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Abstract: The research objective of this paper is to investigate the effect of different types of cement
and different climatic conditions on the durability of reinforced concrete structures to understand and
address issues of durability and erosion. The types of cement used were CEM I 42.5N, CEM 11/ A-M
(P-LL) 42.5N and CEM II/B-M (W-P-LL) 32.5N. Mixtures of three different cement mortars and six
different concretes were prepared with these three types of cement. Cement mortars were produced
according to the European standard EN 196-1. Concrete mixtures were of the strength classes C25/30
and C30/37. Concrete mixtures produced according to the specifications of the European standard
EN 206 may have a shorter service life due to carbonation-induced corrosion if the choice of the
cement type is not made carefully. The results indicate that the carbonation rate of concrete mixtures is
significantly influenced by the type and strength class of the cement used. Using meteorological data
from six regions of Greece, an empirical carbonation prediction model for these regions was obtained.

Keywords: type of cement; carbonation; durability; sustainability

1. Introduction

In the construction industry, the most commonly used material is reinforced concrete.
Reinforced concrete is a composite material that results from the reinforcement of concrete
(a mixture of aggregates, cement and water, which after a chemical reaction turns into a
solid body) with another higher strength material. The aim is to combine the properties
of the above materials to create a new material that will satisfy the needs of construction.
Concrete is a cheap material with high compressive strength, but very low tensile strength.
For this reason, steel is used to provide concrete with the required tensile properties.
However, steel, as a metal alloy, has low resistance to corrosion; this is one of the reasons
that it must be covered with a layer of concrete [1]. The corrosion of the reinforcement
begins with carbonation [2]. The phenomenon of carbonation essentially describes the
effect of carbon dioxide (CO;) on a material, which leads to significant safety problems of
reinforced concrete works, due to the reduction of the cross-section of the reinforcement.
The carbonation of the cement paste leads to a decrease in the pH, which makes the material
less alkaline [3].

Thus, carbonation of reinforced concrete structures constitutes an important prob-
lem during their service life due to effect of environmental exposure, and it is clear that
the prediction of concrete carbonation is critical for the design of durable and sustain-
able structures.

Over the past few decades, researchers have carried out a variety of studies on carbona-
tion prediction, creating numerous carbonation models [4-15]. Chen et al. [16] investigated
the influence of temperature, CO, concentration and relative humidity on the carbonation
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depth and compressive strength of concrete. Wang et al. [17] studied the influence of
carbonation on both the ingress and distribution of chlorides in three different types of
concretes by comparing results from exposure to chlorides before carbonation and after
carbonation. Liu et al. [18] studied the effects of temperature, relative humidity and CO,
concentration on carbonation depth of concrete and the variation laws of concrete carbon-
ation depth under coupling effects of environment factors. Merah et al. [19] studied the
resistance of two types of cements against accelerated carbonation, producing two different
concretes based on ordinary Portland cements with additions and subjecting them to an
accelerated carbonation chamber. Wajeeha et al. [20] examined the effect of carbonation on
the strength properties and carbonation depth of ordinary Portland cement (OPC) concrete
using two different water-to-cement ratios (w/c) and two different replacement percentages
of natural coarse aggregate (NCA) with recycled coarse aggregate (RCA). Neves et al. [21]
investigated the relationship between natural and accelerated concrete carbonation re-
sistance by taking cores from real structures and subjecting their non-carbonated inner
parts to accelerated carbonation resistance testing, allowing the assessment of natural and
accelerated carbonation resistance on the same specimen. Leemann et al. [22] studied the
carbonation resistance of mortar and concrete when cement with mineral additions is em-
ployed, comparing carbonation coefficients determined in the different exposure conditions.
Boualleg et al. [23] investigated the influence of the environment on the properties of mor-
tars and cement, and the correlation between compressive strength, natural carbonation,
non-evaporable water and portlandite content. Zhao et al. [24] studied the effect of material
factors, i.e., the type and the particle size of cement, the calcium oxide content in the fly ash,
the fineness modulus of the fine aggregate and the types and dosages of superplasticizers,
on the carbonation properties of the concrete. Lin et al. [25] examined the effects of quartz,
limestone and type of cement (BRC and ordinary Portland cement) on the carbonation
curing and normal curing of cement paste. Elsalamawy et al. [26] investigated the effect
of variation of RH on carbonation resistance of concrete made with different cementitious
materials: CEMI42.5N, CEMIII/ A42.5N and CEMIII/ A42.5N with 10% silica fume as an
addition. However, researchers have mainly focused on carbonation models, materials
composition, water-to-cement ratio (w/c) and external environmental factors [18], and due
to the difficulty of modeling the procedure of carbonation in concrete most of these models
have not achieved a high level of universal approval. The model which has, however,
attained wide recognition in recent times is t fib-Model Code (2010)/fib 34 (2006) [10,11,27].

The EN 206 standard [28] in the requirements for class XC4 includes restrictions on
the composition of concrete, but makes no reference to the type of cement. Moreover,
there are no studies in the literature that systematically investigate the influence of cement
type on carbonation in connection with different environmental characteristics of exposure.
In addition, there are no large-scale studies that have investigated the influence of local
environmental characteristics of different areas of a particular country on carbonation and
durability. Therefore, in this study, an empirical model is derived, taking into account
specific characteristics of the Greek region and providing the possibility of predicting the
depth of carbonation with fairly high accuracy.

The aim of this study is to underline the omission in the standards, which do not
impose restrictions on the type of cement used and do not take into account the characteris-
tics of the microclimate of each area. Thus, this study correlates the severity of exposure
to carbon dioxide with meteorological data, mainly annual fluctuations in the relative
humidity of the atmosphere.

For this purpose, three different cement mortars and six different concretes were
prepared using three different types of cement. These were CEM 1 42.5N (Portland cement),
CEM II/A-M (P-LL) 42.5N (Portland composite cement) and CEM II/B-M (W-P-LL) 32.5N
(Portland composite cement) according to EN 197-1 [29]. Cement mortars and concretes
were subjected to tests of compressive strength and carbonation resistance in natural and
accelerated circumstances. Some samples were left exposed for three years in the open air
in selected areas of Greece, while others were exposed for one hundred and eighty days in
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a carbonation chamber. The areas in Greece were Xanthi, Thessaloniki, Joannina, Voiotia,
the center of Athens and Patras, as presented in the Figure 1.
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Figure 1. Selected areas for exposure.

2. Materials and Methods

Three different cement mortars and six different concretes of the C25/30 and C30/37
strength classes (compressive strength of 3625 psi and 4350 psi) were produced. Three
different types of cement were chosen for study: CEM 1 42.5N (Portland cement), CEM 11/ A-
M (P-LL) 42.5N (Portland composite cement) and CEM I1/B-M (W-P-LL) 32.5N (Portland
composite cement). CEN Standard sand [28] with specific grain size distribution between
0.08 and 2.00 mm was used for the cement mortars. The concretes were made from coarse
aggregates consisting of crushed granite with a maximum grain of 32 mm, crushed sand
and river silicate sand. The compositions of the mortars followed the ratio 0.5:1:3 for water,
cement and sand, according to the EN 196-1 regulation [30]. Specimens of mortars were
produced according to EN 196 [30] and specimens of concrete were produced according to
EN 12390 [31].

High-range water reduction polymer with carboxylate ether admixture at various
dosages was used to achieve workability in concretes. The chemical analysis and specific
weight of the cements used are shown in Table 1. In cement mortars, no admixture was used.

The coarse aggregates used (with a maximum grain of 32 mm) were crushed granite,
river sand, crushed sand and standard sand for cement mortars. The grain size distribution
of all aggregates according to DIN 4187-8 [32] is shown in Table 2 and in Figure 2. The
granulometric curve is presented. There were no changes in materials during the study
process in order to avoid any alterations in the results.
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Table 1. Chemical analysis and specific weight of cements.

CEM II/A-M CEM I1I/B-M
CEMT425 (P-LL) 42.5 (W-P-LL) 32.5
SiO, 20.86 23.85 28.00
ALOs 5.38 522 9.00
Fe,O; 2.73 413 5.50
CaO 60.88 58.2 48.00
MgO 2.31 3.20 2.20
SO3 3.13 3.30 3.20
K,O 1.93 0.68 1.50
Na,O - 0.32 0.50
TiO, - 0.24 -
P,05 - 0.06 -
SrO - 0.03 -
Cr 03 - 0.02 -
ZnO - 0.01 -
Spec. weight 3.10 3.10 3.15

Table 2. Percentage passing through sieves for all aggregates.

Sieves (mm) 0.075 0.125 0.25 0.5 1 2 4 8 16 31.5
Standard sand 1 10 18 33 67 100 100 100 100 100
Crushed sand 8.1 15.5 21.3 30.6 494 80 100 100 100 100

River sand 7.6 10.5 14.5 159 49.1 99.4 100 100 100 100
Gravel 0 0 0 0 0 1 19 73 100 100
Crushed stone 0 0 0 0 0 0 0 16 69 100
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Figure 2. Grain size distribution (granulometric curve) of all aggregates.
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All cement mortars and concrete mixtures produced were tested for mechanical and
durability properties. The mechanical property measured was compressive strength at
the ages of 2, 7, 14, 28, 90, 180 and 365 days for cement mortars and at the ages of 2, 7,
28, 180 and 365 days for concretes. The durability properties estimated were accelerated
carbonation at the ages of 28, 56, 90, 120 and 180 days and natural carbonation at the ages of
3,6,9,12,18, 24, 30 and 36 months. Natural carbonation of cement mortars was measured
on the specimens that were exposed in the selected areas of Greece. Natural carbonation of
concretes was estimated from specimens that were exposed in Xanthi.

The specimens produced for the tests were prisms sized 40 x 40 x 160 mm for cement
mortars, 150 mm edge cubes and 60 x 100 mm (D x H) cylinders for concretes. The
specimens produced for the test of compressive strength were maintained in the curing
chamber (T = 20 °C, RH > 98%) until the test date. The specimens produced for the
carbonation tests followed different maintenance programs according to each experiment,
as analyzed below.

The coarse aggregates used—gravel (2-16 mm) and pebbles (8-32 mm)—were of
granite origin with a specific gravity of 2.65, while the specific gravity of all types of sand
was 2.67. All aggregates had no water absorption. The mix design and characteristics of all
mortars and concretes are shown in Tables 3 and 4.

Table 3. Mix design and characteristics of mortars.

Mix Design M1 M2 M3
g
CEM 425N 450 0 0
CEM II/A-M (P-LL)
42 5N 0 450 0
CEM II/B-M (W-P-LL)

325N 0 0 450
Standard sand 1350 1350 1350
Water 225 225 225
W/C 0.50 0.50 0.50
Slump (mm) 13.5 135 14.0

Table 4. Mix design and characteristics of C25/30 and 30/37 strength classes concretes.

C 25/30 C 30/37
. . C 25/30 C 25/30 CEM II/A-M C 30/37 C 30/37 CEM II/A-M
Mix Design CEM I 42.5N CEM II/A-M (P-LL) 42.5N + CEM I 42.5N CEM II/A-M (P-LL) 42.5N +
) (P-LL) 42.5N CEM 1I/B-M ) (P-LL) 42.5N CEM 1I/B-M
(W-P-LL) 32.5N (W-P-LL) 32.5N
kg/m? C1 C2 C3 C4 C5 Cé6
CEM 425N 300 300 0 350 350 0
CEMII/A-M
(P-LL) 42.5N 0 0 150 0 0 200
CEM 1I/B-M
(W-P-LL) 32.5N 0 0 150 0 0 150
River sand 400 400 400 400 400 400
Crushed sand 500 500 500 500 500 500
Gravel 270 270 270 270 270 270
Crushed stone 630 630 630 630 630 630
Water 180 180 180 175 175 175
Superplasticizer 1.17 1.17 1.17 1.4 14 1.4
w/C 0.6 0.6 0.6 0.5 0.5 0.5
Slump (cm) 16 22 18.5 17 15 21
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2.1. Compressive Strength

The specimens prepared to measure compressive strength at different ages were
30 prisms sized 40 x 40 x 160 mm for each type of cement mortar, used as broken halves
according to EN 196-1 [30], and 21 edge cubes 150 mm for each concrete, according to EN
12390-4 [31]. All samples were stored in a maintenance chamber (T = 20 °C, RH > 98%) until
the age of the tests. The loading rate used in measuring the compressive strength of mortars
was 2400-2500 N /s, while the loading rate for the concrete specimens was 0.6 MPa/s, as
described in the relevant standards EN 196-1 [30] and EN 12390-3 [33].

2.2. Accelerated Carbonation

The specimens that were used to measure the accelerated carbonation depth were
21 prisms 40 x 40 x 160 mm for each type of cement of cement mortars and 21 cylindrical
specimens 60 x 100 mm for each concrete, according to the procedure described in the
EN 14630 standard [34]. The specimens were placed in a maintenance chamber (T =20 °C,
RH > 98%) for 3 days and then stored in an indoor laboratory environment (T =20 £ 2 °C,
RH = 50-60%) until 28 days of age. At 28 days, they were transferred to the accelerated
carbonation chamber (T = 20 °C, RH = 55%, CO, = 1%) to calculate accelerated carbonation
depth. The specimens remained in this chamber until the time of each measurement and,
after being removed from their exposure, were broken in half. The freshly broken surfaces
were sprayed with a phenolphthalein indicator [35] to measure the depth of carbonation
with two values from each side of each prism and eight values from each side of each
cylindrical specimen.

2.3. Natural Carbonation

The specimens that were used to measure the natural carbonation depth had the
same dimensions as in the accelerated carbonation (30 prisms 40 x 40 x 160 mm for each
type of cement of cement mortars for each area of exposure and 30 cylindrical specimens
60 x 100 mm for concretes). These specimens were stored in the maintenance chamber for
3 days and then stored in an indoor laboratory environment (T = 20 £ 2 °C, RH = 50-60%)
until 28 days of age. At 28 days, the specimens of concrete were exposed to the open
air in an unsheltered environment in the court of the building materials laboratory in
Xanthi (AVG T =14.2 °C, AVG RH = 67.7%), in this way simulating the XC4 exposure class
of northern Greece. The specimens of cement mortar were divided into sets, wrapped
in protective films and transported via a certified transport company within 24 h to the
selected areas determined to simulate the natural carbonation conditions of different Greek
regions. These specimens also remained outdoors in the unsheltered open air until the
time of each measurement. The sets of specimens that had been transported to other
areas were sent to the laboratory for measurement at the appropriate age. All specimens,
after being removed from their exposure location, were broken in half and sprayed with a
phenolphthalein indicator [35] for the measurement of carbonation depth, with two values
from each side of each prism and eight values from each side of each cylindrical specimen.
The values of carbonation depth of the mortars that were exposed in the selected areas will
be used as a starting point for the prediction of concrete carbonation, which will be checked
for reliability with concrete samples at a future time.

Specimens of concrete exposed to the open air unsheltered environment in the court
of the building materials laboratory in Xanthi are shown in Figure 3.
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Figure 3. Specimens of concrete exposed to the open air unsheltered environment in the court of the
building materials laboratory in Xanthi.

3. Results and Discussion
3.1. Compressive Strength
3.1.1. Cement Mortars
The values of the compressive strength of all cement mortars are presented in Table 5
and are shown graphically in Figure 4.

Table 5. Compressive strength (MPa) and standard deviation of mortar mixtures.

(MPa) M1 M2 M3
foy (3) 25.7 (0.83) 18.8 (0.95) 11.8 (0.69)
foy (s) 38.4 (0.56) 30.0 (0.87) 21.9 (0.72)
feia (s) 52.6 (0.90) 40.6 (0.89) 30.0 (0.71)
foog (3) 54.4 (0.87) 48.1(0.72) 42.3 (0.60)
fego (3) 56.1 (0.99) 54.1 (0.79) 49.2 (0.74)
forgo (S) 57.0 (0.72) 55.9 (0.80) 51.1 (0.78)
feaes (S) 57.8 (0.91) 56.5 (0.76) 52.4 (0.70)

Compressive strength
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Figure 4. Compressive strength (MPa) of mortar mixtures.

The compressive strength of the cements used was in conformity with their specifi-
cations. M1 and M2 mixtures produced with cement of 42.5 fineness presented normal
results at 28 days of age within the limits of the standard (42.5-62.5 MPa); specifically, the
M1 mixture had a result of 54.4 MPa and the M2 mixture a result of 48.1 MPa. The situation
was similar in the measurements of the M3 mixture, in which cement of 32.5 fineness was
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used, which had a result of 42.3 MPa at the age of 28 days, within the limits set by the
standard (32.5-52.5 MPa).

The mixtures in which CEM I 42.5N and CEM II/A-M (P-LL) 42.5N cement were used
had improved results at all measurement ages compared to the mixture with CEM II/B-M
(W-P-LL) 32.5N cement with the same water/cement ratio. The results are in agreement
with our current knowledge and cement mortar standards. The rate of hydrate formation
into the capillary pores primarily depends on the w/c ratio, cement components and
fineness, curing temperature and curing time [36,37]. For the same w/c ratio and curing
conditions, the chemical composition and fineness of the cement will be the dominant
factors [36,38]. This difference in the microstructure level leads to changes in both the
volume of pores and the structure of the specimens, which affect compressive strength. The
volume of pores and the number of microcracks for the specimens with 42.5 cement are
lower compared to those with 32.5 cement [39,40].

3.1.2. Concretes

Compressive strength was measured at 2, 7, 28, 180 and 365 days for all concretes
according to EN 123904 [31]. At each measurement, three 150 mm edge cubes were
used, which came from three different portions of mixing concrete. The separation of
the specimens was random to obtain unbiased results. Specifically, at 28 days, which
determines the concrete strength class, six cubes were used. The results of the compressive
strength of the concretes are shown in Table 6, Figure 5 and Table 7, Figure 6 for C25/30
and C30/37 strength classes, respectively.

Table 6. Compressive strength (MPa) and standard deviation of C25/30 strength class mixtures.

(MPa) c1 2 c3
fop (s) 26.4 (0.74) 23.9 (0.99) 18.1 (1.01)
foy () 41.7 (1.12) 32.7 (0.77) 24.3 (0.64)
foog (s) 46.1 (0.88) 39.7 (0.65) 34.0 (0.75)
forso (5) 55.0 (0.72) 43.3 (0.89) 40.2 (0.81)
feses (5) 60.2 (0.92) 47.9 (0.55) 46.8 (0.76)
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Figure 5. Compressive strength (MPa) of C25/30 strength class mixtures.
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Table 7. Compressive strength (MPa) and standard deviation of C30/37 strength class mixtures.

(MPa) ca C5 Cé
for (s) 30.0 (0.98) 24.0 (1.02) 22.7 (0.84)
for (s) 50.4 (0.91) 36.1 (0.89) 34.5 (0.93)
foog (5) 58.7 (0.54) 46.7 (0.92) 433 (0.76)
feigo (5) 65.8 (0.85) 53.4 (0.73) 51.8 (1.13)
feaes (S) 70.4 (0.67) 59.2 (0.77) 55.7 (0.87)

Compressive strength
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Figure 6. Compressive strength (MPa) of C30/37 strength class mixtures.

From the beginning of the measurements at 2 days of age, it was obvious that the C1
and C4 mixtures produced with CEM I 42.5N cement had improved compressive strength
values. This trend continued for the measurements of all ages until the final one at 365 days.
The rest of the mixtures showed lower compressive strength values in comparison with
C1 and C4. The use of CEM II/B-M (W-P-LL) 32.5N cement appears to have important
negative effects on compressive strength values, since the C3 and C6 concrete mixtures
had values of 34.0 MPa for the C25/30 strength class and 43.3 MPa for the C30/37 strength
class at 28 days of age. C2 and C5 concrete mixtures presented higher compressive strength
values than C3 and C6 concretes but their results were closer to the results of mixtures
with ordinary Portland cement. Nevertheless, all concrete mixtures met the minimum
requirements of compressive strength for each of their strength class.

Okumu et al. [41] measured the compressive strength of concretes using two types of
cements—42.5N and 32.5N—at 7, 14 and 28 days of age. At 28 days, the average difference
in compressive strength between concretes with 32.5N and 42.5N cement was 8.35 MPa.
Vanoutrive et al. in “Rilem TC 281-CCC: Carbonation of concrete with supplementary
cementitious materials” [42] tested concretes with CEM 1 42.5N, CEM II 42.5N and CEM III
42 5N cements distributed by HeidelbergCement AG (Germany). The results in compres-
sive strength were similar for all three concretes, with values from 39.5 MPa to 41.0 MPa.
Ekolu et al. [43] measured the compressive strength of various concretes with water/cement
ratios of 0.4, 0.5 and 0.65 using cement types CEM 1 42.5N, CEM 1II 42.5N, CEM IV 32.5R
and CEM II 52.5N. The results showed the great significance of the water/cement ratio and
the negative effects of 32.5 fineness cement on compressive strength at 28 days of age, as in
this research.
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3.2. Carbonation Depth
3.2.1. Cement Mortars

The accelerated carbonation depth of all cement mortars is shown in Table 8 and
represented graphically in Figure 7. The results of natural carbonation are presented in
Tables 9-14 and represented graphically for exposure in Xanthi in Figure 7.

Table 8. Depth (mm) of accelerated carbonation and standard deviation of mortar mixtures.

(mm) M1 M2 M3

28d 2.5 (0.64) 2.6 (0.61) 5.8 (0.91)
56d 3.5 (0.67) 3.7 (0.80) 8.1 (1.03)
90d 4.3 (0.75) 4.5(0.81) 10.3 (1.07)
120d 4.8 (0.72) 5.1 (0.71) 11.7 (1.05)
180d 5.8 (0.74) 6.3 (0.67) 14.0 (0.97)

Carbonation depth (mm)

16

m 28d

m 56d

= 90d

120d
m 180d

M1 M2 M3

Figure 7. Accelerated carbonation depth of cement mortars.

Mixtures M1 and M2, in which CEM I 42.5N and CEM II/A-M (P-LL) 42.5N cements
were used, showed lower depths of accelerated carbonation penetration at all measure-
ment ages.

The examples in Figure 8 show the difference in carbon dioxide penetration between
mixtures M1, M2 and M3 at the same measurement age.

(b)
Figure 8. M1 mixture (a), M2 mixture (b) and M3 mixture (c) after being sprayed with phenolphthalein.

The above figure shows the negative effect of the use of 32.5 fineness cement in
carbonation resistance. At all ages, the values of carbonation depth were significantly
higher in the M3 mixture (c) than the values in the M1 and M2 mixtures whose carbonation
depths were similar to each other (a,b).
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According to Vanoutrive et al. [40], specimens tested at 1% CO; are characterized by a
lower carbonation depth when CEM Il is used than specimens with CEM I. Nonetheless,
the differences in carbonation depth between CEM I- and CEM II-based mortar were found
to be non-significant, as was the case in this study. Singh and Singh [44] observed that,
in general, higher compressive strength implies higher carbonation resistance. This is in
agreement with the results of the present research. Torre et al. [45] found that there were
differences in the carbonation speed and depth of cement mortars with Portland cement
made by different companies, a fact that shows the possibility of diversity in the results
found in the literature. Depth of natural carbonation and standard deviation of mortar
mixtures exposed in Xanthi is shown in Table 9 and Figure 9.

Table 9. Depth (mm) of natural carbonation and standard deviation of mortar mixtures exposed
in Xanthi.

Carbonation depth (mm)

(mm) M1 M2 M3
3m 0.5 (0.50) 0.6 (0.52) 1.5 (0.55)
6m 0.9 (0.57) 0.9 (0.55) 2.5 (0.54)
9m 1.0 (0.61) 1.1 (0.58) 2.9 (0.57)
12m 1.1 (0.58) 1.2 (0.56) 3.3 (0.54)
18m 1.3 (0.58) 1.4 (0.63) 3.9 (0.59)
24m 1.4 (0.63) 1.5 (0.62) 4.4 (0.60)
30m 1.5 (0.61) 1.6 (0.64) 4.9 (0.63)
36m 1.6 (0.60) 1.7 (0.61) 5.3 (0.63)
6
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Figure 9. Depth of natural carbonation of mortar mixtures exposed to the outdoor environment
of Xanthi.

The overall picture of the results of the mixtures exposed outdoors in the Xanthi area
is similar to that of accelerated carbonation. The mixtures M1 and M2, in which CEM I
425N and CEM II/A-M (P-LL) 42.5N cements were used, also showed lower depths of
carbonation penetration at all measurement ages up to 3 years. The volume of pores and
the number of microcracks of these specimens were lower, this being a decisive factor in
their reduced carbonation level [36]. Table 10 presents the values of natural carbonation
depth in the selected regions of Greece at 36 months of age.
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Table 10. Depth (mm) of natural carbonation and standard deviation at 36 months of age.

M1 M2 M3
Xanthi 1.6 (0.67) 1.7 (0.59) 5.3 (0.64)
Thessaloniki 1.6 (0.62) 1.7 (0.65) 5.4 (0.62)
Ioannina 2.4 (0.72) 2.6 (0.68) 6.1 (0.67)
Voiotia 1.9 (0.70) 2.0 (0.74) 5.4 (0.72)
Center of Athens 1.9 (0.81) 2.1(0.75) 5.3 (0.85)
Patras 2.3 (0.75) 2.5 (0.84) 5.9 (0.80)

All the results of natural carbonation from all selected areas confirm the results of
accelerated carbonation and reinforce the conclusion that the use of CEM I 42.5N and
CEM II/A-M (P-LL) 42.5N cements has a beneficial effect on carbonation resistance. The
effect of cement strength class on carbonation can also be investigated at the microlevel.
The difference between the properties of cements with various strength classes is due to
differences between their constituent compounds, especially the main components in the
hydration products [39,40]. This difference in the microstructure level leads to changes
in both volume of pores and structure of the specimens, which are factors that affect
compressive strength [36]. The volume of pores and the number of microcracks for samples
with 42.5 cement are lower compared to samples of 32.5 cement [39,40,46].

At the same time, studying the variations of the results between the selected areas
points to the fact that the exposure environment greatly influences the penetration of
carbonation. Mortars exposed in areas such as Patras and loannina showed increased
depths of carbonation compared to mortars exposed in other areas. For this reason, the
correlation of carbonation evolution of each cement mortar with the meteorological data of
the exposure areas was investigated.

Most papers in the literature generally report on carbonation depth after a specific
time of exposure. However, the resistance to carbonation used for service life prediction
modeling is mostly expressed as a coefficient, which is the relation between the carbonation
depth and time of exposure [42]. Several analytical models are used to describe the
relationship between carbonation depth (x) and concrete age (t). The most widely used is
the analytic solution of Fick’s first law in the form:

x = k%? 1)

where x is the carbonation front depth, t is the exposure time and k is the carbonation
coefficient. This coefficient depends on environmental conditions such as CO; concentration
and humidity, and concrete characteristics such as w/c ratio and type of cement, and
therefore varies significantly from one structure to another [47].

During the evolution of the experiments, a convergence of the k coefficient to spe-
cific values was observed with the addition of each new measurement, as was a simul-
taneous reduction of the standard deviation of the results. This fact is confirmed by
Vanoutrive et al. [40], who concluded that carbonation rates based on carbonation depths
at greater exposure ages show lower deviation; therefore, these values are considered to
serve as a good estimate of the potential resistance to carbonation of the tested mixtures.
Based on this conclusion, in the present paper, five values were used until the 180 days
of exposure for accelerated carbonation (ages of 28, 56, 90, 120 and 180 days) and eight
values for up to 3 years of exposure for natural carbonation (ages of 3, 6, 9, 12, 18, 24, 30 and
36 months) in order to achieve more stable and reliable results. In Table 11, the values of
the k coefficient for the cement mortars tested in accelerated carbonation are presented.
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Table 11. k coefficient of cement mortars exposed to accelerated carbonation.

M1 M2 M3
k (mm/day /?) 0.431 0.466 1.050
R? 0.127 0.078 0.153

Table 12 presents the values of the k coefficient for all cement mortars that were
exposed to natural carbonation in the selected areas.

Table 12. k coefficient (mm/day /2) and coefficient of determination R? of cement mortars exposed
in the selected areas.

M1 M2 M3
k R? k R2 k R?
Xanthi 0.861 0.978 0.903 0.972 1.916 0.969
Thessaloniki 1.020 0.967 1.071 0.966 2.240 0.963
Ioannina 1.599 0.969 1.679 0.970 3.392 0.969
Voiotia 1.296 0.948 1.361 0.947 2.774 0.945
Center of Athens 1.302 0.951 1.362 0.948 2.796 0.944
Patras 1.508 0.962 1.582 0.964 3.253 0.959

Table 13 shows average annual temperature (T), relative humidity (RH), annual rainfall
(mm) and rainfall higher than 25 mm (days) in the exposure areas for the three years of
exposure (2019-2021).

Table 13. Average annual temperature (T), relative humidity (RH), annual rainfall (mm) and rainfall
higher than 25 mm (days) in exposure areas [48].

City T (°C) RH (%) Rainfall (mm) Rainfall > 25 mm (Days)
Xanthi 14.2 67.7 462 30
Thessaloniki 15.9 66.6 448 40
Ioannina 19.6 69.2 1080 80
Voiotia 18.4 59.1 395 11
Center of Athens 17.8 61.3 411 23
Patras 18.6 66.3 793 57

An increase in the carbonation coefficient k was observed in this study for cement
mortars that were exposed in areas with higher average annual temperatures and higher
average relative humidity for all three types of cement used. Haque and Khaiat [49]
studied about 50 buildings located from 0.5 to 18 km from the coast of Kuwait. They
found that the coastal structures exposed to higher temperatures showed higher values
of carbonation depth than the near-coastal structures. The same paper recommends that
concrete structures situated in hot dry coastal regions should be built with a compressive
strength at least in the range of 30-50 MPa, in order to avoid premature durability problems.
Monteiro et al. [47] investigated 47 samples from existing concrete structures with ages up
to 99 years and found that k = 3.76 mm /year’>. Ta et al. [50] concluded that the carbonation
coefficient depends on many influencing parameters such as compressive strength, ambient
temperature and relative external humidity.

Taking into account that, in large urban centers such as Athens and Thessaloniki,
the concentration of carbon dioxide is greater (420-450 ppm in Athens and Thessaloniki
during the testing period, while the relevant values in Xanthi, loannina and Patra were
380-410 ppm) [48], the conclusion is strengthened that the combination of high temperature,
humidity and precipitation had a negative effect on the carbonation of the specimens,
as loannina and Patras are not the largest and most densely populated cities that were
examined, but nevertheless presented the highest coefficient k.
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3.2.2. Concretes

Carbonation depth due to accelerated exposure was measured after 28, 56, 90 and
180 days and natural carbonation depth was measured after 3, 6, 9, 12, 18, 24, 30 and
36 months of exposure. A freshly broken surface sprayed with a phenolphthalein indica-
tor [35] is shown in Figure 10.

Figure 10. Concrete mixture after being sprayed with phenolphthalein.

The final values of carbonation depth for all mixtures in accelerated and natural
carbonation are shown in Tables 14 and 15, and are represented graphically in Figure 11.

Table 14. Carbonation depth and standard deviation of C25/30 strength class mixtures.

(mm) C1 C2 C3
Accelerated (180 days) 9.6 13.3 234
s 1.02 1.14 1.27
Natural (3 years) 10.5 11.1 17.8
s 0.99 0.94 1.18

Table 15. Carbonation depth of C30/37 strength class mixtures.

(mm) C4 C5 Cé
Accelerated (180 days) 8.4 8.7 13.9
s 0.89 0.94 1.05

Natural (3 years) 8.4 9.9 14.8

S 0.91 1.07 1.19

30
-~ 25
£
E BCl1
20
g Yo
g 15 nC3
-..3 mcC4
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0

Accelerated (180 days) Natural (3 years)

Figure 11. Accelerated and natural carbonation depth of all tested concrete mixtures.



Constr. Mater. 2023, 3

28

The above figure shows the positive effect of the use of CEM I cement on carbonation
resistance in concrete. All mixtures of both strength classes have lower values of carbonation
depth in both accelerated and natural carbonation. In Tables 16 and 17 are presented k
coefficient of C25/30 and C30/37 strength class concretes.

Table 16. k coefficients of C25/30 strength class concretes.

k C1 C2 C3
Accelerated 0.716 0.758 1.755
Natural 5.678 6.025 9.949

Table 17. k coefficients of C30/37 strength class concretes.

k C4 C5 Cé6
Accelerated 0.640 0.682 1.565
Natural 4.848 5.274 8.532

Concrete structures that come into contact with atmospheric air are always subjected
to carbonation; therefore, this category of durability is particularly important for the
sustainability of construction projects in areas such as Greece and the Mediterranean, where
the phenomenon of carbonation is more intense due to local climatic conditions [51,52].
For this reason, it is extremely useful to have a means of predicting carbonation in Greece.
For this purpose, in the present study, the results of carbonation of cement mortars were
combined and compared with concrete results in order to find a correlation between them.
Carbonation testing is often executed on a mortar scale, which is then assumed to be
representative of the concrete scale [42]. The ratios of the k values between cement mortars
and concretes were calculated, showing high homogeneity, and are presented in Table 18
for accelerated carbonation. In the tables that follow, knat-concrete is the k coefficient for
natural carbonation of concrete, Kace-concrete 18 the k coefficient for accelerated carbonation
of concrete, knat mortar 18 the k coefficient for natural carbonation of mortar and Kacc-mortar 1S
the k coefficient for accelerated carbonation of mortar.

Table 18. Ratio of carbonation coefficient (kacc-concrete / Kace-mortar) for strength classes C25/30 and
C30/37 of concrete and mortar specimens exposed to accelerated carbonation.

C1-M1 C2-M2 C3-M3 C4-M1 C5-M2 C6-M3
Kace-concrete /Kace-mortar ~~ 1.66 1.63 1.67 1.48 1.46 1.49

Vanoutrive et al. [42] concluded that the carbonation coefficient of concrete was
1.18 times that of mortar in accelerated carbonation. Papadakis et al. [53] found a factor of
1.1 between the mortar and concrete scales. The findings of the present study estimate this
factor values from 1.46 to 1.67, depending on the different design of each mixture.

The ratios of the k values between accelerated and natural carbonation were calculated
and are shown in Table 19 for concrete mixtures

Table 19. Ratio of carbonation coefficient (Kacc-concrete / Knat-concrete) for strength classes C25/30 and
C30/37 of specimens exposed in Xanthi and in the carbonation chamber.

C1 C2 C3 C4 C5 Co6
Kace-concrete / Knat-concrete ~ 0.13 0.13 0.18 0.13 0.13 0.18

The ratios of the k values between cement mortars and concretes were calculated,
showing high homogeneity, and are presented in Table 20 for natural carbonation.
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Table 20. Ratio of carbonation coefficient (Knat concrete / Knat,mortar) for strength classes C25/30 and
C30/37 of specimens exposed in Xanthi.

C1-M1 C2-M2 C3-M3 C4-M1 C5-M2 C6-M3
Knat concrete / Knat,mortar 6.59 6.67 5.19 5.63 5.84 4.45

The ratios of the k values between accelerated and natural carbonation were calculated
and are shown in Table 21 for mortar mixtures for the six areas of exposure.

Table 21. Ratio Kace-mortar / Knat-mortar Of cement mortars.

kacc-mortar/knat-mortar M1 M2 M3
Xanthi 0.50 0.52 0.55
Thessaloniki 0.42 0.44 0.47
loannina 0.27 0.28 0.31
Voiotia 0.33 0.34 0.38
Center of Athens 0.33 0.34 0.38
Patras 0.29 0.29 0.32

The high homogeneity of the results and their verification show the capability of
empirically predicting the carbonation depth of concrete constructions at least in the six
selected regions, and possibly even in regions with climatic conditions that are closely
similar to those of the tested areas. Using the k coefficient ratios of Tables 18-21, according
to the sequence presented in Figure 12, a general empirical rule is deduced for the prediction
of concrete carbonation in the selected areas.

As already stated, the aim of the present research is the prediction of natural car-
bonation of concrete starting from the accelerated carbonation of mortar. According to
Figure 12, the way to correlate these two values is through the natural carbonation of
mortars, specifically by using the ratios of k coefficients of Tables 20 and 21.

mortar-accelerated = mortar-natural o concrete-natural

Figure 12. Sequence of k coefficient correlations.

For the most effective use of the empirical model, the following equation was formulated:

Knat-concrete = Kace-mortar + enp X scp X cemp X rp X acurp (2)

where Knat-concrete 1S the required k coefficient for natural carbonation of concrete, Kacc-mortar
is the given k coefficient for accelerated carbonation of mortar, enp is the environmental
parameter according to Table 22, scp is the w/c ratio parameter according to Table 23, cemp
is the cement parameter according to Table 24, rp is the rainfall parameter according to
Table 25 and acurp is the curing parameter according to Table 26 [54].

Table 22. Environmental parameter enp.

CEM 1425 CEMII 42.5 CEMII 32.5
RH > 65%/T > 18 °C 0.28 0.285 0.315
RH < 65%/T >17 °C 0.33 0.34 0.38

RH > 65%/T <18 °C 0.46 0.48 0.51
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Table 23. Ratio w/c parameter scp.

scp
0.60 6.63
0.50 5.74
Table 24. Cement parameter cemp.
cemp
Exclusively 42.5 cement 1.00
Combination 42.5-32.5 cement 0.78
Table 25. Rainfall parameter rp.
Rainfall > 25 mm (Days) 1p
<20 0.96
20-35 0.97
36-50 0.98
51-70 0.99
>70 1.00
Table 26. Curing parameter acurp [54].
Curing Period (Days) acurp
1 1.82
3 1.00
7 0.61

Equation (2) was used to calculate k coefficients for concretes in the selected areas, as

presented in Table 27.

Table 27. Prediction of k coefficients of all concretes for all selected areas.

knat—concrete C1 C3 C4 C5 C6
Xanthi 6.03 6.24 10.33 5.22 5.41 8.94
Thessaloniki 6.09 6.31 10.43 5.27 5.46 9.03
Ioannina 10.21 10.84 17.24 8.84 9.39 14.92
Voiotia 8.31 8.72 13.72 7.20 7.55 11.88
Center of Athens 8.40 8.81 13.86 7.27 7.63 12.00
Patras 10.10 10.73 17.07 8.75 9.29 14.77

Table 28 presents a comparison of the results of Knat-concrete coefficient due to real
exposure and the same results according to Equation (2). The differences between them are

also shown in the table.

Table 28. Knat-concrete Values of real exposure and prediction model.

Knat-concrete c1 2 Cc3 Cc4 C5 C6
Xanthi (reality) 5.68 6.03 9.95 4.85 5.27 8.53
Xanthi (prediction) 6.03 6.24 10.33 5.22 541 8.94
Difference% 6.2 35 3.8 7.6 2.7 4.8

The differences in the knat-concrete coefficient between real exposure in Xanthi and
the prediction model range from 2.7-7.6%, with these percentages being considered low,

providing that the prediction model shows high reliability.
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3.3. Service Life of Concretes Exposed to Natural Carbonation

The scenario that follows refers to a construction exposed to natural carbonation.
Service life against carbonation was calculated using the equation proposed by Tuutti [55]:

too b+t 3)

In this equation, ti, is the total service life of the structure in years, t; is the time in
years when the carbonation depth reaches the reinforcement (initiation of corrosion, this
was calculated using the following Equation (4)) and t;, is the propagation period, which is
equal to 15 years for the case of an XC4 environment with moderate humidity according to
the LNEC E 465 standard [54].

XA\ 2
b= (%) @

In this equation, x is the depth of carbonation in mm and k is the coefficient of
carbonation in mm/day 12,

The calculation of the carbonation coefficient k was performed by linear regression on
the eight different carbonation depth values measured up to 3 years of age, as described
and presented above.

The selected exposure class was XC4 according to Standard EN 206 [28], with clear
reinforcement cover of 35 mm. The calculated service life values of all concrete mixtures
for all selected areas are presented in Table 29 and Figure 13.

Table 29. Service life (years) of concrete mixtures due to carbonation.

C1 C2 C3 C4 C5 Cé

Xanthi 48.7 46.4 26.5 60.0 56.9 30.3
Thessaloniki 48.1 45.8 26.3 59.1 56.1 30.0
Ioannina 26.8 254 19.1 30.7 28.9 20.5
Voiotia 32.7 31.1 21.5 38.7 36.5 23.7
Center of Athens 324 30.8 21.4 38.2 36.0 23.5
Patras 27.0 25.6 19.2 31.0 29.2 20.6

Service Life
70
60
5

o
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3
2
| I |
. I
C1 2 C3 C4 C5 Cé6

W Xanthi W Thessaloniki M Joannina

Years
o (e} o

o

Voiotia W Center of Athens M Patras

Figure 13. Service life of concrete mixtures due to carbonation.



Constr. Mater. 2023, 3

32

Service life in terms of carbonation penetration is significantly greater when CEM II/B-
M (W-P-LL) 32.5N cement is not used for both strength classes of C25/30 and C30/37. It is
worth mentioning that the mixture C6 of strength class C30/37 has a shorter service life than
mixtures C1 and C2 of strength class C25/30 in all areas of exposure, a fact that indicates
the negative effect of CEM II/B-M (W-P-LL) 32.5N cement on carbonation resistance.

The prediction of service life in this study shows great differences between the areas
of exposure. Areas such as Ioannina and Patras, where mean relative humidity and mean
temperatures are higher, tend to present higher k values and, as a result, shorter service life
of structures. Haque and Khaiat [49] concluded that structures in coastal regions exposed
to higher temperatures present a higher depth of carbonation. Ekolu [27] observed a great
variety of carbonation depths and k coefficients in 44 existing reinforced concrete structures.
These great differences were largely due to the different climatic conditions of the areas
where the structures were located.

4. Conclusions

For all properties studied, though to varying degrees, the type of cement used and
meteorological conditions of exposure areas played a decisive role in the results of the
measurements, both at an early stage and at a later stage. There was significantly increased
compressive strength of both cement mortar and concrete mixtures in which CEM I 42.5N
and CEM II/A-M (P-LL) 42.5N cements were used, confirming the existing literature.
Characteristically, at 28 days of age, the compressive strength of the M3 mixture was 22%
lower compared to M1 and C3, and the strength of C6 was nearly 27% lower compared to
Cl and C4.

The values of the k coefficient confirm the negative effect of CEM II/B-M (W-P-LL)
32.5N cement in both mortars and concrete mixtures.

The correlation of k values with the meteorological data of exposure areas indicates an
increase in the k for cement mortars in areas with a higher average annual temperatures,
higher average relative humidity and higher rainfall, such as Ioannina and Patras, for all
three types of cement used. On the other hand, the microclimates of Xanthi and Thessaloniki
were shown to keep the k coefficient low.

The correlation of ratios of k coefficients for all classes of mixtures and exposures tested
led us to an empirical prediction model for service life of concrete structures in the selected
areas. The empirical model has 2.7-7.6% approximation to real results, characterizing it
as reliable.

According to the empirical model of this study, a decreased service life of about 40% is
estimated in Ioannina and Patras, where mean relative humidity and mean temperatures
are higher, with service lives of 19.1-27.0 years for C25/30 concretes and 20.5-31.0 years
for C30/37 concretes in these two areas. Meteorological conditions with RH higher
than 65% and temperature higher than 18 °C significantly affect the service life of the
concretes investigated.

Real measurements and predictions of this study showed that service life of 50 years
with 35 mm clear cover according to the EN 206 standard [28] is not achieved in all
circumstances despite conforming to the notes of the standard. A significant reduction
of service life was observed in the areas of loannina and Patras but also in all areas with
the use of CEM II/B-M (W-P-LL) 32.5N cement despite the fact that all other notes of the
standard were applied.

The verification of the empirical model with real results shows the capability to predict
the carbonation depth of concrete constructions at least in the six selected regions, and
possibly in regions with climatic conditions closely similar those of the tested areas, using
data of mortars exposed to accelerated carbonation as a starting point.

Durability indicators and calculation of the maximum lifetime of the concretes pro-
vided us with an economic and technical analysis showing that CEM I 42.5N and CEM
I1/A-M (P-LL) 42.5N cements increase the useful lifetime of structures in terms of corrosion
due to carbonation, in contrast to CEM II / B-M (W-P-LL) 32.5N cement, the use of which
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leads to not achieving the useful lifetime target. This can result in the reduction of required
repairs to structures in order to achieve an effective life of 50 years and, overall, a noticeable
reduction in the cost of constructions.
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