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Abstract: Durability predictions of concrete structures are derived from experience-based require-
ments and descriptive exposure classes. To support durability predictions, a numerical model related
to the carbonation resistance of concrete was developed. The model couples the rate of carbonation
with the drying rate. This paper presents the accelerated carbonation and moisture transport exper-
iments performed to calibrate and verify the numerical model. They were conducted on mortars
with a water-cement ratio of either 0.6 or 0.5, incorporating either a novel cement CEM II/C (S-LL)
(EnM group) or commercially available CEM II/A-S cement (RefM group). The carbonation rate was
determined by visual assessment and thermogravimetric analysis (TGA). Moisture transport experi-
ments, consisting of drying and resaturation, utilized the gravimetric method. Higher carbonation
rates expressed in mm/day~?? were found in the EnM group than in the RefM group. However, the
TGA showed that the initial portlandite (CH) content was lower in the EnM than in the RefM, which
could explain the difference in carbonation rates. The resaturation experiments indicate an increase
in the suction porosity in the carbonated specimens compared to the non-carbonated specimens. The
study concludes that low clinker content causes lower resistance to carbonation, since less CH is
available in the surface layers; thus, the carbonation front progresses more rapidly towards the core.

Keywords: mortar; absorption of water; carbonation; durability assessment; model verification

1. Introduction

The design process of concrete structures relies on standards such as Eurocode 2 [1,2]
and guidelines such as fib Model Code 2010 [3]. The main focus of the existing codes and
guidelines is on mechanical performance, which is analyzed with advanced structural
design models. In contrast, durability-related phenomena are addressed mainly through
the selection of exposure classes and experience-based requirements. As a result, concrete
durability forecasts are only crude approximations, which are not supported by the sophis-
ticated modelling of concrete degradation over time. The deterioration and maintenance
of concrete are having a significant impact on public sector budgets. Maintenance costs
and shutdowns of infrastructure, such as tunnels, bridges or power plants, are particularly
important, due to their impact on the wider community.

When concrete is exposed to an aggressive environment with an increased concentra-
tion of carbon dioxide in combination with moisture, concrete undergoes a carbonation
process. The main process in the carbonation of concrete is the reaction of portlandite,
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that is, calcium hydroxide Ca(OH),, commonly denoted CH, with carbon dioxide (CO,).
The reaction products are calcite, that is, calcium carbonate (CaCO3), and water (H,O).
This reaction leads to a net mass gain, as the uptake of CO; (44 g mol~!) leads to a larger
mass increase compared to the release of water (12 g mol~!). While the products of this
chemical reaction are not detrimental to concrete durability per se, the consumption of CH
reduces the pH value of the pore solution, which may lead to the corrosion of reinforcement
steel. The rate of carbonation is influenced by the curing conditions of concrete and by
the climatic and local conditions to which the concrete is exposed. To accurately predict
concrete deterioration, a numerical model for concrete carbonation is being developed [4]
within the Horizon 2020 project, titled EnDurCrete [5]. The model is based on previous
work conducted by Bary et al. [6-8]. It couples the mass conservation equations of water,
CO; and calcium in pore solution with thermodynamic modelling, which simulates the
phase assemblage of binders upon carbonation. The model is used for the prediction of con-
crete behavior under accelerated carbonation, particularly where novel, more sustainable
cements are used.

The European Commission and the European construction industry push to improve
and develop technologies that reduce CO; emissions as well as energy and material usage
in the cement production processes [9]. Many studies attempt to develop environmentally-
friendly concrete by reducing Portland clinker content in cement and substituting it with
supplementary cementitious materials. In this manner, the above-mentioned model devel-
opment is also linked to another aim of the EnDurCrete project [5], namely, the development
of low carbon-footprint binders aligned with the new edition of prEN 197-1 [10]. One such
novel cement is CEM II/C (S-LL), a low-clinker cement containing high-value industrial
by-products. The use of this cement is aimed at the creation of cost-effective sustainable
concrete on one hand, and high durability concrete, which can withstand exposure to
aggressive environments, on the other hand. Details of the novel cement CEM II/C (S-LL)
developed by HeidelbergCement are summarized by Bolte et al. [11].

This study aims to present the experimental results of an accelerated carbonation
program conducted on mortar specimens incorporating a novel CEM II/C (S-LL) binder
developed within the EnDurCrete project [5], and to compare it with the performance
of mortars prepared with commercially available cement, CEM II/A-S. The specimens
underwent accelerated carbonation in a conditioning chamber with controlled CO, con-
centration, temperature, and relative humidity. The carbonation rate was assessed by
measuring the depth of carbonation over time, (i) visually, using a pH indicator, and (ii)
by thermogravimetric analysis (TGA). The impact of carbonation on moisture transport
was evaluated by the gravimetric method on specimens exposed to a specific protocol of
drying and wetting.

The results of the accelerated carbonation tests will serve for the calibration and vali-
dation of the numerical model dealing with carbonation processes in concrete, in particular,
the coupling between saturation degree, water transport and carbonation extent. The
model itself is out of the scope of this paper. Its detailed description, parameter calibra-
tion procedure and results will be comprehensively presented in a separate publication.
In addition, the results aim to further the understanding of concrete deterioration in a
COy-rich environment, particularly for concrete made with novel eco-friendly cements.
Consequently, the design of concrete structures in terms of durability will be improved,
resulting in reduced maintenance costs and shutdowns of infrastructure caused by the
deterioration of concrete due to carbonation.

2. Materials and Methods

The concept of the experiment is derived from the requirements of the carbonation
model, where two coupled mass balance equations are considered, one covering the
transport of moisture and the other the migration of CO; in the interconnected pores. The
carbonation process is simplified into the dissolution of a combined Ca-containing hydrate
phase (mainly CH and C-S-H) and the precipitation of calcite according to thermodynamic
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modelling. The evolution of their volumes is approximated as a piecewise linear function.
The dissolution rate of the Ca-containing hydrate phase is assumed to depend on the
saturation degree, the partial pressure of CO;, and the fraction of the current volume
versus the initial volume, from which the precipitation rate of calcite can be predicted.
For these reasons, this experimental study encompassed two test procedures. The
first was the determination of the carbonation rate, which included measurements of
carbonation depth and portlandite profiles, which were subsequently used to verify the
carbonation model and thus estimate the evolution of porosity, saturation degree, and phase
changes. The second test procedure was a moisture transport experiment, from which the
initial porosity and both the initial and relative permeability coefficient were quantified.
Since carbonation leads to microstructure changes and then affects transport properties [12],
tests before and after carbonation in different relative humidity conditions were carried
out. To complement the moisture transport test, the total porosity was also measured.

2.1. Specimen Preparation

Concrete used in applications where carbonation resistance is required is normally
designed with a relatively low water/cement (w/c) ratio and therefore measurable carbon-
ation only occurs during long-term exposure. To accelerate the process, the mixes used in
this study had a higher w/c ratio than is usually applied for such structures, namely 0.50
or 0.60, so that measurable carbonation took place in a reasonable timeframe. Furthermore,
coarse aggregates were excluded to minimize the effects of the interfacial transition zone.

The mortar mix designs are shown in Table 1. The specimens were labelled EnM for
the EnDurCrete mortar using novel CEM II/C (S-LL) cement, and RefM for the reference
mortar using CEM II/A-S cement. The label extension -05 or -06 was used to denote
w/c ratio.

Table 1. Mortar mix design, stating the mass of components needed for 1 m? of mortar. EnM
and RefM stand for mortar made with EnDurCrete and reference cement respectively, while the
extensions -06 and -05 denote w/c ratios.

Mass of Component per 1 m? of Mortar (kg)

Components
EnM-06 RefM-06 EnM-05 RefM-05
CEMII/C (S-LL) 487 / 552 /
Cement CEM I1/A-S / 487 / 552
Aggregate Sand 0/4 1524 1524 1498 1496
Admixture Superplasticizer 1.5 1.8 3.2 3.8
Water 292 292 264 263

The two cements were composite blends containing the same types of components,
namely CEM I 52.5 R, ground granulated blast furnace slag (S), and limestone filler (LL).
CEM I52.5 R consists predominantly of clinker (K), whose content amounts to >95 wt%.
There were, however, two important differences between the two blends. Firstly, the
mass ratio of components was different, as shown in Table 2. The novel CEM II/C (S-LL)
contained significantly less clinker, which was replaced by slag and limestone. The chemical
composition of the two cements is given in Table A1l of the Appendix A. Secondly, the
components of CEM II/C (S-LL) were ground separately to optimize packing and reactivity,
as opposed to the reference cement CEM II/A-S, where the components were inter-ground.
Details on cement development are provided by Bolte et al. [11]. The different composition
and grinding procedures are reflected in the physical properties summarized in Table 2.
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Table 2. Properties of cement. The composition of cement is given as wt% of CEM 1 52.5 R, which
contains a minimum of 95 wt% of clinker (K), ground granulated blast-furnace slag (S) and limestone
(LL). The chemical composition is given in Table Al of the Appendix.

Property CEM II/C (S-LL) CEM II/A-S
CEM152.5R (K) 50 83
Composition (wt%) S 40 13
LL 10 4
Density (g cm ™) 2.98 3.09
Specific surface area—Blaine (cm? gfl) 5210 3720
28-day compressive strength (MPa) 62.8 59.7

The aggregate used for the mortar mixes was limestone/quartz river sand with a
maximum grain size of 4 mm. Its physical properties are summarized in Table 3, while the
particle size distribution is presented graphically in Figure 1.

Table 3. Physical properties of aggregate.

Property Sand 0/4
Oven-dry density (kg m~3) 2730
Saturated surface-dry density (kg m—3) 2765
Apparent density (kg m~3) 2830
Absorption (%) 1.3
100
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Figure 1. Particle size distribution of aggregate.

Along with the specimens for other research programs of the EnDurCRete project,
three mortar prisms measuring 10 cm x 10 cm x 40 cm were cast per mix for this car-
bonation study. The processing of the prisms is graphically presented in the flowchart in
Figure 2. The prisms were cured in a humidity chamber with relative humidity (RH) > 95%
at 20 = 2 °C for 21 days as per EN 12390-2 [13]. Next, the prisms were wrapped in plastic
foil and transported from the casting to the testing facilities, where they were cured at
20 °C for up to 76 days. The moisture state of the specimens was checked on one prism
at this stage using the method described in [14,15] to confirm that the specimens did not
dry out.
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Figure 2. Flowchart showing the preparation, conditioning and testing of specimens. A detailed conditioning diagram for

the moisture transport experiment is given in Figure 3.
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Figure 3. Stages of the moisture transport experiment carried out on the thin plates.

After curing, the prisms were cut laterally either into thick blocks with dimensions
10 cm x 10 cm x 7 cm or into thin plates with dimensions 10 cm x 10 cm X 2 cm. The end
sections were discarded. This way, either four thick blocks or eight thin plates were obtained
from one prism. The thick blocks were used for the carbonation rate measurements, while
the thin plates were used for the moisture transport experiments.

2.2. Carbonation Rate

Four thick blocks of each mix were placed into the carbonation chamber with a tem-
perature of 21 + 2 °C, RH 60 = 10% and 1% CO, according to EN 13295 [16]. One block
was taken out of the carbonation chamber after 14, 28 and 90 days and, depending on
the w/c ratio, either after 146 (w/c 0.60) or 167 days (w/c 0.50) of exposure. It was split
perpendicularly to the sawn surface. The carbonation front was visually determined on
one half with a ruler on a freshly split surface with dimensions 7 cm x 10 cm, which was
sprayed with a thymolphthalein pH-indicator solution. Where the mortar was unaffected
by the carbonation (pH above 9.3 to 10.5), the indicator turned blue, while the carbon-
ated surface remained uncoloured. The results were plotted against the square root of
time and the carbonation rate was calculated as the slope of the fitted line given by the
following equation:

dy =a+ Kac x Vt 1)

where dy (mm) is the mean carbonation depth at time t (days), a (mm) is a constant
representing the y-axis intercept, and Kac (mm day~%?) is the carbonation rate [17].

For the TGA method, the other halves of the split blocks were used. The halves were
profile-ground inwards from the sawn surface. Approximately 30 g of powder extracted
from the consecutive layers was analyzed using a Mettler Toledo TGA /DSC3+ device
(Mettler-Toledo, Kowloon, Hong Kong, CHN) in a temperature range from 40 to 900 °C,
at a heating rate of 10 °C min~!. During the measurements, the measurement cell was
purged with 50 mL N, per minute. The amount of CH relative to the ignited mass of the
powder (CHjgniteq) at 900 °C was calculated as

W400 — Ws50 Mcu
Wono Mu,0

CHignited = 2)
where wagg, w550 and wogg (g) refer to the mass of powder at 400, 550 and 900 °C respectively
and M (g mol ') is the molar mass of either CH or water [18]. The weight loss due to the
decomposition of portlandite was determined with the integration method of the derivative
thermogravimetric (DTG) curves described by Lothenbach et al. [19]. Since carbonation
consumes CH, its content is a measure of the degree of carbonation. The CH content was
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plotted as a function of the depth from the exposed surface. A detailed description of the
experimental setup can be found in [15].

2.3. Moisture Transport

The moisture transport experiment was carried out on the thin plates. It consisted of
several stages of conditioning, as shown in Figure 3, where stage 1 corresponds to curing,
as described in Figure 2 under the “Casting and curing” tab. After 76 days of curing, the
thin plates were sawn and organized into two groups, namely group “0%” and group “3%”,
indicating the CO, concentration to which groups were exposed in stage 2. Throughout
the experiment, the mass of the plates was measured at regular intervals using a balance
with an accuracy of 0.01 g.

In stage 2, the thin plates of the “3%” group were placed in the carbonation chamber
with a temperature of 21 £ 2 °C, RH 60 £ 10% and 3.1% CO,, according to EN 13295 [16].
The higher CO, concentration, compared to the 1% used on the thick blocks in Section 2.2,
was assumed to have no impact on the type of phases that form during the carbonation
process. This assumption is based on findings by Revert et al. [20,21], who investigated
the impact of accelerated carbonation on microstructure and phase assemblage and found
that a concentration of up to 5% is representative of natural carbonation. The thin plates in
the “0%” group were stored in the conditioning chamber, with a temperature of 18-25 °C
and RH 50-65%, at a reduced CO, concentration. Soda-lime as a CO, trap was put under
the specimens to capture carbon dioxide and reduce its concentration in the chamber’s
atmosphere. Stage 2 lasted for 146 days. At the end of stage 2, one plate from each group
was split in half and the carbonation depth was measured using a phenolphthalein pH-
indicator solution. The rest of the plates proceeded to stage 3.

In stage 3, the remaining plates from both groups were re-saturated. The plates were
first saturated by capillary absorption. The water level was gradually increased over several
days until the specimens were completely immersed. Again, the mass of the plates was
measured at regular intervals. When they all reached a near-to-constant mass, they were
further saturated by vacuum saturation according to EN 12390-11 [22]. Stage 3 lasted for
63 days.

In stage 4, the specimens were kept in normal atmospheric conditions at 20 °C and
RH 60%. This stage lasted 33 days. Once the plates reached a constant mass, they were
further conditioned at 20 °C and RH 30% in stage 5.

Upon the completion of stage 5, the total porosity of the specimens was determined
according to SIA 262-1 [23]. This is a gravimetric method in which the specimen is first
weighed after drying at 50 °C, next, the specimen is submerged in water for several days
and weighed, both when submerged in water and when above water. The specimen is
dried again at 50 °C, vacuumed at pressure < 1 mbar and submerged in water and weighed
again under the water and above the water. Finally, the specimen is weighed after being
dried at 110 °C.

3. Results and Discussion

The results of the accelerated carbonation study, where the carbonation rate was
measured by a pH-indicator and by TGA, are presented in Section 3.1. The results of both
methods are compared and discussed and are found to have a good correlation. The
moisture transport results, given in Section 3.2, indicate an increase in porosity due to
carbonation in specimens with a w/c ratio of 0.6.
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3.1. Carbonation Rate

The carbonation depth results assessed visually after spraying the pH-indicator solu-
tion on the freshly split surfaces are given in Figure 4, where carbonation depth is plotted
against the square root of time. In general, there is a linear relationship between the car-
bonation depth and the square root of time, therefore a straight line (Equation (1)) was
fitted to the results, adopting a confidence level of 95%. The results of the fitting process
are summarized in Table 4. The R? values ranged from 0.79 to 0.98, indicating a reasonably-
good-to-excellent fit. In the two cases where the R? values were less than 0.90, the residuals
were evenly distributed.

14 +

B P
o N
1 1

Carbonation depth(mm)

o N LT ) co
1

3 4 5 6 7 8 9 10 11 12 13 14
Square root of time (day’s)

e EnM-06 e RefM-06 EnM-05 e RefM-05

Figure 4. Carbonation depth, measured visually after spraying the split samples with a pH indicator,
plotted against the square root of time. “EnM” and “RefM” stand for EnDurCrete and the reference
mortar respectively, while the extensions “-06” and “-05” refer to water/cement ratios of 0.6 and 0.5.
The error bars indicate the variation in the carbonation depth - measured in 10 pointson one sample
for each mortar and exposure time.

Table 4. Results of regression analysis based on the measured values of carbonation depth at four
different time intervals. As per (Equation (1)), parameter K is the carbonation rate and parameter a
is a constant representing the y-axis intercept, while R? is the coefficient of determination indicating
the quality of fit. “EnM” and “RefM” stand for EnDurCrete and the reference mortar respectively,
while the extensions “-06” and “-05” refer to water/cement ratios of 0.6 and 0.5.

Parameter EnM-06 RefM-06 EnM-05 RefM-05
Kac (mm
day*O'S) 1.03 0.64 0.66 0.23
a (mm) 0.15 1.22 —-0.71 1.47
R? 0.98 0.92 0.88 0.79

The results thus show that the carbonation rate of ~1.0 mm day %> found in the
EnM-06 was the highest, while the RefM-05 had the lowest carbonation rate of ~0.2 mm
day . The other two mortars, namely EnM-05 and Ref-06, had approximately the same
carbonation rate of ~0.6 mm day . Consequently, after 146 days of exposure, the EnM-06
demonstrated a carbonation depth of 13 mm as opposed to the 9 mm measured on the
RefM-06. Similarly, the EnM-05 demonstrated a carbonation depth of 8 mm while only
4 mm was measured on RefM-05. The results thus indicate that a higher w/c ratio leads to
a higher carbonation depth. This was expected, since a higher w/c ratio generates higher
porosity of the cement matrix, allowing a faster penetration of CO; into the sample [24-27].
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The CH content determined by TGA as a function of depth for the samples prepared
with a w/c ratio of 0.6 is shown in Figure 5. Selected individual TGA results are presented
in Figures Al and A2 of the Appendix A. In general, the CH content decreased towards
the surface, where no CH could be detected because all of it was consumed during the
carbonation reaction. The plateau level of the CH content determined on the deeper
sections represents the amount initially present in the uncarbonated mortars. These results
show that CH content in mortar made with the novel cement with low clinker content
(EnM-06) was about 1.5 wt% compared to the 3 wt% CH present in mortar made with
the reference cement (RefM-06). Since less CH is present in the EnM-06, the carbonation
front was found further from the top surface; for example, after 90 days of carbonation it
was found ~12 mm from the surface, while in RefM-06 it was found at ~8 mm. A similar
occurrence was observed by Carneiro et al. [28], who used specimens with low and high
Portland cement content and found the carbonation front significantly deeper in specimens
with low cement content. The depth of carbonation front measured with TGA corresponds
well to the carbonation depth measured with the visual method and, therefore, with the
results previously shown in Figure 4.

$ = S—
o
e //
1Al A o LL // -

CHignited (Wt%)

CHignited (Wt%)

0 5 10 15 20 25 0 10 15 20 25
Depth (mm) Depth (mm)
—+-14days -=-28days -4-90days —e-146days —+—-14 days -=-28days -4-90days —e—146 days
(a) (b)

Figure 5. CH content measured with thermogravimetric analysis (TGA) after 14, 28, 90 and 146 days of exposure to
accelerated carbonation for (a) EnDurCrete mortar (EnM-06); and (b) the reference mortar (RefM-06), Both made with a w/c
ratio of 0.6.

The lower carbonation resistance of the EnDurCrete mortars compared to the reference
mortars (see Figure 4) might therefore be related to the difference in the CH content in the
uncarbonated mortar specimens. Since less CH is available in the EnDurCrete mortars
compared to the reference mortars, these samples have a lower buffer capacity during
carbonation (see, for example, [29-31]). Additionally, Revert et al. [21] have observed
that low clinker binders develop a coarser porosity upon carbonation, enabling faster
carbonation rates.

3.2. Moisture Transport

The mass changes of the thin plates during the moisture transport experiments are
shown in Figure 6 for w/c ratio 0.6 and in Figure 7 for w/c ratio 0.5. The results in both
figures are normalized to the initial mass of each plate. The standard sample deviation of
mass changes found on a set of three specimens at any given time was between 5 and 10%.
The rapid drop of mass at the beginning of stage 2 was probably due to surface drying
of the freshly cut samples. The plates in the group “0%” continued to lose mass until
equilibrium was reached between 96 and 98 wt% of the initial mass. When looking at the
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drying profiles of the “0%” series, we can see that the RefM-06 seemed to dry faster and to
a larger extent compared to the EnM-06. The plates in the group “3%”, on the other hand,
first decrease in mass but then start to increase in mass after ~3 days of exposure. At this
point, the net mass gain due to carbonation (see Section 1) compensates for the mass loss
due to drying. Sanjuan et al. [32] also reported an initial decrease in weight followed by
mass gain, even though their specimens were stabilized at 60% RH before carbonation.

1.04
1.03 7
@ 1.02
€ 1.01 v
g 1.00 i
Ty h—
Z 097 g =====ssooooooooo \-‘_ﬁ“::‘\, -
096 +———====an siehelcSete s et =5 SIss
0.95 —
70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 370
Time (days)
- == ENnM-06 — EnM-06
~0 % CO, 3.1% CO,
- -~ RefM-06 —— RefM-06

Figure 6. Mass changes during the moisture transport experiment for thin plates with a water/cement ratio of 0.6. In stage

2, group “3%” was exposed to carbonation in a 3.1% CO; environment and group “0%” to conditioning in a ~0% CO,

environment. “EnM” and “RefM” stand for EnDurCrete and reference mortar respectively.

1.04 Stage 3: capillay absorption and vacuum saturation ——
1.03
1.02 Skgs & Stage 4:
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Figure 7. Mass changes during the moisture transport experiment for thin plates with a water/cement ratio of 0.5. In stage

2, group “3%” was exposed to carbonation in a 3.1% CO; environment and group “0%” to conditioning in a ~0% CO,

environment. “EnM” and “RefM” stand for EnDurCrete and the reference mortar, respectively.
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Porosity (vol%)
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The only exception within the “3%” group, where the mass continues to decrease
throughout stage 2, is EnM-06. The decrease or increase in mass in these experiments can
suggest which of the two mechanisms (drying vs carbonation) has the strongest impact on
the weight of the specimen. When CO; is present, carbonation will cause weight gain due
to the binding of CO; in the reaction products. This weight gain will partially counteract
the mass loss due to the simultaneous drying. According to Table 4, the EnM-06 mortar
has a higher carbonation rate than the RefM-06; however, due to its lower clinker content,
it had a lower CO; binding capacity compared to the RefM-06. This might explain why
the EnM-06 mortar did not gain any mass during simultaneous drying and carbonation,
whereas the RefM-06 mortar did (stage 2 in Figure 6).

In stage 3, significant differences between groups “0%” and “3%” were observed.
The uncarbonated plates in the former group absorbed significantly less water than the
carbonated plates in the latter group (normalized to their initial weight). This indicates an
increase in capillary porosity during carbonation compared to the uncarbonated samples.
This assumption was confirmed by the porosity results shown in Figure 8a, where one
can see that in the “-05” specimens porosity, increased by ~2% due to carbonation, which
was not the case for the -06 samples. Although a decrease in porosity upon carbonation is
commonly observed in Portland Cement-based binders [33,34], some studies reported an
increase in total porosity in the case of cement blends utilizing supplementary cementitious
materials [33,35,36]. The latter two studies also reported a coarsening of the pore structure.
Justnes et al. [35] explained this by the fact that the reaction of C-S-H with a low Ca/Si ratio
to CaCOj3 causes a reduction in solid volume and, thereby, an increase in porosity [35]. The
Ca/Si ratio of the C-5-H was not determined experimentally within this study. However, it
can be assumed that, due to the high amount of slag present in both binders, the C-S-H
phase formed shows a considerably lower Ca/Si ratio compared to C-S-H formed during
the hydration of CEM I cement.

10 A

Carbonation depth (mm)

RefM-06

(@)

Figure 8. Total porosity (a) measured according to SIA 262-1 [23]; and carbonation depth (b) of conditioned specimens
after stage 5. Specimens in the group “3%” were exposed to a 3.1% CO, atmosphere, while specimens in the group “0%"
were exposed to the atmosphere with reduced CO; content. “EnM” and “RefM” stand for EnDurCrete and reference
mortar, respectively, while extensions “-06” and “-05” refer to water/cement ratios of 0.6 and 0.5. The error bars indicate the
variation in values measured on the three specimens.

EnM-05 RefM-05 EnM-06 RefM-06 EnM-05 RefM-05
Diagonal pattern fill - 0% CO, | Solid fill - 3 % CO,

(b)
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Stages 4 and 5 showed a gradual loss of mass. For the specimens in the “0%” group,
the mass at the end of stage 5 (30% RH) was approximately the same as the mass at the end
of stage 2 (60% RH). The normalized mass (to initial mass) of carbonated specimens was
~2% larger than the normalised mass of the uncarbonated specimens.

The fact that the EnM-06 and RefM-06 were fully carbonated corresponds to the
plateauing of the carbonated specimens during stage 2, as shown in Figure 6, confirming
that these specimens reached equilibrium at those conditions. The corresponding curves
for the carbonated EnM-05 and RefM-05 specimens, shown in Figure 7, did not plateau
during stage 2, which reflects the fact that they had not yet been fully carbonated.

The degree of carbonation at the end of stage 2 was checked on one thin plate with
the pH-indicator method. The plates were considered fully carbonated if the depth of
carbonation was equal to half of the plate thickness, that is, 10 mm. The results for the
plates in groups “3%” and “0%" are shown in Figure 8b. The plates in the “3%"” group
and with a w/c ratio of 0.6 (EnM-06 and RefM-06) carbonated completely, while those
with a w/c ratio of 0.5 carbonated slightly less than half the depth, in the case of EnM-
05, and about 5 mm, in the case of RefM-05. This is an undesirable outcome, since the
numerical model calibration is to be performed on a fully carbonated material, on one
hand, and on a completely uncarbonated material, on the other. The results show that the
reduced CO;, levels in the conditioning chamber were able to limit the carbonation depth
of the “0%” specimens. No carbonation depth was measured on the “0%” EnM-05 and
RefM-05 specimens.

4. Conclusions

An experimental program was carried out to collect data for the verification of a
numerical model by studying (1) the rate of carbonation, and (2) the impact of carbon-
ation on moisture transport. For the verification of the rate of carbonation model, thick
mortar blocks were exposed to accelerated carbonation conditions and the depth of car-
bonation was measured visually on split samples sprayed with a pH indicator and on
profile-ground specimens using the TGA method. The impact of carbonation on moisture
transport was monitored by measuring the mass of thin mortar plates subjected to a specific
conditioning protocol.

The results obtained in this study indicate that carbonation depth is affected by the
amount of clinker in the cement and by the w/c ratio. The lower the amount of clinker
and/or the higher the w/c ratio, the higher the carbonation rate. Carbonation rates were
found to be ~1.0 mm day’o‘5 for the EnM-06 and ~0.6 mm day’0‘5 for the Ref-06, while
for the EnM-05 and RefM-05, the carbonation rates were ~0.7 and ~0.2 mm day %> when
exposed to accelerated carbonation in 1% CO, atmosphere. The results of both methods,
namely the visual and the TGA method, are in fairly good agreement. Additionally, the
TGA showed that the initial CH content was ~1.5 wt% in the EnM-06, as opposed to
~3.0 wt% in the RefM-06. Based on the results of this study, the lower initial CH content of
the EnDurCrete specimens might have been the reason for the higher carbonation rate.

The moisture transport experiments showed that carbonation increases the total
porosity, which can facilitate the transport of deleterious substances, and therefore can
promote other deterioration processes in addition to the corrosion of reinforcement. The
results obtained on the EnM-06 showed that during carbonation at constant RH EnM-
06 performed differently compared to other mortars. Unlike the results obtained in the
carbonation rate experiment, during exposure to the CO,-rich environment, its mass
continued to drop, while it exhibited the highest carbonation rate. The decrease or increase
in mass shows which of the two mechanisms (drying vs carbonation) has the strongest
impact. As an improvement to the experiment protocol, we recommend conditioning
specimens at 60% RH after stage 1 until a constant mass is achieved, and then exposing
them to carbonation.

The experimental results presented here will be used for the verification of mechanis-
tic/ generic models developed within the EnDurCrete project [5,11], which can be applied to
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novel cements with varying compositions. These models aim to improve the prediction of
concrete durability in a CO,-rich environment and, therefore, reduce maintenance-related
costs, particularly in the public infrastructure sector.
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Appendix A

Table Al. Chemical composition of components used in the production of En cement CEM II/C
(S-LL) and Ref cement CEM II/A-S, as measured with X-ray Fluorescence (XRF). The chemical
composition of the products was calculated by taking into account the proportions of the components
shown in Table 2.

Composition of Components (wWt%) Composition of Products (wt%)
Title 1 CEMI1525R S LL CEM II/C (S-LL) CEM II/A-S
SiO, 20.35 35.21 0.85 24.34 21.50
Al O3 5.46 11.27 0.15 7.25 6.00
TiO, 0.28 1.07 0.01 0.57 0.37
MnO 0.04 0.21 0.06 0.11 0.06
Fe, O3 2.40 0.26 0.16 1.32 2.03
CaO 62.33 41.64 54.54 53.28 59.33
MgO 1.49 5.96 091 3.22 2.05
K,O 0.89 0.64 0.04 0.71 0.82
Na,O 0.20 0.22 0.01 0.19 0.20
SO3 3.68 0.00 0.01 1.84 3.05
P,Os5 0.12 0.01 0.01 0.07 0.10
LOI?! 1.87 (+0.16) 43.32 / /

1 Loss on ignition.
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Figure A1. Differential thermal analysis (DTG) results obtained on EnDurCrete mortar, EnM-06, after (a) 14, (b) 28, (c) 90,
and (d) 146 days of exposure to accelerated carbonation. Extension “-06” refers to the water-cement ratio of 0.6. Each graph

shows the results of the top layer in black, the innermost layer in light grey, and one layer in between, in medium grey.
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Figure A2. Differential thermal analysis (DTG) results obtained on reference mortar RefM-06 after (a) 14, (b) 28, (c) 90, and
(d) 146 days of exposure to accelerated carbonation. Extension “-06” refers to the water-cement ratio of 0.6. Each graph
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