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One of the primary problems related to reinforced concrete structures is carbonation of concrete. In many cases, depth of
carbonation on reinforced concrete structures is used to evaluate concrete service life. Factors that can substantially affect
carbonation resistance of concrete are temperature, relative humidity, cement composition, concentration of external aggressive
agents, quality of concrete, and depth of concrete cover. This paper investigates the effect of varying the proportions of blended
Portland cement (ordinary Portland cement (OPC) and ground granulated blast-furnace slag (GGBS)) on mechanical and
microstructural properties of concrete exposed to two different CO, exposure conditions. Concrete cubes cast with OPC, and
various percentages of GGBS (0%, 30%, 50%, and 70%) were subjected to natural (indoor) and accelerated carbonation exposure.
The aim of this paper is to present the research findings and authenticate the literature results of carbonation by using GGBS
cement in partial replacement of OPC. The concretes with OPC are compared to concretes with various percentages of GGBS, to
assess the carbonation depth as well as rate of carbonation of GGBS-based concretes, under both accelerated carbonation and
natural carbonation exposure conditions. Even though GGBS cement increases the carbonation depth, the results are not the same
with different GGBS replacement percentages. A correlation is made between concrete samples exposed to 15 + 2% carbon dioxide
(CO,) concentration and those exposed to natural CO, concentration. The results reveal that the products formed by carbonation
are similar under both exposure conditions. The experimental tests also revealed that GGBS cement concrete has a lower
carbonation resistance than OPC concrete, due to the consumption of portlandite by the pozzolanic reaction. The combination of
70% OPC and 30% GGBS behaved well enough with respect to accelerated carbonation exposure, the depth of carbonation being
roughly equivalent to that of control group (100% OPC). The results also show that rate of carbonation becomes more sensitive as
the percentage of GGBS replacement increases (binder ratio), rather than duration of curing. Concretes exposed to natural
carbonation (indoor) achieved lower carbonation rates than those exposed to accelerated carbonation.

1. Introduction

The process of Portland cement production is energy inten-
sive, releasing a huge amount of CO, [1, 2], both of which are
likely to have a significant impact on the environment.
According to Sanjuan et al. (2020), Sanjuan et al. (2019), and
Mo and Panesar [3-5], the production of cement was re-
sponsible for about 7.4%, 6.7%, and 5% of the global CO,
emission, respectively. On the other side, some studies have
been conducted to find the carbonation uptake in order to
verify a better carbonation emission balance. Given that, the
calcium oxide in cementitious materials is not stable over time,

and the hydration products gradually reabsorb atmospheric
carbon dioxide as a result of carbonation process [3, 6, 7]. For
instance, 8.7 million tons of carbon dioxide were found to be
up taken by mortars and concretes made with Portuguese
cement over a ten-year period, in which 37.8 million tons were
released due to the calcination process [3]. Sanjuan et al.
further reported that 31 million tons of carbon dioxide were
found to be up taken by mortars and concretes made with the
Spanish cement industry from 2005 to 2017 [8]. A worldwide
study has anticipated a carbon dioxide uptake of 43% of the
cumulative CO, emission from the production of Portland
cement by concrete and mortar from 1930 to 2013 [6]. Thus,
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solutions need to be implemented to decrease its impact on the
environment. Supplementary cementitious materials (SCMs)
are progressively being used in the construction industry to
reduce the OPC content. Use of SCMs improves concrete
durability and has environmental and economic advantages
[3, 5, 7, 9]. However, it is critical to understand the long-term
performance and durability of these materials in order to
maximize the service life of the structure. Apart from con-
siderably reducing the service life of an RC (reinforced con-
crete) structure, great deal of expenditure is also spent on
renovation and restoration work [10, 11]. The intensity of steel
corrosion due to carbonation depends on the environmental
conditions and weather, in particular temperature, relative
humidity, nature and concentration of the external aggressive
agents, quality of concrete, and depth of concrete cover
[10-13]. Hence, considering the effect of CO, (carbonation)
during the evaluation of the durability of concrete structure is
vital [14, 15].

Carbonation and chloride ion ingress are the two major
processes that cause the corrosion of a reinforced structure
[11]. The prime cause of deterioration is corrosion of the
steel reinforcement in the concrete structure [16]. Car-
bonation of concrete is a complex physical and chemical
process. Summaries of the chemical reactions in the car-
bonation process can be found in Villain et al. [17] and
Kurda et al. [18], amongst others. In brief, carbonation
begins at the surface of the concrete by penetration of CO,.
After diffusion of the gas into the concrete, the carbon
dioxide (CO,) first dissolved in the pore solution and then
reacts with the OH™, forming CO,*". Consequently, a drop
in the pH of the concrete pore solution occurs. When the
solubility of portlandite (Ca(OH),) reaches pH of 12.5, the
precipitation of calcium carbonate (CaCOs3) starts according
to the reactions given in equations (1)-(3), the concentra-
tions depending on the pH of the pore water solution, the
ambient CO, concentration, the presence of other solutes in
the pore water, particularly the alkalis (Ca(OH),), and
humidity [19-22]. High carbonation rate was observed when
the concrete exposed at 50-70% relative humidity [2]. By
Henry’s law, the CO, in the pore air is directly proportional
to the concentration of CO, in the pore water. At higher CO,
concentrations, more CO, molecules reach the carbonation
front within a given time, dissolve, and dissociate, and more
calcium can react to form calcium carbonate. This reaction
increases the dissolution rate of the calcium from the
hardened cement paste constituents into the water. Thus, the
calcium supply that can react is reduced faster and the
carbonation front progresses faster [23]:

CO, +20H «—CO?™ + H,0, (1)
Ca(OH),«—Ca’*" + 20H, (2)

CO, + Ca(OH),|20H «—Ca’* + CO;™ + H,0,

(3)
«—CaCO;| + H,0.

Results obtained by Bakharev et al., after concrete ex-
posure for 120 days to accelerated carbonation (10-20% CO,
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and 70% relative humidity (RH)), show that the carbonation
depth increased more for AAS (alkali-activated slag) than in
OPC concrete specimens [24]. The results also showed that
strength cutback and carbonation depth remained greater in
AAS than in OPC concrete samples. From the experimental
results, compressive strength improved for OPC concrete
samples. These results were in agreement with the work of
Behfarnia and Rostami [25], who observed that as the
compressive strength increases, the carbonation depth
gradually decreases. This also supports the evidence that
alkali-activated slag concrete has a lower resistance against
CO, penetration than ordinary Portland cement concrete.
Liand Li [26] examined the carbonation resistance of fly
ash (FA) and blast-furnace slag (BFS)-based geopolymer
concrete and concluded that the carbonation resistance of
this concrete cured at room temperature is lower than
concrete cast from OPC. Moreover, concrete with a greater
strength tends to have a higher carbonation resistance.
Andrade [27] studied the degree of carbonation on two
different classes of concrete (0.6 and 0.45 w/c) under three
different environmental exposure conditions (indoors,
outdoors sheltered from rain, and exposed outdoor
unsheltered) for almost 4 years using fifteen different pro-
portions of cementitious materials. It is clear that the
pozzolanic reaction is slower than that of Portland cement
hydration. The results showed that with increases in the
content of GGBS mineral, the carbonation rate also in-
creases. In addition, the greatest carbonation depth was
recorded in samples cured outdoors and unsheltered from
rain. Due to the relatively low relative humidity, low car-
bonation rate was recorded in samples cured indoors.
Otieno et al. [10] investigated the effect of concrete
quality, environmental exposure and duration of initial
moist curing on carbonation rate of concrete exposed to
urban, inland environment. They found that carbonation
rate is more sensitive to concrete quality than duration of
curing [28]. They also noted that indoor exposed specimens
showed higher rate of carbonation compared to outdoor
exposed concretes, due to the higher concentration of CO,
in the case of indoor exposure. In addition, CO, concen-
tration is a more determining factor than RH, and a higher
rate of carbonation is observed in blended Portland cement
than OPC concretes. Various factors appear to affect the
porosity of carbonated OPC and blended Portland cement
during the carbonation process. The CO, pressure, sur-
rounding temperature and relative humidity, carbonation
exposure duration, and aggregate moisture condition seem
to be the predominant factors of carbonation [29].
However, the investigation of carbonation has been
mostly carried out under ambient, or close to ambient,
atmospheric pressures, and different carbonation duration
and concentration in most of the existing literature. Mo [30]
reported on the effect of accelerated carbonation and per-
formance of concrete made with steel slag as binding ma-
terials, and aggregates with 60% of steel slag powders
containing high free-CaO content, 20% of Portland cement,
and up to 20% of reactive magnesia and lime. They showed
that the carbonated concrete mortar matrix appears to be
denser, due to the formation of calcite resulting from
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carbonation. Compared to steel slag concrete cured under
conventional moisture curing for 28d, the compressive
strength of concrete specimens CO, curing was significantly
increased. Despite that, there is a lack of information about
the change in microstructure of concrete with slag cement
after carbonation exposure. To rectify this knowledge gap,
this study investigates the effect of using GGBS as cement
replacement in different proportions, and under two carbon
dioxide exposure conditions (accelerated carbonation and
natural), on mechanical and microstructural properties of
blended Portland cement.

In addition, the carbonation resistance of GGBS cement
concrete is investigated, and the effects of slag cement re-
placement level and duration of curing on carbonation rate
and depth are addressed. Finally, the outcome of concrete
carbonation on the pore structure of OPC and GGBS
concrete is discussed.

2. Experimental Details

2.1. Raw Materials. Type 1 ordinarily Portland cement
(OPC), of PO 42.5R and as stated by ASTM-C989-09
Chinese made slag cement type S-95 (42.5 MPa), complying
with Chinese standard specification (GB175 and GB/
T18046) [31], was used in the preparation of the concrete
specimens. Table 1 shows the chemical composition of the
OPC and GGBS used in the study. Crushed granite with a
maximum size of 10 mm, specific gravity of 2.60 was used as
coarse aggregate. Natural river sand with a specific gravity of
2.56 was used as fine aggregate.

2.2. Specimen Preparation. Different slag cement re-
placement percentages (0%, 30%, 50%, and 70%) were
employed to prepare concrete specimens. The mixing
ratios of raw materials are given in Table 2. The concrete
mixture was cast on each specified mold, and then
concrete specimens were sealed with polyethylene plastic
covers and were left to dry for about 1 day. Subsequently,
the samples were demolded and stored in the standard
curing condition at a constant temperature of 20 +2°C,
complying with ASTM C09 Committee 2001a and 95%
relative humidity (RH) for 28 d. Concrete samples were
taken immediately after curing for each testing date after
specified carbonation period and concrete sample for
morphology and microstructural investigation, then
immersed in anhydrous alcohol to reduce further cement
hydration for the next microstructural and mineralogical
analysis. The curing process for the two-exposure con-
ditions is mentioned in detail in Section 2.3.4. For each
concrete mixture, a revolving drum pan mixer with a
capacity of 60 L was used for the tests:

(i) Compressive strength (96 concrete cubes with size
100 x 100 x 100 mm)

(ii) Natural carbonation (48 concrete cubes with size
100 x 100 x 100 mm)

(iii) Accelerated carbonation (48 concrete cubes with
size 100 x 100 x 100 mm)

TaBLE 1: Chemical composition and specific gravity of cement and
GGBS (%wt.).

Component (%) OPC GGBS
SiO, 17.945 26.713
ALO, 4.465 14.748
Fe,05 3.558 0.472
CaO 64.562 43.093
MgO 3.751 10.145
Rb,0 0.005 0.000
Na,O 0.178 0.380
K,O 1.176 0.346
MnO 0.059 0.260
TiO, 0.261 0.662
P,0s 0.064 0.010
NiO 0.005 0.003
ZnO 0.060 0.000
Specific gravity 3.45 2.94

LOI 3.05 0.24

TaBLE 2: Mixing proportions of concrete samples per cubic meter.

Mixture designation

Materials

G70 G50 G30 GO
Cement (kg) 129.3 215.5 301.7 431
GGBS (kg) 3017 2155  129.3 .
Water (kg) 202.7 201.7 202.7 202.7
Wi/c 0.47 0.47 0.47 0.47
Coarse aggregates (kg)  1052.6  1052.6  1052.6  1052.6
Fine aggregates (kg) 755.2 755.2 755.2 755.2

It should be noted that the size of concrete specimens for
carbonation depth measurement was 100 x 100 x 100 mm
cubes. This was chosen based on space constraints in the
accelerated carbonation chamber (ACC) and also to comply
with RILEM recommendation CPC-18, which states that the
minimum dimension of the concrete cube should be at least
3 times greater than the maximum size of aggregate [32].

2.3. Testing Methods

2.3.1. Compressive Strength. The compressive strength of
concrete cube specimens was measured with a loading rate
of 0.05 MPa/s until the concrete specimens reached rupture
point. The strength measurements of concrete cubes were
done at 3, 7, 28, and 56 days exposure in the accelerated
carbonation chamber and at 7, 28, and 56 days exposure
under natural carbonation. Three specimens were tested for
each concrete mix proportion, and the average value was
taken as the compressive strength of the concrete specimens.

2.3.2. Scanning Electron Microscopy (SEM). SEM was
employed to investigate the morphology of both concrete
specimens exposed under accelerated and natural car-
bonation. Granulated and powdered samples were
extracted from the carbonated front of the specimens.
These were placed in an oven at 50°C for 24 h to dry before
microstructural analysis. An SU3800 scanning electron



microscope with an accelerating voltage of 30kV with a
working distance of 52 mm was used. To avoid signal
intrusion, samples were coated with silver.

2.3.3. Energy Dispersive X-Ray Spectroscopy (EDS) Analysis.
After the scanning electron microscopy (SEM) analysis, the
specimens were then analyzed by EDS in order to compute
some of the hydrated, carbonated phases and identify the
change in hydration product of carbonated concrete
specimens.

2.3.4. Carbonation Resistance. The carbonation test was
carried out based on the test standard of long-term
performance and durability of ordinary concrete (GB]
82-85 standard) and (modified one GBT 50082-2009
standard) [33, 34]. 96 concrete cube specimens with size
100%100%100 mm were used. After 28 days curing period,
in order to ensure proper CO, diffusion during carbon-
ation curing, the concrete specimens were removed from
the wet curing chamber and dried for 48h at a temper-
ature of 60°C to evaporate the existing free water in the
concrete pore structure [35]. All sides of the concrete
cubes except for opposite casting faces of the cube are the
only faces that are not painted as shown in Figures 1 and 2
to facilitate uniaxial direction carbonation. Then, the
concrete samples were placed in the carbonation chamber
with a CO, concentration of 15+ 5%, a temperature of
21 +2°C, and a relative humidity of 70 + 5% RH as shown
in Figure 2. Natural and accelerated tests were carried out
in separate environments. The natural carbonation ex-
periments were carried on specimens in the natural
laboratory indoor environment. The specimens subjected
to accelerated carbonation were placed in a carbonation
chamber at 70 + 5% RH, with 15% + 5% CO, content (refer
Table 3).

Concrete samples were positioned evenly inside the
chamber to allow uniform CO, gas distribution throughout
the chamber. For each concrete batch, three specimens were
tested after 3, 7, 28, and 56 days in the case of the accelerated
carbonation test, and after 7, 150, 180, and 365 days in the case
of the natural carbonation test. The concrete cubes were
removed from the carbonation chamber on each testing date,
and the cube specimens were split into half using a hydraulic
compression machine. Dust and loose particles were removed
from exposed surface with a soft-barb brush (Figures 1 and 2).

The carbonation depths were measured at each testing
date by spraying a pH indicator solution (0.1g phenol-
phthalein in 100 ml 95% ethanol) onto the concrete surface
which has been cleaned of dust (Figure 2), incompliance
with RILEM CPC-18 [36]. To clearly differentiate the
transition zone between carbonated and noncarbonated
zones of concrete, it is necessary to leave the concrete
specimens for a while after spraying phenolphthalein.
Phenolphthalein is a colorless acid indicator which turns
reddish when the pH value is above 9.5. If no coloration is
shown, carbonation has taken place and the depth of the
carbonation can be determined. Data reported are the av-
erage of 8 readings made on each face.
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After samples were exposed to the two different car-
bonation conditions for different time periods as specified in
above, samples were removed and split into two pieces and
each piece was measured individually. A 1% solution of
phenolphthalein in alcohol was sprayed on the broken dry
concrete surface. Maximum and minimum depth of car-
bonation was recorded. A mean depth was also determined,
and results of concrete carbonation with respect to its effect
on GGBS cement replacement, curing period, and rate of
carbonation are presented in the following sections.

3. Results and Discussion

3.1. Effect of Carbonation and Slag Replacement on Com-
pressive Strength. Compressive strength measurement of
concrete cast with OPC and GGBS, exposed to accelerated
and natural carbonation, was carried out as specified in
Section 2.3.4. The effect of carbonation on the compressive
strength of OPC concrete with various amounts of GGBS
replacement over the time of CO, exposure and two dif-
ferent exposure condition is shown in Figure 3. The results
show that after 7 days, the compressive strength of all the
concrete specimens with various percentages of replacement
of GGBS shows a slight increase in strength with increasing
CO, concentration, except for the concrete mix with 30%
OPC and 70% GGBS (G70), which shows insignificant
change. The control group (0% GGBS), G30 (30% GGBS),
and G70 (70% GGBS) exposed to ACC had attained an 8.9,
0.6, and 0.3% increment compared with concrete exposed to
natural carbonation, respectively. Previously, two theoretical
explanations were proposed to explain the strength reduc-
tion. The first reason is due to a low rate of CaCO; crys-
tallization during the carbonation process to fill the voids in
the pore structure. The presence of CH and ettringite as
sources of Ca** for CaCOj; formation was regarded as one of
the reasons for strength reduction. Moreover, CaCO; de-
velopment can be inhibited by low Ca/Si of C-S-H in
hardened slag-blended Portland cement [37]. In line with
the results of this study, there seems to be a correlation
between carbonation depth and compressive strength of
slag-blended Portland cement. As Figure 3 shows, there is an
inverse relationship between the results of compressive
strength and carbonation depth of the concrete specimens.
As the compressive strength increases, the carbonation
depth slowly decreases. This result was confirmed by
[13, 26, 38].

The compressive strength of blended Portland cement
concrete can be significantly improved by carbonation [39].
This is related to the reduction in porosity and likely also
changes in the C-S-H gel structure as the main binding
component in cement [40]. Although some researchers
suggest this is not the case for blended Portland cement [24].
Bakharev [24] explained that during calcite crystallization,
an increased porosity founded. Consequently, it is believed
that because of carbonation, the concrete permeability is
possibly increased, whereas the concrete strength is reduced
[24]. Li et al. [37] also showed that conversely, the car-
bonation had an adverse effect on AAS mortar strength [37].
This effect is due to the carbonation of the pozzolanic C-S-H
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(a) (b)

(@] (d)

FiGcure 1: Carbonation test setup: (a) uncoated concrete surfaces; (b) all surfaces, except one, are coated; (c) specimens are sectioned into
half; (d) phenolphthalein solution was sprayed on the fresh saw surface, and carbonation depth reading was taken.

(©)

FIGURE 2: (a) Accelerated carbonation chamber. (b) Coated concrete sample. (c) Removing unwanted dust. (d) Concrete cubes after coating.

TaBLE 3: Environmental conditions during the carbonation test
period.

ACC Indoor
Temperature ("C) 21+2°C 10-41°C
RH (%) 70+ 5% 25-69%
[CO,] in air 15+5% 300-500 (ppm)

and C-H, which may produce a poorly hydrated calcium
silicate gel of a low molar volume. As a result, a great amount
of water, which is initially chemically bound within the C-S-
H/C-H, is released from the calcium silica gel resulting in
extra pore space in the concrete microstructure [41]. This
unusual behavior by the mineral admixture (GGBS) is more

evident with high-volume replacement percentage 70%, and
that carbonation can then considerably contribute to an
increase in porosity. In the current investigation, the
compressive strength of Portland cement concrete is sig-
nificantly improved by carbonation, whereas for high-vol-
ume slag-blended Portland cement concrete specimens, a
reduction in compressive strength was observed. The results
are consistent with the previous studies [25, 37, 42, 43].
The changes in compressive strength tends to be stay
steady after 28 d of CO, exposure for the blended Portland
cement. Concrete with high percentage of GGBS cement
replacement experiences lower mechanical strength than
that of OPC concrete, but the strength declines at a slower
rate over time, and the long-term strength is excellent. This
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F1GUre 3: Influence of (a) accelerated carbonation and (b) natural carbonation on compressive strength of concrete with different cement

replacement.

feature becomes more pronounced as the extent of re-
placement increases. In general, in the early days of GGBS
cement concrete carbonation, the amount of pores inside the
concrete increases; however as the hydration progresses, the
number of capillary pores with relatively larger diameters
decreases; if the finesse of slag cement particle is not more
fine-grained than Portland cement, the carbonation depth
would be more intensified.

3.2. Influence of GGBS Replacement Ratio on the Carbonation
Depth of Concrete. Carbonation depth of OPC with several
slag cement replacement ratios and different rates of
carbonation exposure and curing time are illustrated in
Figures 4, 5, and 6. It can be seen that depth of carbonation
at every time increases significantly with increasing slag
cement replacement: 30%, 50%, and 70% which are 5.73%,
7.30%, and 135.29% of the control concrete group (100%
OPC) at 28d for accelerated carbonation curing exposure,
respectively. As seen in Figure 4, no concrete groups showed
any visible carbonation that could be detected by phenol-
phthalein after 7 days of the natural carbonation test. As
GGBS cement content in the concrete mixes increased, the
rate of carbonation and carbonation depth also increased.
After 56d, the depth of carbonation of sample with 70%
GGBS increased by 270% compared to that of the reference
concrete (100% OPC). The same trend is seen in Figure 6 for
30% and 50% GGBS content, and carbonation depth of
concrete sample at 56 d increases by 49.7% and 52.5%, re-
spectively. From these experimental results, we can refer that
as the cement substituted by high-volume slag mineral
admixture, not less than 30% of total amount of cementi-
tious materials, the concrete internal solution alkalinity
decreases with increase in mineral admixture replacement.
This implies that the more OPC cement replaced by GGBS,

(b)

(c)

(d)

FIGURE 4: Images of concrete specimens sprayed with phenol-
phthalein indicator (1:100% OPC (GO0), 2: 70% OPC (G30), 3:50%
OPC (G50), and 4:30% OPC (G70)). Note. A B, C, and D represent
7,150, and 180 days and 1-year exposure result for concrete groups
in natural carbonation curing.

the larger the carbonation depth become. The carbonation of
concrete is usually slowed down by the reaction of CO, with
Portlandite. It means that consumption of Portlandite by
GGBS cement leads to an increase in the carbonation depth,
especially if the permeability of the concrete is not decreased
by the pozzolanic reaction [44]. Similar results were also
reported by De Belie et al., Savija and Lukovié, and Gao et al.
[2, 40, 45]. Black [46] and Sisomphon and Franke [47] also
stated that consumption of portlandite occurs by the poz-
zolanic reaction, thus reducing the buffering capacity of the
cement paste, leading to low pH and so reducing resistance
to carbonation. According to Black (2016) [46] at a low level
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FIGURE 5: Images of concrete specimens sprayed with phenolphthalein indicator (1:100% OPC (G0), 2:70% OPC (G30), 3:50% OPC
(G50), and 4:30% OPC (G70)). Note. A B, C, and D are 3-, 7-, 28-, and 56-day results for concrete groups in ACC, respectively.
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FiGgure 6: Influence of GGBS cement on carbonation resistance of concrete exposed to (a) accelerated carbonation and (b) natural

carbonation.

of replacement by slag (10%), the pozzolanic reaction re-
duces the permeability of the concrete, thus reducing the
ingress of carbon dioxide and hindering carbonation.
Conversely, at higher slag replacement levels, cement blends
are more vulnerable to carbonation.

Photographs provided in Figures 4 and 5 show that for a
given concrete class, slag content, and exposure duration,
the indoor natural carbonation exposed concretes had
lower carbonation rates than those exposed to ACC en-
vironments. This can be attributed to the higher concen-
tration of CO, in the ACC. From Figure 4, it can also be
seen that carbonation depth of concrete for all slag re-
placement percentages shows insignificant carbonation
depth at early stages for concretes exposed to natural

carbonation. All concrete groups did not show any visible
carbonation that could be detected by phenolphthalein
during 7 days of natural carbonation exposure. However,
after exposure in the NC (natural carbonation) test for
about 150 days, slight change in carbonation depth was
noted. After 5 months, carbonation depths for concrete cast
from 30%, 50%, and 70% slag cement were 121.8%, 171.1%,
and 262.17% of that of reference concrete. Note the dif-
ference in carbonation depth in the NC and ACC test, i.e.,
0-5.65mm versus 0-26.2 mm, respectively. It can be seen
from Figure 6 that use of OPC concrete always led to lower
carbonation depths, while concrete with the higher GGBS
cement replacement gave the greatest carbonation depth,
both under accelerated and natural CO, exposure



conditions [48]. However, the current demand and high
CO, emissions during the production of OPC make it
crucial to adopt blended cement with low clinker content in
construction industries. Worldwide, more than 80% of
cement is blended [48], and utilization of anticarbonation
coatings should further be taken as a precondition to re-
duce the rate of carbonation and sustain structural integrity
[48]. The reason is that alkaline-hydrated products (e.g., Ca
(OH),) become less abundant with a high percentage of
GGBS replacement, and the carbonation reaction in GGBS
concrete mixes generates a coarsening of the pore structure
which allows CO, to infiltrate more easily into the concrete
[46, 49]. This leads to low initial alkalinity in the concrete
pore solution. The same result was found by Gao et al. and
Zhao et al. [45, 50]. This coarsening of the pore structure
might be linked to the formation of extra silica gel due to
decomposition of C-S-H [40].

Figure 7 illustrates the required concrete cover strength
(cube specimen at 28 days) and concrete cover thickness for
the most severe exposure conditions of carbonation en-
vironment for different codes (ACI-318 (ACI, 2011)), GB/T
50476, and Eurocode (CEN, 2000; CEN, 2004). To identify
whether carbonation-initiated corrosion will cause prob-
lems in the structure within its life span, the experimental
values must be compared to the minimum thickness of the
concrete cover. In ACI 318 (2011) [51], the minimum
thickness of the concrete covers for reinforcement is not
less than 50 mm for wall and slab. Eurocode (EN1992-1-1)
[52] and GB/T 50476-2008 [53] stipulate 25 and 15 mm
concrete cover (applicable in XC exposure class), respec-
tively. Given that the accelerated carbonation tests in this
study were conducted at a RH of 70%, which is favorable for
carbonation, the experimental values were compared to a
concrete cover thickness of 25mm (applicable in a XC3
environment/moderate humidity) (see Figure 6). The
carbonation depths for all concrete mixes except that cast
from 30% OPC (G70) are in acceptable range for envi-
ronments containing 15+2% CO,, in the specified CO,
exposure duration.

3.3. Influence of Carbonation Rate on the Concrete Carbon-
ation Resistance. The concern and doubts have led to the
formation of a number of different forms of the model for
expressing the progress in carbonation through time as a
function of various variables. Fick’s law is the initiation point
to determine the mathematical modeling of concrete car-
bonation. The diffusion flux in one-dimensional space with
respect to Fick’s first low is described by the following
equation:

Q--p%, (4)
0x

where Q is the flow, the amount of the material flowing
through a unit cross section per unit time mol/m?.s; D is the
diffusion coefficient m2/s; ¢ is the concentration of the
diffusing substance mol/m’; x is the diffusion direction, m.
FicKk’s second law of diffusion followed where the density of
diffusion flux varies:
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GB/T 50476 [54, 55].

- = DF,—, (5)

where t is the time, Fj, is the surface through where the
diffusion occurs, m”, and Ag/Ax is the concentration gra-
dient on the concrete surface and on the depth x.

When x is taken as the depth of carbonation, the con-
centration on the depth x is 0 and then equation (5) becomes

a_}’ — DFD(Pext (6)
0x x

where ¢,,, is the CO, concentration in the air:

0Q = aFpox. (7)

If we assume the diffused CO, is completely used for
carbonation, the above equation will be used.

Combining equation (6) to equation (7), the basic car-
bonation model is obtained after integrating over 0Q. This
model is adapted for this study:

X = x0 + %\/z‘_ (8)
a

The other version of equation (8) is developed by Nilsson
[56] by considering different material properties:

t
xCOZ = J goext. X=xc0, ! dx'
oa | (d,/D.F (RH))

x=0

9)

Similarly, Papadakis [57] has also developed a mathe-
matical model that includes participation of phase other
than portlandite in carbonation:

] 2 Dt[CO,]
* = \[Ca(OH),] +3[C,8] + 2[C,8]

(10)

The above equation developed considering that the full
carbonation of concrete is not only complete consumption
of Ca(OH),. Though, almost all carbonation models estimate
the rate of carbonation to be related to the square root of
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exposure time by the regression analysis according to Fick’s
second law of diffusion as described in equation (8). This
describes the rate of carbonation, where “x” is the depth of
carbonation in mm, “¢” is the time duration for carbonation
in year, “C” is the rate of carbonation in mm/year®®, and
“x,” is the initial carbonation in mm, usually insignificant or
zero [13, 58, 59].

As shown in Figure 8, the use of GGBS cement in the
concrete results in a higher carbonation rate (C value)
(20.94, 26.72, and 45.5 mm/yearo's) for 30, 50, and 70%
replacement of GGBS than that with pure OPC concrete
(17.33 mm/year®”) during 7d accelerated carbonation
exposure. Furthermore, the curing time prolonged the C
value also shows increment (25.95, 26.35, and 57.76 mm/
year’?), respectively, than that of reference concrete
(24.55 mm/yearo's) at 28d. The SEM and EDS results
reveal that concrete mixture with plenty of CH phase has a
lower C value than those with the low C-H concentration
(refer Figures 9 and 10). From the experimental results,
concrete with high volume of GGBS have a faster car-
bonation rate than reference concrete. Similar results were
also presented by Zhao et al. and Borges et al. [39, 50]. The
rate of carbonation for the concrete sample with 70%
GGBS replacement at 28 and 56 days under accelerated
carbonation curing was higher than the reference concrete
(100% OPC) sample with the same exposure conditions. In
addition, the rate of carbonation is similar for the concrete
samples with 50 and 30% GGBS replacement. However,
the concrete with 50% GGBS replacement showed a slight
increase compared to the concrete with 30% GGBS and
(100% OPC) at 3-day early exposure. For natural car-
bonation, the rate of carbonation increases with in-
creasing percent GGBS replacement [49]. The use of GGBS
in the concrete results in a higher C value (5.397, 6.598,
and 8.814 mm/year’?) for 30, 50, and 70% replacement of
slag than that with reference concrete (2.433 mm/year’”)
during 150 d natural carbonation exposure.

Furthermore, as the curing time was extended to 1 year,
the C value also shows slight drop (4.19, 4.55, and 7.13 mm/
yearo's), respectively, than that of reference concrete
(2.94 mm/yearo's) for 30, 50, and 70% replacement of slag,
respectively. A study by Savija and Lukovi¢ also indicated
that the carbonation rate of the concrete increases with
increasing volume of blast-furnace slag, and the mechanism
of carbonation for high-volume Portland slag-blended ce-
ment seems to be regulated by the amount of CH prior to
carbonation [10, 40]. The increase in rate of carbonation
with increasing volume of blast-furnace slag occurs re-
gardless of owning densified pore structure of blended ce-
ment concretes due to their finer particle size and filler effect.
This reveals that concrete microstructure might not be the
only indicator for monitoring the rate of carbonation [10]
(refer Figure 11). However, the test results contradict Dhir
et al. [60] who showed that changes in cement content do
not have a noticeable effect on the resistance of concrete to
carbonation.

The data regarding the influence of carbonation exposure
on carbonation depth, including the abovementioned pa-
rameters, the graphs in Figures 8(a) and 8(b), are plotted on

Figure 9. Considering that the coefficient of correlation for
almost all concrete groups in both exposure condition is very
good with the exception of concrete group G70 in natural
carbonation exposure condition and there with the trendline
observed can be considered as the best fit. The following
points of practical relevance of the relation can be pointed out:

(i) Despite the fact that the resistance of concrete
structure to carbonation decreases with GGBS
content, Figure 12 also supports this [4].

(ii) For both exposure condition (natural and
accelerated carbonation exposure), concrete with
30% and 50% GGBS content develops approxi-
mately the same carbonation resistance.

(iif) Once again, the trend observed with respect to the
duration of carbonation exposure with and without
GGBS is generally similar for natural and
accelerated carbonation exposure. Furthermore, the
carbonation depth of concrete with 0%, 30%, and
50% GGBS content after 56d of accelerated car-
bonation exposure was almost twice that of natural
carbonation exposure.

For given concrete and carbon dioxide exposure condi-
tions, extending the duration of curing time from 3 to 56 d in
the case of ACC and 7-360d in the case of natural car-
bonation increases the carbonation rate, although a slight
drop-in rate of carbonation was also recorded during natural
carbonation exposure as the exposure duration prolonged
(Figure 8). This is related to reduction of pore structure
improvement as a result of carbonation. However, extending
the carbonation exposure is not the only reason for the in-
crease in carbonation rate. Having a small volume of GGBS
seems to have a significant impact on the rate of carbonation.
For instance, for the concrete group G30 (30%GGBS), in-
creasing the curing time from 3 to 56 d under ACC results in
29.0% increases in carbonation rate, whereas the increase was
29.2% for 70% GGBS. According to Roy SK (1999) [15], the
recommend range of carbonation constant “C” for medium
strength concrete (25-30Mpa) in outdoor and indoor ex-
posure was (2-5mmyr *°), respectively. From the experi-
mental results here, the carbonation constant “C” ranges
between 0 and 9.8 mm yr ** for all concrete groups exposed
to natural carbonation. Sanjuan [61] also published similar
carbonation depth range for 0% and 50% GGBS cement
replacement. Furthermore, “C” ranges between 1.9 and
26.2 mm for accelerated carbonation exposure.

3.4. Morphology and Mineralogy of the Concrete Specimens
(EDS and SEM Analysis). The SEM picture and EDS pattern
show that the amount of carbonation increases with in-
creasing GGBS replacement and CO, concentrations. The
morphology of the portlandite (C-H) and calcium silicate
hydrate (C-S-H) formed in concrete samples exposed to
natural carbonation, as shown by SEM imaging (Figure 10),
differs consistently from concrete samples exposed to
accelerated carbonation (Figure 9). The calcite crystallites in
the latter can often spotted as irregular in shape (Figure 9)
and become denser as the GGBS replacement increases
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FIGURE 8: A typical plot of exposure duration vs carbonation depth fitting for (a) natural carbonation and (b) ACC and influence of exposure
condition on rate of carbonation of concrete exposed to (c) natural carbonation and (d) accelerated carbonation.

compared to samples exposed to natural carbonation. The
presence of significant calcite formation is intensified for
concrete exposed to accelerated carbonation compared to
natural carbonation. Increasing percentage of GGBS cement
replacement leads to the formation of a coarser micro-
structure and a possible increase in concrete porosity. In
addition, when the concrete is carbonated, the appearance of
the coarser microstructure is more pronounced as the GGBS
percentage increases. In high-volume GGBS cement, the
reduction of the outer C-S-H porosity related to the loss of
CH crystals replaced by a packing of calcium carbonate
crystals leaves extra voids [41]. However, since the reasons
for such behavior are still not well established, further study
is recommended to establish guiding principles on this
concept (see Figures 11 and 12).

For concrete samples exposed to natural carbonation,
the inner portion of the sample can further react with
increasing curing time. Angular-shaped portlandite (C-H)
gel is observed in natural carbonation samples (Figure 10).
The SEM data reveal that the inner section of the specimen
does not change broadly during carbonation, and this
section of the concrete specimen is likely responsible for
further strength development. Notwithstanding, C-H re-
acts initially more rapidly, and its rate of reaction decreases
over time, until it is overtaken by the C-S-H reaction.
Carbonation of C-S-H gel results in the removal of calcium
ion (Ca®") from the gel, causing the formation of an
amorphous silica gel and various polymorphs of calcium
carbonate [40]. Thus, changes in C-S-H properties by
carbonation reaction can have an effect on concrete
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50% GGBS (G-50) 70% GGBS (G-70)

FIGURE 9: SEM and EDS images of carbonated concrete specimens with different %GGBS after accelerated carbonation exposure.

50% GGBS (G-50) 70% GGBS (G-70)

Figure 10: SEM and EDS images of carbonated concrete specimens after natural carbonation exposure.
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F1GURE 11: Concrete microstructure model with respect to CaCO3 formation during accelerated CO2 exposure in two different kinds of

cement: (a) OPC and (b) high-volume GGBS cement.

FIGURE 12: Mechanism of carbonation at the pore level and pH profile along the CO, infiltration (right).

properties [55]. Apart from CH and C-S-H, further
chemical reaction can also occur between dissolved CO, in
the pore solution and other minerals in hardened cement
paste, including C;S and C,S and C;A. The carbonation of
aluminate hydrates is also supposed to be fast. Similar
findings were reported by other authors [40]. Inert layers of
calcite covering large areas of C-S-H are shown in Figures 9
and 10, and these prevent the high-density C-S-H from
further carbonation.

In the reaction mechanism of OPC concrete, the dif-
fused CO, reacts with calcium ions from the hydration
products of portlandite (Ca(OH),), calcium silicate

hydrates (C-S-H), and calcium aluminum silicate hydrate
(C-A-S-H), to produce various forms of calcium carbonate
(CaCO3) [58] according to equations (11) and (12). The
high formation rate of CaCOj3 by carbonation can fill the
pores in concrete structure and densify the matrix as shown
in Figure (12) [40, 62]. The microcracks caused by drying
shrinkage and long-term shrinkage due to carbonation in
GGBS and OPC cement may further result in the diffusion
of CO, and extend the CO, retention. Carbonation can
enhance the microstructure of OPC and GGBS cement
through formation of CaCOj3, whereas it affects the mi-
crostructure of alkali-activated materials [62]:
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Ca(OH), + CO, — CaCO, + H,0,  (11)

(Ca0),SiO, (H,0) + xCO, —> xCaCO; + SiO, (HZO)y
+(z - y)H,O0.
(12)

Figures 9 and 10 depict the mineralogical composition
and microstructural phase of all concrete mixes after ex-
posure to accelerated and natural carbonation. The dense
structure of hydrates shown in the picture (GO0) is due to the
presence of C-S-H and Portlandite. These compositions
further undergo different chemical reactions. As the GGBS
cement replacement increases, the reaction rate of Ca (OH),
with CO, also increases, which results in the formation of
CaCOj; and H,O. Subsequently, calcium carbonate reacts
with carbon dioxide and water, due to the availability of
pores for CO, diffusion, resulting in the formation of pores
and calcium bicarbonate (Ca (HCO3),) which leads to an
increase in concrete permeability. Borges et al. [39] stated
that an increased permeability of concrete during carbon
dioxide exposure was due to carbonation shrinkage and
cracking formed in the slag cement paste after carbonation.
However, the overall porosity was reduced due to pore filling
by carbonates [29]. In contrast to this fact, the carbonation of
OPC concrete yields a denser microstructure because of the
formation of significant calcite, which can overcome the
shrinkage stress and cracks initiated by CSH decomposition.
According to Savija and Lukovi¢ (2016), slag-blended ce-
ment pastes show a denser microstructure compared to
Portland cement paste [40]. As a result of carbonation,
porosity of cement paste may change as stated above; this
change can be due to a decrease in porosity in the case of
OPC paste and increase in porosity in the case of blended
cement paste [40]:

CaCO; + H,0 + CO, & Ca (HCO;),. (13)

Carbon dioxide (CO,) dissolved in aqueous pore solu-
tion yields carbonic acid (H,CO3). The reaction between the
basic compounds of hydrated cement, namely, calcium
hydroxide (Ca (OH),) and calcium silicate hydrate (C-S-H)
and carbonic acid (H,CO3), produces calcium carbonate
(CaCO:s3) and water (H,O). This reaction results in a drop in
pH [63]. The decreasing calcium hydroxide concentration
will lead to the dissolution of the other hydrates in concrete
cement paste, thus intensifying the carbonation effect.
Portlandite reacts with CO, initially more rapidly than C-S-
H. However, the rate of reaction decreases with time and is
replaced by the C-S-H gel reaction rate due to the formation
of various microcrystalline calcium carbonate layers around
portlandite hexagonal crystals [58, 64]. C-A-S-H (calcium
aluminate derivatives) shows minimal reaction to CO,
unlike C-S-H (calcium silicate derivatives). In general, the
effect of carbonation on strength development of C;A
(3C3CO3 A1203) and C12A7(12C3CO3. 7A1203) contribu-
tion is insignificant [65].

Figure 12 illustrates the dissolution of CO, into the pore
solution, forming carbonic acid (H,CO3) which is ionized

13

successively to HCO®™ and CO5>". The results of this re-
action are paired: the consumption of OH™ ions in pore
solution and the formation of solid precipitation of calcite
(CaCO3) in the pore space. The former decreases the pH
value of the pore solution from around 13.0 to below 9.0,
while the latter can fill in the original pore space and
strengthen the solid matrix of concrete [55]. The CH is not
the only phase involved in the carbonation reaction with
dissolved CO, in the pore solution; the C-S-H is also the
main products from hydration of cement grains and slag
particles, including a group of (CaO)x(SiO,)y(H,0)z
compounds with Ca/Si ratios involved in the carbonation
reaction. In simplistic way, this reaction is shown in
equation (12). However, due to the very low solubility of
C-S-H in the pore solution, the effect of C-S-H carbonation
on the pH value of the pore solution is considered to be
weak.

4. Conclusions

This study has investigated the influence of carbon dioxide
exposure on the properties of concrete cast with ordinary
Portland cement (OPC) and various percentages of GGBS.
The properties studied were carbonation rate, depth of
carbonation, and mechanical and microstructural properties
of concrete. Concrete cubes cast with OPC, and various
percentages of GGBS (0%, 30%, 50%, and 70%) were subject
to natural (indoor) and accelerated carbonation exposure.
The following conclusions can be made based on the ex-
perimental results obtained:

(i) The carbonation coefficient was found to increase
with increase in GGBS replacement level. The re-
placement of ordinarily Portland cement (OPC) by
GGBS leads to an increase in the carbonation depth
of concrete under the same experimental
conditions.

(ii) For all given concrete groups and testing time,
concretes exposed to natural carbonation (indoor)
had lower carbonation rates than those exposed to
accelerated carbonation. Low carbonation rates
were displayed in concretes with low permeabilities,
particularly in concretes made from 100% OPC.
Rate of carbonation was more sensitive to change in
%GGBS rather than extending the testing time.

(iii) The calcite crystallites for concrete samples exposed
to accelerated carbonation were often seen as ir-
regular in shape and become denser as the slag
replacement increased compared to samples ex-
posed to natural carbonation. The carbonation of
OPC concrete yields a denser microstructure than
blended Portland cement because of the formation
of significant calcite, in both exposure conditions.

(iv) The above proposed mathematical model between
carbonation depth and exposure duration can be
used as input for predicting and evaluating the
response of OPC and slag-blended Portland cement
concrete subjected to both natural carbonation and
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accelerated carbonation. From the empirical car-
bonation rate prediction model, the trend observed
regarding to the duration of carbonation exposure
with and without GGBS is generally similar for
natural and accelerated carbonation exposure.
Furthermore, the carbonation depth of concrete
with 0%, 30%, and 50% GGBS content after 56 d of
accelerated carbonation exposure was nearly twice
that of 1-year natural carbonation exposure.

(v) The presence of significant calcite formation is in-
tensified for concrete exposed to accelerated car-
bonation compared to natural carbonation.
Furthermore, increasing %GGBS leads to the for-
mation of a coarser microstructure and results in a
possible increment in concrete porosity.
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