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Abstract: Ternary blended cements, made with silica fume and limestone, provide significant benefits
such as improved compressive strength, chloride penetration resistance, sulfates attack, etc. Further-
more, they could be considered low-carbon cements, and they contribute to reducing the depletion
of natural resources in reference to water usage, fossil fuel consumption, and mining. Limestone
(10%, 15%, and 20%) with different fineness and coarse silica fume (3%, 5%, and 7%) was used to
produce ternary cements. The average size of coarse silica fume used was 238 pm. For the first time,
the carbonation resistance of ternary Portland cements made with silica fume and limestone has been
assessed. The carbonation resistance was assessed by natural carbonation testing. The presence of
coarse silica fume and limestone in the blended cement led to pore refinement of the cement-based
materials by the filling effect and the C-S-H gel formation. Accordingly, the carbonation resistance of
these new ternary cements was less poor than expected for blended cements.

Keywords: sustainable materials; service life; carbonation; coarse silica fume; limestone

1. Introduction

Cement manufacturing is a major contributor to anthropogenic global warming [1],
which accounts for approximately 7.4% [2—4] of worldwide carbon dioxide emissions. Con-
sequently, life cycle analyses have demonstrated that Portland cement is responsible for
60-80% of carbon dioxide emissions from concrete manufacturing [5] since the production
of one ton of Portland cement clinker releases 800-1100 kg of carbon dioxide into the atmo-
sphere for fuel combustion (white clinker: 480-560 kg CO,; gray clinker: 280-330 kg CO5)
and for the calcination process (white clinker: 540-520 kg CO;; gray clinker: 530-520 kg
COy) [6]. Accordingly, we should be able to reduce carbon dioxide release associated with
Portland cement production as far as possible with current know-how. Efforts to lower the
carbon dioxide emissions from Portland cement manufacturing include alternative fuels
and raw materials during Portland cement clinker production and low-carbon cements
with a low clinker factor. In addition, for climate change mitigation purposes, a more
specific and complete inventory may be needed by considering the carbon dioxide uptake
by cement-based materials [7]. Through this, it would be possible to establish a more
complete life cycle inventory of concrete in terms of carbon footprint [8-12]. Currently,
some low-carbon concretes with embodied carbon dioxide below 100 kg / m3 CO, eq. are
available. This means a reduction of carbon dioxide by over 70% versus standard concrete
made with CEM L.

Carbon dioxide uptake is the amount of mentioned gas that has been chemically
bound by the cement paste constituents and pore solution contained in the hardened
concrete. It should be expressed as the mass of bound carbon dioxide per square meter of
the considered structure [13].

According to Pade and Guimaraes [14], concrete structures built in 2003 will be able
to bind around 28% of the carbon dioxide emissions from cement production during the
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next 70 years. By contrast, Yang et al. [15] reported that concrete structures could bind, for
a period of a hundred years, about 18-21% of the process carbon dioxide emissions. This
percentage was lowered by Fitzpatrick et al. [16] to about 16% for a period of carbonation of
one hundred years (concrete structures produced in 1972). The highest percentage of bound
carbon dioxide reported in the literature was 43% [17] from a global study considering
worldwide data from 1930 to 2013. A detailed comparison of some studies was reported
elsewhere [6].

Carbonation of cement-based materials is a natural aging physicochemical process
widely studied in the literature [11,18-25], in which carbon dioxide diffuses from the atmo-
sphere through the mortar or concrete capillary pores and reacts with carbonatable products
present in the pore solution or in the solid phase, such as calcium hydroxide known as
portlandite, calcium silicate hydrate, named as C-S5-H gel, ettringite, and to a lesser extent,
anhydrous phases of clinker, specifically tricalcium silicate, C3S, and dicalcium silicate,
C,S [24]. The main reaction is the reaction of calcium hydroxide, Ca(OH),, with carbon
dioxide, COy, to form calcium carbonate, CaCOj3 [10,18,19,26,27]. Then, the pH of the
concrete pore solution decreases, and the risk of steel rebar corrosion increases [18,24-26].
Consequently, this process can negatively affect the durability of reinforced concrete on the
one hand, but it can be a way to mitigate climate change impacts on the other [27-30]. In
a nutshell, carbonation is a significant carbon dioxide sink that is not yet included in life
cycle inventories.

Only a few studies were focused on the bound carbon dioxide quantification [18]
and therefore, the estimation of carbon dioxide uptake remains a very challenging task.
Andersson et al. proposed a simplified estimation method named Tier 1 [31], whereas the
European standard EN 16757 defines an advanced method or Tier 2 in its Annex G, formerly
known as Annex BB [13]. This European standard estimates the carbon dioxide uptake
considering a direct relationship between carbonation and reactive CaO content in concrete.
Several steps would have to be taken in order to estimate the carbon dioxide uptake, more
specifically, (i) degree of carbonation, (ii) carbonation rate, which can be estimated from
both the concrete compressive strength class and the field exposure conditions, and (iii)
maximum theoretical carbon dioxide uptake in fully carbonated concrete estimated from
the reactive CaO content in the binder.

Yang et al. [15] and Fitzpatrick et al. [16] found a good agreement between the results
obtained by applying the experimental procedure and those calculated by applying the
method defined in the European standard EN 16757. By contrast, Younsi et al. [32] found
that the European standard’s method underestimates the carbon dioxide uptake of concretes
made with additions since the carbonation depth was underestimated. In particular, the
model underestimates both the carbonation rate of up to 61% [33] and the maximum
theoretical carbon dioxide uptake of up to 77% for high content of ground granulated blast-
furnace slag in the concrete. This fact was highlighted by Andrade et al. [30]. Furthermore,
the degree of carbonation under indoor exposure was underestimated, while under outdoor
exposure was overestimated [33]. Summing up, the method defined in the European
standard EN 16757 works best under outdoor exposure [33]. Although full consensus is
highly desirable, it would be particularly valuable to continue the comparison in natural
carbonation, experimental versus estimated results. Currently, there is a lack of availability
of experimental data to perform the comparison with theoretical models [18]. This is a very
difficult challenge, indeed, particularly in the case of concrete made with blended cements.

Blended cements with a high content of Portland cement constituents, other than
clinker, will contribute to the drawdown of carbon dioxide emissions and, therefore, the
negative environmental impact of Portland cement production. In an attempt to produce
low-carbon and cost-effective blended cements, new formulations are currently being
investigated [34]. Zeraoui et al. [35] studied ternary binders (Portland cement-ground
granulated blast-furnace slag-flash-calcined sediment) and reported that 10% flash-calcined
sediment plus 40% ground granulated blast-furnace slag can replace 50% of Portland
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cement. However, the water demand increases with the use of flash-calcined sediment, but
it enhances the compactness and density of the mortar.

The rheological properties of ternary cements made of coal fly ash, silica fume or
limestone powder and Portland cement were assessed by Srinivas et al. [36]. They found
that silica fume and limestone, ranging from 5% to 10%, improved the buildability. Zhao
et al. [37] reported the enhancement of the packing density of ground slag-silica fume-
cement pastes and their increase of 28-days compressive strength.

Silica fume, fly ash, and limestone powder were used to produce Ultra-high-performance
concrete by Li et al. [38] to model their pozzolanic reactions. Silica fume showed the strongest
effect on the compressive strength, followed by the coal fly ash and limestone powder.
In addition, nanosilica (2%), calcined clay (23%), and Portland cement (75%) promote the
conversion of macropores into mesopores [39]. However, Papatzani and Paine [40] found
that 10% of silica fume addition to ternary systems Portland cement-limestone-fly ash could
be excessive since unreacted particles were observed by SEM. Ultra-high-performance fiber-
reinforced concrete (UHPFC) can be made by using ternary cement with silica fume and
limestone, as reported by Kang et al. [41]. According to Li et al. [42], the limestone promotes a
plasticization effect; furthermore, they reported that the optimal content of limestone powder
for UHPEC is 50% by volume.

Natural carbonation, also known as (re-)carbonation, permanently stores carbon
dioxide. One point that should be underlined, particularly within the climate change
context, is that the carbonation rate of blended cements is faster than that of CEM I cements.
Therefore, this fact should be clearly considered in The Seventh Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC). Figure 1 shows the first attempt made
by the Global Carbon Budget report [43] to estimate the (re-)carbonation from 1960 to 2023,
i.e., carbon dioxide uptake by cement-based materials (line blue in Figure 1). It means
that above 700 Mtons/year could be attributed to the carbonation sink. This estimation is
compared to the carbon dioxide uptake estimated by the Tier 1 methodology (dashed line
green in Figure 1) defined and calculated in reference [7].
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Figure 1. Global carbon dioxide uptake by cement-based materials from 1960 to 2023, reported by
the Global Carbon Budget report, and the carbon dioxide uptake estimated by the Tier 1 methodology
«source: Ref. [7]».

Accordingly, a ternary cement made with Portland cement clinker, limestone pow-
der, and a third cement constituent, for example, coarse silica fume, can be a promising
construction product due to the good experience [34,44], the adequate availability of the
constituents, and the low environmental impact.



Materials 2024, 17, 2705

40f17

Ground limestone is already being used worldwide in Portland cement, providing
some characteristics to the cement depending on its particle size distribution (PSD) and its
content in the blended cement, i.e., dilution, filler, nucleation, and chemical effects [34].

Silica fume is the world’s most widely used ultrafine particles for cement and concrete
production because of their good durability and mechanical properties. This is explained
by the optimization of the packing density [45,46] and, above all, by the pozzolanic re-
action, i.e., portlandite is consumed to produce additional C-S-H gel with a lower Ca/Si
ratio [44,47], and providing nucleation sites to C-S-H gel.

In view of these considerations, the carbonation resistance of clinker-limestone-silica
fume ternary cements is assessed. Furthermore, this paper provides data on carbon dioxide
uptake due to the natural carbonation of clinker-limestone-silica fume ternary cements.
This kind of information is currently lacking in the scientific literature, particularly for
concretes made with blended cements. These data are required to evaluate the actual
environmental impact of concrete more accurately in civil engineering and building.

In the following, the natural carbonation results of this experimental research program
are discussed to assess the effect of both ternary cement constituents’ nature and curing
conditions on carbonation resistance, carbon dioxide uptake of ternary cement mortars and
service life estimation. For the first time, the carbonation resistance of ternary Portland
cements made with silica fume and limestone has been assessed.

2. Materials and Methods
2.1. Materials

The experimental study was carried out on concretes designed with CEM I as per the
European standard EN 197-1 [48] from Holcim Espafia, Villaluenga de la Sagra, Toledo,
Spain, and blended cements containing silica fume or limestone manufactured by mixing
silica fume (H) from Ferroglobe PLC, Sada, Spain, and limestone (L) supplied by Holcim
Espaiia, Villaluenga de la Sagra, Toledo, Spain with the Portland cement (C). The limestone
was ground to reach three different fineness (given as percentage retained on the 120 pm
sieve): 10% (8001 cm?/g), 20% (25,857 cm?/g), and 50% (25,954 cm?/g). Grinding times
were 10, 20, and 50 min, respectively. Table 1 shows the chemical analysis of the samples.
Most of the elements were analyzed using the molten pearl X-ray fluorescence technique,
with a wavelength scattering X-ray spectrometer, Bruker’s S8 Tiger.

Table 1. Chemical composition of silica fume (H), limestone (L), and CEM I (%) [34].

Corr?p}ol:srirgf):ll (%) CEM 1 H L Physical Properties of CEM I
SiO; 20.0 96.1 3.4 Specific gravity (g/ cm?) 3.11
AL, O3 4.5 0.2 1.6 Initial setting time (min) 160
Fe, O3 2.7 0.1 0.4 Final setting time (min) 240
CaO 63.0 0.4 46.3 Volume expansion (mm) 0.0
MgO 19 01 03 Specific suerace Blaine 3811
(cm?/g)

SO3 3.1 0.1 0.1

K>,O 0.9 0.4 0.2 Compressive Strength (MPa)

Ti,O5 0.2 0.0 0.1 1 days 14.32
P,0s5 0.1 0.0 0.0 7 days 50.50
LOI 3.2 2.4 47.5 14 days 55.28
Na,O 0.3 0.2 0.1 28 days 59.25
CI~ 0.1 0.0 0.0

Loss on ignition (LOI) and sulfate content determination are described in the European

standard EN 196-2 [49]. The alkali content (Na* and K*) in cement, limestone, and coarse
silica fume was determined by inductively coupled plasma optical emission spectrometry
(ICP-OES) with a Varian model 725-ES equipment.
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In addition, a siliceous sand (0/4 mm) from IETcc, as per the European standard EN
196-1 [50], was used to manufacture the mortars.

The ternary mix design is given in Table 2, and the criterion of coding is as follows:
e  Reference: CEM 142.5 R (100wt% CEM I).
e  H: Silica fume content (Owt%, 3wt%, 5wt%, 7wt%).

Table 2. Ternary cement mix design: silica fume (H), limestone (L) and cement (CEM 1 42.5 R).

10% Retained 20% Retained 50% Retained

Cenéerllt Mix CEM I (%) (;I) Li Tottal Of(o/ ) Limestone (%) Limestone (%) Limestone (%)

ode ? tmestone &7 (8001 cm?/g) (25,857 cm?/g) (25,954 cm?/g)
Reference 100 0 0 0 0 0
H31L15-0-0 82 15 15 0 0
H31.20-0-0 77 20 20 0 0
H3L0-15-0 82 3 15 0 15 0
H3L10-10-10 67 30 10 10 10
H5L.0-0-0 95 0 0 0 0
H5L0-15-0 80 5 15 0 15 0
H51L.15-0-0 80 15 15 0 0
H7L0-15-0 78 15 0 15 0
H7L15-0-0 78 15 15 0 0
H71.20-0-0 73 7 20 20 0 0
H7L10-10-0 68 25 10 10 5

LX1-X2-X3: Limestone content corresponding to a sieve non-passing fraction at a mesh
width of 120 um of not more than 10% by weight (X1), 20% (X2), and 50% (X3).

Since the silica fume has a high SiO; content (96%), most standards limit its content in
cement to less than 10%. Accordingly, the coarse silica fume content has been distributed
between 0% and 10% (3%, 5%, and 7%). Regarding the limestone, it was pretended to
simulate CEM II/A-L and CEM II/ A-M and, therefore, the following amounts have been
chosen: 15%, 20%, and 30%.

These new cements were used to manufacture prismatic mortar specimens (40 mm X
40 mm x 160 mm) with a cement-to-sand ratio of 1:3 and a water-to-cement ratio of 0.5
with distilled water and CEN standard sand [49]. Mortar mixing, molding, and curing are
defined in the European standard EN 196-1 [49].

Mortar specimens were cured under lime water for 0, 3, or 28 days, rich in alkaline
ions. The reason for adding lime to the curing water is to prevent the leaching out of the
mortar pore solution. Limewater is a saturated aqueous solution of calcium hydroxide,
which is sparsely soluble at room temperature in water (1.5 g/L at 25 °C).

2.2. Natural Carbonation Testing

The mortars were subjected to 2 years of natural carbonation (Figure 2) under shel-
tered conditions in the lab (40-50% RH and 25 °C), following the procedure defined in
reference [24]. During the natural carbonation exposure period, the progress of carbonation
was monitored by regular carbonation depth measurements of 28, 90, 180, 270, 365, and
730 days.

The mortar specimens were cut into strips of 20 mm size. Cutting with a saw in a
horizontal position is suitable for determining the carbonation depth in a reliable, flexible
and inexpensive manner [23]. The depth of carbonation was measured on the freshly sawn
surface, which was previously cleared of dust and loose particles by spraying a mist of the
phenolphthalein indicator solution (1% by weight) [51,52], which is colorless below pH 8.5
and attains a purple hue above pH 9.0.
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Figure 2. Carbonation depth testing made by exposing specimens in natural atmosphere.

3. Results and Discussion
3.1. Carbonation Depth

Following the procedures given by RILEM [51] and provided in the CEN/TS 12390-10
Technical Specification [52], it is proposed to assess several aspects related to the carbonation
resistance of these ternary cements, such as the carbonation depth, carbonation rate, and
CO;, uptake.

The mortars were subjected to two years of natural carbonation under sheltered
conditions. During the natural carbonation exposure period, the progress of the mortar
carbonation was monitored by regular carbonation depth measurements of 28, 90, 180, 270,
365, and 730 days (Figures 2—4).
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Figure 3. Carbonation depth of uncured samples.
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Figure 4. Carbonation depth of samples cured for 3 days.

Figure 3 shows the carbonation depth increase with the time of uncured samples,
while Figures 4 and 5 show the carbonation depth increase with the time of cured samples
for 3 days and 28 days, respectively. As expected, with regard to the effect of the curing
time on the carbonation resistance, the longer, the better [23,24].
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Figure 5. Carbonation depth of samples cured for 28 days.

For samples without curing, the lowest carbonation depth was found in specimens
made with the highest silica fume content (5% and 7%), i.e., H5L0-0-0 and H7L0-0-0,
followed by the reference cement made without any addition. This finding confirms the
positive effect of the pozzolanic reaction of the silicon oxide present in the silica fume
and the calcium oxide formed in the cement hydration [39]. This reaction leads to a
denser structure [34]. However, the worst performance was found in the sample with
the highest content of limestone (20%), H7L20-0-0 and H5L20-0-0, independently of the
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silica fume content (7% and 5%, respectively). This fact shows that bad curing affects
limestone cements more negatively than silica fume ones. Accordingly, the use of silica
fume in ternary cements made with limestone cannot improve the performance of limestone
cements regarding the carbonation resistance of ternary cements.

Figure 4 shows that a three-day curing significantly enhances the carbonation resis-
tance. In this case, cement with the lowest content of silica fume (3%) and the highest
amount of limestone (20%), H3L10-0-0 and H3L20-0-0, presents the largest carbonation
depth. This means that the increase of the silica fume content from 3% to 5% or 7% improves
the performance (carbonation resistance).

Finally, samples cured for 28 days exhibited carbonation depths between 0.4 mm and
1 mm after 730 days of natural carbonation, as well as the samples cured for 3 days.

Test results for ternary cement carbonation have shown that curing conditions, partic-
ularly curing time, have a significant effect on the performance of samples. Accordingly,
curing conditions should be optimized in relation to their performance [24]. Regarding the
present results, the absence of wet-curing affects in a different way to the tested samples;
indeed, at 28 days of curing for non-wet-curing, carbonated depths vary several tenths of a
millimeter. Increasing the curing period to three days is sufficient for mortars with a high
silica fume content; for others, curing must be longer.

Furthermore, the curing effect also depends on the ternary cement mix design. For
example, increasing the curing period improves the carbonation resistance of mortars made
with limestone. Accordingly, three days of curing could be enough for ternary cements
made with silica fume and limestone.

Figure 6 shows the carbonation depth measured on samples exposed to 365 days of
natural carbonation. The phenolphthalein indicator solution was applied to the fresh frac-
ture surface of the mortar. When the pH is above 8.6, the phenolphthalein indicator solution
turns purple. By contrast, the pH of the mortar is below 8.6, where the phenolphthalein
indicator remains colorless, suggesting the carbonation of the mortar.

The pH of the CEM I mortar pore solution is normally about 13-14 since it is saturated
with calcium hydroxide and also consists of sodium and potassium hydroxide. Ternary
cements are less alkaline than sound mortar (CEM I); therefore, they should have lower pH
values of around 10-12 [16,18]. However, it is clearly a strong color change with the phe-
nolphthalein indicator, as shown in Figure 6. Nevertheless, the phenolphthalein indicator
solution procedure is frequently said to underestimate the actual carbonation depth since
the color change occurs only when the pH drops below 9.8 for phenolphthalein [53]. In
addition, Schultheifs et al. [54] found that some models, such as crack influence factor (CIF)
approaches, underestimate the carbonation depth with increasing exposure time.

According to Zhang et al. [55], confocal Raman microscopy (CRM)-CaCO3; maps for
measuring carbonation depth in cement-based materials present the same carbonation
depth results to phenolphthalein solution, i.e., the average difference between both methods,
about 1.2% [55]. Nevertheless, phenolphthalein is less reliable for low carbonation depths
since it underestimates the true value. This fact mainly happens in short-term natural
carbonation tests. Furthermore, Zhang et al. [55] suggested that phenolphthalein color
change correlates well with the depletion of portlandite measured with confocal Raman
microscopy (CRM) and other techniques. By contrast, Shi et al. [56] reported that the
carbonation depth measured with phenolphthalein reflects the depletion of C-S-H gel with
high calcium indicated by using thermodynamic modeling.
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Cement No curing 3 days of curing 28 days of curing
CEM1
1 cm 0.6 cm 0.3 cm
H3L0-15-0
0.8 cm 0.5 cm 0.4 cm
H3L10-10-0
0.8 cm 0.5 cm
H3L15-0-0
1 cm 0.6 cm 0.5 cm
H31L.20-0-0
1.5cm 1 cm 0.45 cm
H5L0-0-0
0.7 cm 0.3 cm
H5L0-15-0
0.9 cm 0.65 cm 0.4 cm

Figure 6. Cont.
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Cement No curing 3 days of curing 28 days of curing

H5L15-0-0

H7L0-15-0
0.6 cm 0.6 cm 0.4 cm

H7110-10-0
0.8 cm 0.6 cm

H7L15-0-0
0.7 cm 0.5 cm

H71.20-0-0
0.9 cm 0.6 cm 0.4 cm

Figure 6. Carbonation depth of samples after 365 days of natural carbonation.

The carbonation fronts shown in Figure 5 are sharp and reflect a gradual transition.
By contrast, some authors [57,58] found non-pronounced carbonation fronts. It should
be highlighted that non-cured mortars exhibited the highest level of dispersion in the
carbonation depth. On the other hand, in both the 3-day curing condition and the 28-day
curing condition, the carbonation rate increases with the higher silica fume content in the
mortars. This fact can be attributed to the decrease in portlandite since it reacts with the
reactive silicon present in the silica fume [9,21], which is an amorphous, highly reactive
pozzolan, to form a new C-S-H gel with low Ca/Si ratio [21]. Therefore, the pH of the pore
solution decreases. Furthermore, silica fume helps in accelerating the hydration of C3S,
C,S, and C4AF [34].

3.2. Carbonation Coefficient

Some models can be found in the literature for depicting the carbonation of cement-
based materials [59], and most of them proceed by diffusion. Accordingly, the carbonation
rate can be estimated from the carbonation depth measurements. Therefore, carbonation
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results have been modeled and analyzed according to Equation (1), where A (mm/s%?)
is the carbonation coefficient [21,60]. This parameter is assumed to be constant [4,5,8].
Nevertheless, it depends on the environmental relative humidity, pore size distribution
(PSD), hydration degree, carbon dioxide concentration, and binder composition, among
others [61].

X=A/t 1)

where X is the carbonation depth (mm), and t is the natural carbonation exposure time (year).

Figure 6 shows the carbonation coefficient, A, calculated from the carbonation depth
results measured in mortars without wet curing (Figure 7a) or cured for 3 days (Figure 7b)
or 28 days (Figure 7c), at 365 days and 730 days of natural carbonation. As expected,

the longer the curing period, the better the carbonation resistance, i.e., lower carbonation
coefficient [22-24].
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Figure 7. Carbonation coefficient calculated from the carbonation depth results measured at 365 and
730 days of natural carbonation of mortars: (a) without wet curing; (b) cured under water for 3 days;
(c) cured under water for 28 days.
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In most cases, the carbonation coefficient, A, calculated from the carbonation depth
results measured in mortars after 365 days of exposure, was higher than the one calculated
with the results taken after 730 days of exposure. This finding was especially pronounced
in the mortars without curing or those that were cured for 3 days, while in the mortars
cured for 28 days, we did not observe significant differences. This finding suggests that
it would be necessary to constantly assess the carbonation coefficient if the cement-based
material was not properly cured. As expected, there is a direct relationship between the
carbonation depth and the carbonation coefficient at a certain age given by Equation (1).

3.3. Service Life Estimation

The Eurocodes are a series of 10 European standards coded from EN 1990 to EN
1999 [62], providing a common European approach for the design of civil engineering
works, buildings and other construction products. Eurocode 2 (EN 1992) “Design of
concrete structures” [62] specifies technical rules for the design of concrete, reinforced
concrete, and prestressed concrete structures, using the limit state design philosophy. In
particular, EN 1992-1-1 [62] deals with the rules and concepts for serviceability, safety,
and durability of reinforced concrete structures [62]. This European standard considers
the durability and cover to reinforcement requirements with regard to the carbon dioxide
ingress rate and concrete cover. Chapter 6.4 defines the “exposure resistance classes, ERC”
and classifies concrete with respect to resistance against corrosion induced by carbonation
(class XRC). In addition, Annex P provides an alternative cover approach for durability
without the use of ERC as defined in Chapter 6.4; in this case, the deemed-to-satisfy
approach given in EN 206 is followed [63]. Table 3 shows the minimum concrete cover
depth for carbon reinforcing steel required for corrosion induced by carbonation according
to Eurocode 2, Annex P [64]. The recommended Structural Class is 5S4 for the standardized
compressive concrete strengths (XC1: C20/25; XC2: C25/30; XC3, and XC4: C30/37) and
design working life of 50 years.

Table 3. Minimum concrete cover depth (mm) for corrosion induced by carbonation for carbon
reinforcing steel [64].

Environmental Requirement for Minimum

Structural Class

Concrete Cover Depth (mm)

Exposure Class:

Corrosion Induced by Carbonation S1 S2 S8 S4 S5 S6
XC1—Dry or permanently wet 10 10 10 15 20 25
XC2—Wet, rarely dry 10 15 20 25 30 35
XC3—Moderate humidity 10 15 20 25 30 35
XC4—Cyclic wet and dry 15 20 25 30 35 40

Natural carbonation results on ternary Portland cement mortars made with silica
fume and limestone will be used to assess the potential for improvement of this new type
of cement in comparison with the reference cement (CEM I). Furthermore, the minimum
concrete cover required to prevent corrosion against carbonation specified by Eurocode 2,
shown in Table 3, is taken as a benchmark figure. Since natural carbonation in the present
study was performed at 60%RH and sheltered from rain, the corrosion exposure class
induced by carbonation corresponds to the one coded as XC3 (Table 3). Accordingly, an S1
structural class requires a minimum cover thickness of 10 mm.

Table 4 shows that the carbonation depth estimated for 100 years of service life is lower
than 10 mm for all the mixes when the mortars are cured for at least three days. By contrast,
H3L.20-0-0 and H7L15-0-0 mortars without curing exhibited carbonation depths of 10.7 mm
and 12.8 mm, respectively. Therefore, these ternary cements comply with the requirements
set out in the specification for 52—56 structural classes (corrosion exposure class: XC3).
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Table 4. Estimation of the carbonation depth (mm) for 100 years’ service life (Exposure Class:
Corrosion induced by carbonation).

Curing Time/Carbonation Depth (mm)

Mortar Code 0 3 28
Reference 7.8 4.3 3.6
H3L0-15-0 5.7 4.3 5.0
H31.10-10-0 7.8 5.7 5.0
H3L15-0-0 8.5 4.3 5.0
H31L.20-0-0 10.7 7.1 5.0

H5L0-0-0 5.0 4.3 2.8
H5L0-15-0 7.8 4.6 4.3
H5L15-0-0 9.3 4.3 4.3
H71L0-15-0 5.7 4.3 43
H7L10-10-0 7.1 5.0 6.4
H7L15-0-0 12.8 5.0 5.0
H71.20-0-0 9.3 4.3 5.7

The choice of an adequate mix design for carbonation-induced reinforcement corrosion
protection requires the consideration of several factors: composition (cement type), curing
conditions, and exposure class (XC). In addition, the European standard EN 206 [63]
specifies three strength classes: C20/25 for XC1, C25/30 for XC2, and C30/37 for XC3
and XC4. Consequently, the durability design of reinforced concrete structures commonly
utilizes the deemed-to-satisfy rules concept, i.e., concrete mix design and concrete cover,
which is mainly based on experience. This approach works well for traditional materials
for which longtime experience is at the disposal of engineers. However, new Portland
cement constituents and mix designs need assessment based on performance testing.

Nowadays, the exposure resistance classes (ERC) concept is proposed to classify
concrete with regard to the resistance against corrosion induced by carbonation (XRC class).
This system follows a performance-based concrete approach. Considering the exposure
resistance classes given in EN 206 [63] and shown in Table 3 for corrosion induced by
carbonation, the quality of the concrete given by the maximum carbonation coefficient
(mm/year"®) and concrete cover (mm) are set up in the structural project.

Table 5 provides the maximum carbonation coefficient and concrete cover required for
the exposure resistance classes (ERC) given for the XC3 exposure class and a design service
life of 50 years defined in Chapter 6.4 of the EN 1992-1-1 [62].

Table 5. Maximum carbonation coefficient (mm/ year0'5 ) and minimum concrete cover (mm) for
carbon reinforcing steel required for the exposure resistance classes (ERC) given for the XC3 exposure
class and a design service life of 50 years [64].

Exposure Resistance

Classes (ERC) XRC 0.5 XRC1 XRC2 XRC 3 XRC 4 XRC 5 XRC 6 XRC7
Cover (mm) 10 10 15 20 25 25 35 40
Maximum carbonation 0.6 12 4 07 26 L5 54 s

coefficient (mm/y

0.5)

All the mortar mixes cured for 28 days, with carbonation coefficients below
0.6 mm/year’?, can be used for all the exposure resistance classes (ERC). A similar con-
clusion can be reached for the mortars cured for three days, considering the carbonation
coefficients obtained after two years of exposure. However, the carbonation coefficients
calculated after one year of exposure are higher than the previous ones. Therefore, XRC
0.5 must be excluded. In addition, all the mortars without curing have carbonation coeffi-
cients over 0.6 mm/year’>, but only two over 1.2 mm/year’?, H3L.20-0-0 and H7L15-0-0.
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Therefore, XRC 0.5 is excluded for all the cases, and XRC 1 is only excluded in two cases
(Table 5).

Finally, the carbonation of cement-based materials is considered by the cement sector
as a lever to reach carbon neutrality by 2050 [1,2,6,8,16]. In addition, carbon dioxide uptake
by mortars and concretes has recently been included in the Global Carbon Budget report [43]
since natural carbonation stores permanently carbon dioxide. Furthermore, these blended
cements usually absorb more carbon dioxide than CEM 1[7,9,11,18]. Then, appropriate
methodologies for future concrete mix design should consider durable and sustainable
aspects, i.e., to ensure the reinforced concrete service life but also to account for carbon
dioxide uptake [6].

4. Conclusions

In order to minimize climate change, the cement sector needs to develop new cements
with a high addition content, such as ternary cements. For the first time, the carbonation
resistance of new ternary cements made with silica fume and limestone was assessed by
means of natural carbonation testing.

The results presented in this paper confirm that blended cements have a higher
carbonation rate than CEM I. This finding suggests that appropriate methodologies for
future concrete mix design should consider durable and sustainable aspects, i.e., to ensure
the reinforced concrete service life, but also to account for carbon dioxide uptake within
the climate change context.

Furthermore, the longer the curing period, the better the carbonation resistance. This
finding is in agreement with the results reported in previous literature regarding other
types of cements. It is well known that limestone and silica fume in blended cements led,
separately, to pore refinement of the cement-based materials by the filling effect and the
C-S-H gel formation, respectively. Both effects can justify that the carbonation resistance of
these new ternary cements was less poor than expected.

In particular, it should be highlighted that the carbonation coefficient, A, calculated
from the carbonation depth results measured in mortars after 365 days of exposure, was
higher than the one calculated with the results obtained after 730 days in the mortars
without curing or those that were cured for three days. In the mortar mixes cured for
28 days, there were hardly any differences found. Then, it is concluded that for studies
conducted in bad curing conditions, the carbonation coefficient, A, should be considered
from results at longer ages.

Finally, it should be pointed out that all the mortar mixes cured for 28 days present
carbonation coefficients below 0.6 mm/year’>. Therefore, they can be used for all the
exposure resistance classes (ERC) given in the European standard EN 206.

Author Contributions: Conceptualization, EM., H.R. and M.AS,; methodology, EM., HR. and
M.A.S.; validation, EMM. and H.R;; investigation, E.M., H.R. and M.A.S.; resources, E.M.; data curation,
EM., HR.and M.AS,; writing—original draft preparation, E.M., H.R. and M.AS,; writing—review
and editing, E.M., H.R. and M.A.S.; formal analysis, H.R. and M.A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the CSIC (PIE 202060E176).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: Authors gratefully acknowledge the valuable contributions of Beatriz Aldea,
Esther Puerto, and Carmen Barba.

Conflicts of Interest: The authors declare no conflicts of interest.



Materials 2024, 17, 2705 15 0f 17

References

1. Zhang, C.Y;; Han, R;; Yu, B.; Wei, Y M. Accounting process-related CO, emissions from global cement production under Shared
Socioeconomic Pathways. J. Clean. Prod. 2018, 184, 451-465. [CrossRef]

2. Sanjudn, M.A.; Andrade, C.; Mora, P; Zaragoza, A. Carbon Dioxide Uptake by Cement-Based Materials: A Spanish Case Study.
Appl. Sci. 2020, 10, 339. [CrossRef]

3. Bouarroudj, M.E.; Remond, S.; Bulteel, D. Use of grinded hardened cement pastes as mineral addition for mortars. J. Build. Eng.
2020, 23, 101863. [CrossRef]

4. Nie, S.; Zhou, J.; Yang, F; Lan, M,; Li, J.; Zhang, Z.; Chen, Z.; Xu, M.; Li, H.; Sanjayan, J.G. Analysis of theoretical carbon dioxide
emissions from cement production: Methodology and application. J. Clean. Prod. 2022, 334, 130270. [CrossRef]

5. Miller, S.A; Horvath, A.; Monteiro, P.J.M. Readily implementable tech-niques can cut annual CO, emissions from the production
of concrete by over 20%. Environ. Res. Lett. 2016, 11, 074029. [CrossRef]

6.  Sanjuan, M.A.; Argiz, C.; Mora, P,; Zaragoza, A. Carbon Dioxide Uptake in the Roadmap 2050 of the Spanish Cement Industry.
Energies 2020, 13, 3452. [CrossRef]

7. Sanjuan, N.; Mora, P.,; Sanjuan, M.A,; Zaragoza, A. Carbon Dioxide Uptake Estimation for Spanish Cement-Based Materials.
Materials 2024, 17, 326. [CrossRef]

8.  Andersson, R.; Stripple, H.; Gustafsson, T.; Ljungkrantz, C. Carbonation as a method to improve climate performance for
cement-based material. Cement Concr. Res. 2019, 124, 105819. [CrossRef]

9.  Witkowski, H.; Koniorczyk, M. The influence of pozzolanic additives on the carbonation rate and Life Cycle Inventory of concrete.
Construct. Build. Mater. 2020, 254, 119301. [CrossRef]

10. Jang, J.G.; Kim, G.M.; Kim, H.].; Lee, H.K. Review on recent advances in CO, utilization and sequestration technologies in
cement-based materials. Construct. Build. Mater. 2016, 127, 762-773. [CrossRef]

11. Kwon, S.-J.; Wang, X.-Y. CO, uptake model of lime-stone-powder-blended concrete due to carbonation. J. Build. Eng. 2021, 38,
102176. [CrossRef]

12.  Marinkovi¢, S.; Carevi¢, V,; Dragas, J. The role of service life in Life Cycle Assessment of concrete structures. J. Clean. Prod. 2021,
290, 125610. [CrossRef]

13.  EN 16757; Sustainability of Construction Works—Environmental Product Declarations—Product Category Rules for Concrete
and Concrete Elements (Annex G). European Committee for Standardization (CEN): Brussels, Belgium, 2022.

14. Pade, C.; Guimaraes, M. The CO, uptake of concrete in a 100-year perspective. Cement Concr. Res. 2007, 37, 1348-1356. [CrossRef]

15.  Yang, K.-H.; Seo, E.-A.; Tae, S.-H. Carbonation and CO, uptake of concrete. Environ. Impact Assess. Rev. 2014, 46, 43-52. [CrossRef]

16. Fitzpatrick, D.; Richardson, M.; Nolan, E. Sequestration of carbon dioxide by concrete infrastructure: A preliminary investigation
in Ireland. J. Sustain. Architect. Civ. Eng. 2015, 1, 66-77. [CrossRef]

17.  Xi, E; Davis, S.J.; Ciais, P.; Crawford-Brown, D.; Guan, D.; Pade, C.; Shi, T,; Syddall, M.; Lv, J.; Ji, L.; et al. Substantial global carbon
uptake by cement carbonation. Nat. Geosci. 2016, 9, 880-883. [CrossRef]

18. Andrade, C. Evaluation of the degree of carbonation of concretes in three environments. Construct. Build. Mater. 2020, 230, 116804.
[CrossRef]

19. Habert, G.; Miller, S.A.; John, V.M.,; Provis, ].L.; Favier, A.; Horvath, A.; Scrivener, K.L. Environmental impacts and decarbonization
strategies in the cement and concrete industries. Nat. Rev. Earth Environ. 2020, 1, 559-573. [CrossRef]

20. Azari]Jafari, H.; Guo, F.; Gregory, J.; Kirchain, R. Carbon uptake of concrete in the US pavement network. Resour. Conserv. Recycl
2021, 167, 105397. [CrossRef]

21. Sanjuan, M.A.; Andrade, C.; Cheyrezy, M. Concrete carbonation tests in natural and accelerated conditions. Adv. Cement Res.
2003, 15, 171-180. [CrossRef]

22. Sanjuan, M.A.; Pifieiro, A.; Rodriguez, O. Ground granulated blast furnace slag efficiency coefficient (k-value) in concrete.
Applications and limits. Mater. Constr. 2011, 61, 303-313. [CrossRef]

23. Gruyaert, E.; Heede, P.V.D.; Belie, N.D. Carbonation of slag concrete: Effect of the cement replacement level and curing on the
carbonation coefficient—effect of carbonation on the pore structure. Cement Concr. Compos. 2013, 35, 39-48. [CrossRef]

24. Sanjuan, M.A.; Estévez, E.; Argiz, C.; del Barrio, D. Effect of curing time on granulated blast-furnace slag cement mortars
carbonation. Cerm. Concr. Compos. 2018, 90, 257-265. [CrossRef]

25. Otieno, M.; Ikotun, J.; Ballim, Y. Experimental investigations on the effect of concrete quality, exposure conditions and duration of
initial moist curing on carbona-tion rate in concretes exposed to urban, inland environment. Construct. Build. Mater. 2020, 246,
118443. [CrossRef]

26. Maikikouri, S.; Vares, S.; Korpijarvi, K.; Papakonstantinou, N. The carbon dioxide emissions reduction potential of carbon-dioide-
cured alternative binder concrete. Recent Prog. Mater. 2021, 3, 1-34. [CrossRef]

27. Benhelal, E.; Shamsaei, E.; Rashid, M.I. Challenges against CO, abatement strategies in cement industry: A review. J. Environ. Sci.
2021, 104, 84-101. [CrossRef] [PubMed]

28. Andrade, C.; Sanjuan, M.A. Updating carbon storage capacity of Spanish cements. Sustainability 2018, 10, 4806. [CrossRef]

29. Sanjuan, M.A.; Andrade, C.; Mora, P; Zarogoza, A. Carbon dioxide uptake by mortars and concretes made with Portuguese
cements. Appl. Sci. 2020, 10, 646. [CrossRef]

30. Andrade, C.; Sanjudn, M.A. Carbon dioxide uptake by pure Portland and blended cement pastes. Dev. Built Environ. 2021, 8,

100063. [CrossRef]


https://doi.org/10.1016/j.jclepro.2018.02.284
https://doi.org/10.3390/app10010339
https://doi.org/10.1016/j.jobe.2020.101863
https://doi.org/10.1016/j.jclepro.2021.130270
https://doi.org/10.1088/1748-9326/11/7/074029
https://doi.org/10.3390/en13133452
https://doi.org/10.3390/ma17020326
https://doi.org/10.1016/j.cemconres.2019.105819
https://doi.org/10.1016/j.conbuildmat.2020.119301
https://doi.org/10.1016/j.conbuildmat.2016.10.017
https://doi.org/10.1016/j.jobe.2021.102176
https://doi.org/10.1016/J.JCLEPRO.2020.125610
https://doi.org/10.1016/j.cemconres.2007.06.009
https://doi.org/10.1016/j.eiar.2014.01.004
https://doi.org/10.5755/j01.sace.10.1.8037
https://doi.org/10.1038/ngeo2840
https://doi.org/10.1016/j.conbuildmat.2019.116804
https://doi.org/10.1038/s43017-020-0093-3
https://doi.org/10.1016/j.resconrec.2021.105397
https://doi.org/10.1680/adcr.2003.15.4.171
https://doi.org/10.3989/mc.2011.60410
https://doi.org/10.1016/j.cemconcomp.2012.08.024
https://doi.org/10.1016/j.cemconcomp.2018.04.006
https://doi.org/10.1016/j.conbuildmat.2020.118443
https://doi.org/10.21926/rpm.2102018
https://doi.org/10.1016/j.jes.2020.11.020
https://www.ncbi.nlm.nih.gov/pubmed/33985750
https://doi.org/10.3390/su10124806
https://doi.org/10.3390/app10020646
https://doi.org/10.1016/j.dibe.2021.100063

Materials 2024, 17, 2705 16 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Stripple, H.; Ljungkrantz, C.; Gustafsson, T. CO, Uptake in Cement-Containing Products. In Background and Calculation Models for
IPCC Implementation, 2nd ed.; Report Number: B 2309; IVL Swedish Environmental Research Institute: Stockholm, Sweden, 2021;
pp. 1-77. Available online: https://www.ivl.se/download /18.34244ba71728fcb3{3f8f9/1622457897161/B2309.pdf (accessed on
15 February 2024).

Younsi, A.; Turcry, P.; Ait-Mokhtar., A. Quantification of CO, uptake of concretes with mineral additions after 10-year natural
carbonation. J. Clean. Prod. 2022, 349, 131362. [CrossRef]

Younsi, A. Long-term carbon dioxide sequestration by concretes with supplementary cementitious materials under indoor and
outdoor exposure: Assessment as per a standardized model. . Build. Eng. 2022, 51, 104306. [CrossRef]

Menéndez, E.; Sanjuan, M.A.; Recino, H. Study of Microstructure, Crystallographic Phases and Setting Time Evolution over Time
of Portland Cement, Coarse Silica Fume, and Limestone (PC-SF-LS) Ternary Portland Cements. Crystals 2023, 13, 1289. [CrossRef]
Zeraoui, A.; Maherzi, W.; Benzerzour, M.; Abriak, N.E.; Aouad, G. Development of Flash-Calcined Sediment and Blast Furnace
Slag Ternary Binders. Buildings 2023, 13, 333. [CrossRef]

Srinivas, D.; Dey, D.; Panda, B.; Sitharam, T.G. Printability, Thermal and Compressive Strength Properties of Cementitious
Materials: A Comparative Study with Silica Fume and Limestone. Materials 2022, 15, 8607. [CrossRef] [PubMed]

Zhao, Y.; Dong, X.; Zhou, Z.; Long, J.; Lu, G.; Lei, H. Investigation on Roles of Packing Density and Water Film Thickness in
Synergistic Effects of Slag and Silica Fume. Materials 2022, 15, 8978. [CrossRef] [PubMed]

Li, P; Wang, X.; Cao, H. Empirical Compression Model of Ul-tra-High-Performance Concrete Considering the Effect of Cement
Hydpration on Particle Packing Characteristics. Materials 2023, 16, 4585. [CrossRef] [PubMed]

Pinheiro, D.G.L.; Sousa, M.I.C.; Pelisser, F; da Silva Régo, ].H.; Moragues Terrades, A.; Frias Rojas, M. Physical and Chemical
Effects in Blended Cement Pastes Elaborated with Calcined Clay and Nanosilica. Materials 2023, 16, 1837. [CrossRef] [PubMed]
Papatzani, S.; Paine, K. A Step by Step Methodology for Building Sustainable Cementitious Matrices. Appl. Sci. 2020, 10, 2955.
[CrossRef]

Kang, S.-H.; Hong, S.-G.; Moon, ]J. Performance Comparison between Densified and Undensified Silica Fume in Ultra-High
Performance Fiber-Reinforced Concrete. Materials 2020, 13, 3901. [CrossRef]

Li, PP; Brouwers, HJ.H.; Chen, W.; Yu, Q.L. Optimization and characterization of high-volume limestone powder in sustainable
ultra-high-performance concrete. Constr. Build. Mater. 2020, 242, 118112. [CrossRef]

Friedlingstein, P.; O’Sullivan, M.; Jones, M.W.; Andrew, R M.; Bakker, D.C.E.; Hauck, ].; Landschiitzer, P; Le Quéré, C.; Luijkx, I.T,;
Peters, G.P; et al. Global Carbon Budget 2023. Earth Syst. Sci. Data 2023, 15, 5301-5369. [CrossRef]

Sanjuén, M.A.; Menéndez, E.; Recino, H. Mechanical Performance of Portland Cement, Coarse Silica Fume, and Limestone
(PC-SF-LS) Ternary Portland Cements. Materials 2022, 15, 2933. [CrossRef]

Richard, P.; Cheyrezy, M. Composition of reactive powder concretes. Cem. Concr. Res. 1995, 25, 1501-1511. [CrossRef]

Sanjuén, M.A.; Andrade, C. Reactive Powder Concrete: Durability and Applications. Appl. Sci. 2021, 11, 5629. [CrossRef]
Qertel, T.; Hutter, F,; Helbig, U.; Sextl, G. Amorphous silica in ultra-high performance concrete: First hour of hydration. Cem.
Concr. Res. 2014, 58, 131-142. [CrossRef]

EN 197-1; Cement—Part 1: Composition, Specifications and Conformity Criteria for Common Cements. European Standard; The
European Committee for Standardization (CEN): Brussels, Belgium, 2011.

EN 196-2; Method of Testing Cement—Part 2: Chemical analysis of cement. The European Committee for Standardization (CEN):
Brussels, Belgium, 2013.

EN 196-1; Method of Testing Cement—Part 1: Determination of Strength. European Standard; The European Committee for
Standardization (CEN): Brussels, Belgium, 2016.

RILEM Committee CPC-18, Measurement of Hardened Concrete Carbonation Depth, (1988) TC14-CPC; The International Union of
Laboratories and Experts in Construction Materials, Systems and Structures (RILEM, from the Name in French): Champs-sur-
Marne, France, 1988.

CEN/TS 12390-10:2007; Testing Hardened Concrete. Part 10: Determination of the Relative Carbonation Resistance of Concrete,
CEN, 2007. The European Committee for Standardization (CEN): Brussels, Belgium, 2007.

Vogler, N.; Lindemann, M.; Drabetzki, P.; Kithne, H.C. Alternative pH-indicators for de-termination of carbonation depth on
cement-based concretes. Cem. Concr. Compos. 2020, 109, 103565. [CrossRef]

Schultheifs, A.L.; Patel, R.A.; Vogel, M.; Dehn, F. Comparative Analysis of Engineering Carbonation Model Extensions to Account
for Pre-Existing Cracks. Materials 2023, 16, 6177. [CrossRef] [PubMed]

Zhang, K.; Yio, M.; Wong, H.; Buenfeld, N. Development of more accurate methods for determining carbonation depth in
cement-based materials. Cem. Concr. Res. 2024, 175, 107358. [CrossRef]

Shi, Z.; Lothenbach, B.; Geiker, M.R.; Kaufmann, J.; Leemann, A.; Ferreiro, S.; Skibsted, J. Experimental studies and thermodynamic
modeling of the carbonation of Portland cement, metakaolin and limestone mortars. Cem. Concr. Res. 2016, 88, 60-72. [CrossRef]
Rahman, A.A ; Glasser, EP. Comparative studies of the carbonation of hydrated cements. Adv. Cem. Res. 1989, 2, 49-54. [CrossRef]
Parrott, L.J.; Killoh, D.C. Carbonation in a 36-year-old, in-situ concrete. Cerm. Concr. Res. 1989, 19, 649-656. [CrossRef]

Zhang, Q. Mathematical modeling and numerical study of carbonation in porous concrete materials. Appl. Math. Comput. 2016,
281,16-27. [CrossRef]

Tuutti, K. Corrosion of Steel in Concrete-CBI Research 4, 1st ed.; Swedish Cement and Concrete Research Institute: Stockholm,
Sweden, 1982; pp. 1-468.


https://www.ivl.se/download/18.34244ba71728fcb3f3f8f9/1622457897161/B2309.pdf
https://doi.org/10.1016/j.jclepro.2022.131362
https://doi.org/10.1016/j.jobe.2022.104306
https://doi.org/10.3390/cryst13081289
https://doi.org/10.3390/buildings13020333
https://doi.org/10.3390/ma15238607
https://www.ncbi.nlm.nih.gov/pubmed/36500103
https://doi.org/10.3390/ma15248978
https://www.ncbi.nlm.nih.gov/pubmed/36556782
https://doi.org/10.3390/ma16134585
https://www.ncbi.nlm.nih.gov/pubmed/37444904
https://doi.org/10.3390/ma16051837
https://www.ncbi.nlm.nih.gov/pubmed/36902953
https://doi.org/10.3390/app10082955
https://doi.org/10.3390/ma13173901
https://doi.org/10.1016/j.conbuildmat.2020.118112
https://doi.org/10.5194/essd-15-5301-2023
https://doi.org/10.3390/ma15082933
https://doi.org/10.1016/0008-8846(95)00144-2
https://doi.org/10.3390/app11125629
https://doi.org/10.1016/j.cemconres.2014.01.008
https://doi.org/10.1016/J.CEMCONCOMP.2020.103565
https://doi.org/10.3390/ma16186177
https://www.ncbi.nlm.nih.gov/pubmed/37763455
https://doi.org/10.1016/j.cemconres.2023.107358
https://doi.org/10.1016/j.cemconres.2016.06.006
https://doi.org/10.1680/adcr.1989.2.6.49
https://doi.org/10.1190/segam2013-0137.1
https://doi.org/10.1016/j.amc.2016.01.034

Materials 2024, 17, 2705 17 of 17

61.

62.

63.
64.

Saetta, A.V.; Schrefler, B.A.; Vitaliani, R.V. The carbonation of concrete and the mechanism of moisture, heat and carbon-dioxide
flow-through porous materials. Cem. Concr. Res. 1993, 23, 761-772. [CrossRef]

EN 1992-1-1; Eurocode 2: Design of Concrete Structures—Part 1-1: General Rules and Rules for Buildings. European Committee
for Standardization (CEN): Brussels, Belgium, 2004.

EN 206:2013+A1:2016; Concrete—Specification, Performance, Production and Conformity. CEN: Brussels, Belgium, 2016.
Rivera, R.A.; Sanjuan, M.A.; Martin, D.A.; Costafreda, J.L. Performance of Ground Granulated Blast-Furnace Slag and Coal Fly
Ash Ternary Portland Cements Exposed to Natural Carbonation. Materials 2021, 14, 3239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/0008-8846(93)90030-D
https://doi.org/10.3390/ma14123239

	Introduction 
	Materials and Methods 
	Materials 
	Natural Carbonation Testing 

	Results and Discussion 
	Carbonation Depth 
	Carbonation Coefficient 
	Service Life Estimation 

	Conclusions 
	References

