the free-CaO and periclase, which may lead to
excessive expansion. This implies that, with accelerated CO,
curing, steel slag could be potentially used as fine and coarse
aggregates in concrete. However, the long-term volume stability
of the steel slag concrete needs further investigation.

5 The incorporation of more reactive magnesia compared to
quicklime in the concrete produced greater compressive
strength after accelerated carbonation.
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