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Abstract

In contemporary construction practice, concrete surfaces are commonly coated; however,
this factor is often disregarded in durability assessments, particularly with respect to
carbonation. Such omission may lead to overly conservative designs and unnecessary
material consumption. This study evaluates the actual performance of traditional coatings
applied to concrete, considering three types of concrete: ordinary Portland cement (OPC),
high-volume fly ash (FA), and high-volume FA with a low water-to-binder ratio. The
coatings investigated were mainly based on cement and hydrated lime, with the inclu-
sion of a FA-based alternative. Accelerated carbonation tests were performed on coated
and uncoated concretes, as well as on coating mortars, while a sensitivity analysis was
undertaken using an empirical and semi-probabilistic model across different exposure
classes to simulate real service conditions. The results demonstrate excellent performance,
with coated concretes achieving on average more than 52% higher resistance compared
with uncoated counterparts. These findings indicate that properly designed coatings can
enable reductions in cement content while still satisfying durability requirements, thereby
contributing to more sustainable reinforced concrete structures.

Keywords: carbonation; protection; durability; coatings; service life; fly ash; hydrated lime

1. Introduction

Reinforcement corrosion is recognised as a major durability concern in reinforced
concrete structures [1-5], often leading to structural degradation and reduced service
life. Among the different corrosion mechanisms, carbonation-induced corrosion plays a
relevant role in many exposure scenarios, particularly for concretes with reduced alkaline
reserve [6-8]. Moreover, it is associated with significant social, functional and economic
losses [7,9,10]. Concrete carbonation is a major factor contributing to corrosion. In the
1970s, Tuutti (1979) identified carbonation as one of the principal causes of serious building
damage in Sweden [11]. Since then, numerous studies have confirmed the occurrence of
this phenomenon in other regions worldwide [12-22].

In simple terms, carbonation occurs when carbon dioxide (CO;) reacts with concrete
constituents, primarily calcium hydroxide (CH) formed during cement hydration, produc-
ing calcium carbonate (CC) and releasing water (H), as shown in Equation (1) [23-25]. This
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reaction progressively consumes CH, ultimately leading to its depletion and a consequent
reduction in pH, which is essential for maintaining reinforcement passivation [26].

CH+C=CC+H, (1)

Furthermore, the presence of carbon dioxide is a fundamental prerequisite for car-
bonation. It is well established that the atmospheric concentration of this gas has been
rising significantly; in 2020, it reached 413 ppm, representing a 1.5-fold increase compared
with pre-industrial levels [27,28]. Moreover, global population growth is projected to reach
9.7 billion by 2050, with the majority concentrated in urban areas [29-31]. Taken together,
these factors suggest that carbonation-induced deterioration is likely to gain relevance as
a durability issue in certain concrete structures, depending on exposure conditions and
binder composition.

Concrete quality also influences the susceptibility to carbonation [26]. Contrary to
common perception, modern and eco-friendly concretes may be more vulnerable than
traditional ones. Moreover, ecological concretes containing high volumes of supplementary
cementitious materials (SCMs) may present additional risks. During the main hydraulic re-
actions of cement components, namely tricalcium silicate (C3S) and dicalcium silicate (C;5),
calcium silicate hydrate (C-5-H) and calcium hydroxide (CH) are formed as shown in
Equations (2) and (3). In addition to these hydraulic reactions, pozzolanic reactions occur be-
tween pozzolans, mainly their amorphous silica (S), water and CH as shown in Equation (4).
In other words, CH is progressively consumed and depleted, which also reduces pH. This
reduction further increases the vulnerability of concrete to carbonation [32,33].

ick
2C3S + 6H 55 C38,H; 4 3CH + 120 cal/g, )
2C,S + 4H 2% C3S,H; + CH + 60 cal/g, 3)
slow
xS + YCH +zH — CSHadditionalr (4)

Two main strategies can be adopted to protect concrete against carbonation in struc-
tural design: a performance-based approach or a prescriptive approach. Documents such
as the Eurocodes, EN 206-1, fib Bulletin 34 (Model Code for Service Life Design) and RILEM
Report 14 (Durability Design of Concrete Structures) describe the methodological frame-
work to be applied, which must be combined with adequate reinforcement cover [34-38].
An alternative strategy is the application of surface coatings [39-43]. However, standards
and specifications are often very restrictive regarding the types of coating materials per-
mitted [44]. As a result, the consideration of most coatings for carbonation resistance is
currently not feasible, and due to this complexity, further research is still required [45]. One
of the main challenges is that while coatings act as barriers to carbon dioxide diffusion, their
low permeability may also promote moisture retention within the concrete [45]. Adhesion
of the coating to the concrete substrate represents an additional concern [46]. The majority
of anti-carbonation products available on the market are based on modified cementitious
paints and mortars [47]. Other coating systems include alkyd, acrylic, vinyl, vinyl-acrylic,
polyurethane, styrene-butadiene, metallic, and reactive crystalline materials [39,45-47].
Nevertheless, traditional coatings are still widely used in practice to provide protection,
although their presence is generally not considered in durability assessments.

Veiga and Faria [48] present a classification and describe the functioning of traditional
mineral-based coatings, as summarised below. Traditional coatings can be classified as
strong or weak according to their cement content. Strong coatings, with a high cement
content, exhibit better workability, improved adhesion and lower porosity. Mineral binder
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coatings are typically applied in several layers, each with a specific function. This method
reduces porosity, shrinkage and cracking, thereby limiting the ingress of aggressive agents,
particularly when strong mortars are used. Proper application of the layers requires
adherence to two principles. First, the binder regressivity rule states that the binder
content should decrease from the inner to the outer layers as shown in Figure 1. This
arrangement ensures that, if a crack forms, it does not propagate through the entire coating.
Second, sufficiently long drying intervals are required to allow partial shrinkage of each
layer before the next one is applied. Thus, traditional coatings typically consist of three
or more layers: a coarse mortar (discontinuous coat), a base layer (which may include
one or more sub-layers), and a finishing layer. The coarse mortar enhances adhesion by
producing a discontinuous, rough surface with a high binder content. The base layer is
homogeneous, ensuring flatness and verticality, improving overall surface regularity, and
providing impermeability together with strong adhesion to the subsequent layer. Finally,
the finishing layer fulfils a decorative role while also contributing to waterproofing and
resistance to impact.

LESS BINDER

2ND BASE COAT —
18T BASE COAT —
COARSE MORTAR —
SUPPORT

MORE BINDER

EXT

Figure 1. Binder regressivity rule.

Therefore, this commonly used type of coating exhibits characteristics that may en-
hance resistance to carbonation, namely its multilayer structure, regressive binder content
and potentially adequate water vapour diffusion. In this context, an experimental pro-
gramme was conducted to assess the carbonation resistance of several coatings applied
to different types of concrete. A reference publication was followed to define the coating
compositions [48], considering the coarse mortar and unfinished base layers. Furthermore,
coatings incorporating hydrated lime (HL) and fly ash (FA) were included with the objec-
tive of providing a physical barrier. Finally, a thin coating with a high cement content was
evaluated, designed to act as a chemical barrier.

This investigation represents the first stage of a broader research programme aimed
at assessing the effectiveness of different types of concrete coatings against carbonation.
Traditional mineral-based coatings were intentionally selected in this initial phase in order
to establish a clear experimental and methodological baseline, which will be extended in
future studies to include modern coating systems, such as polymer-modified and crystalline
coatings. The main objective of this research was to evaluate the effectiveness of traditional
exterior coatings for carbonation mitigation in three types of concrete: common concrete,
high-volume FA concrete, and high-performance concrete with high-volume FA. In this
context, the study also explores the hypothesis that considering the protective effect of exte-
rior coatings in durability assessments may contribute to reducing conservative overdesign.
The analysis considered both coated and uncoated concrete. Accelerated carbonation tests
were performed to determine how coatings influence carbonation depth, and a sensitivity
analysis was carried out under different environmental exposure conditions. An empirical
and semi-probabilistic model [49] was applied to assess concrete performance in relation
to service life. This statistical approach, proposed by the RILEM Technical Committee
130-CSL [38], is comparable to other European models, such as fib Bulletin 34 [37,50]. It
is therefore assumed, within the scope of this investigation, that these models may be
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applied to coated concretes. Service life was assumed to be 50 and 100 years. Finally, two
approaches for service life assessment were considered: only the corrosion initiation period,
or both the initiation and propagation periods. Both approaches were applied, and the
corresponding results are discussed in detail.

2. Materials and Methods
2.1. Materials

Three types of concrete were produced: common concrete (I), high-volume FA concrete
(II), and high-volume FA concrete with a low w/b ratio (III). In the latter, a superplasticizer
was incorporated to ensure the required workability.

For concrete production, cement and FA were used as binders in combination with
three types of aggregates. For the coatings, the binders selected were cement, FA and
HL, together with an additive for the coarse mortar (discontinuous coat). Only the finest
aggregate fraction was employed. Detailed information about these materials is available
in a previous study [32].

2.1.1. Aggregates

Three types of aggregates were used: one natural sand and two crushed gravels. The
sand, rounded in shape, was collected from the Douro River at Entre-os-Rios, whereas
the gravels were angular, compact granite aggregates sourced from the “Sorte do Mato do
Monte das Lagedas” quarry in the Guimaraes region (northern Portugal). The commercial
designations were Sand 0/4, Coarse 4/8 and Coarse 6/12, corresponding to the finest,
intermediate and coarsest fractions, respectively. These materials were characterised in
terms of particle size distribution, density, void content, water absorption and moisture
content [51-58].

2.1.2. Binders

Table 1 presents the fundamental characteristics of the binders. Portland cement (CEM
142.5R), produced at the SECIL Maceira-Liz factory in Portugal, was employed [59]. After
28 days, the compressive strength, determined in accordance with EN 196-1 [60], was
58.4 MPa. Laser granulometry revealed a maximum particle size of 37.80 um and a d50
value of 9.30 um.

The FA was obtained from the Pego thermoelectric power plant in central Portugal.
Its chemical and microstructural characterisation was performed using a Scanning Electron
Microscope (SEM) equipped with Energy Dispersive Spectroscopy (EDS). Additional tests
have been reported in previous studies [32,61], including Loss on Ignition (LOI), selective
dissolution with hydrofluoric acid, X-ray Fluorescence (XRF), Simultaneous Thermal Anal-
ysis (STA), and X-ray Diffraction (XRD) with Rietveld refinement. The FA was classified
as type F [62], with an oxide composition mainly of silica, alumina and iron. These ox-
ides were identified in the mineralogical forms of quartz, mullite and haematite, together
with a glassy (reactive) phase accounting for 62.5%. The LOI ranged from 2.73 to 3.07%,
corresponding to class A [63]. The particle morphology was predominantly spherical,
consisting mainly of cenospheres with regular geometry and occasional carbon agglomer-
ates. The maximum particle size was 32.57 pm, with a mean d50 of 8.55 pm, indicating a
granulometry similar to that of Portland cement.

The HL was supplied by the Portuguese company Lusical (reference H100) [64]. STA
tests confirmed its high purity, with calcium hydroxide and calcium carbonate contents of
92.1% and 3.6%, respectively. HL was the finest binder, with a maximum particle size of
10.41 pm and a d50 of 3.80 um.
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Table 1. Summary of binder properties.
C FA HL
CEM1425R Pego Lusical H100
Chemical properties [%]
Si0O, 17.85 [59] 55.10 <0.35 [64]
Al,O5 4.15 [59] 26.60 <0.20 [64]
Fe, O3 3.71 [59] 5.70 <0.20 [64]
CaO 65.06 [59] 2.58 >80 [64]
SOs3 3.44 [59] 0.50 + 0.06 [61] <2.0 [64]
MgO 1.85 [59] 1.30 <5.0 [64]
CO, <1.8
KO 0.91 [59] 1.41
TiO, 1.33
Na,O 0.28 [59] 0.26
Cl~- 0.26 [59] <0.01 [61]
Others (<1%) 1.08
Rest for 100% 2.69 4.64
Insoluble residue 0.99 [59]
LOI NP EN 196-2 2.15 [59] 2.73
ATS 2.92 3.07 2.59
Chapelle test modified [mg Ca(OH),/g] [65] 525.2
Mechanical properties [%]
Activity index EN 196-1 [%] [60] 7d 68.8
28d 79.5
90d 87.9
Physical properties [%]
Particle density [kg/m3] 3130 [59] 2420 2317
Laser granulometry [pum] Dig 1.33 1.53 1.36
Dsp 9.30 8.55 3.80
Dy 24.16 20.19 7.73
Dmax 37.80 32.57 10.41

2.1.3. Superplasticizer and Cementitious Bonding Bridges

BASF’s GLENIUM SKY 617 was used as a superplasticizer (SP) in the high-volume
FA concrete with a low w/b ratio. This commercial superplasticizer, based on a modified
polycarboxylic ether chain, enables the use of low w/b ratios without segregation. Accord-
ing to the manufacturer, it has a relative density of 1.05 &+ 0.02 g/ cm3, a pHof73 £ 1.5,
and complies with NP EN 934-2, class T 11.1 [66,67]. The solids content was determined to
be 35.5%.

In addition to CEM, cementitious bonding bridges (SikaLatex) were incorporated
into the coarse mortar layer to improve adhesion between the concrete and the first base

layer. This product is based on styrene-butadiene and has a density of approximately
1 kg/dm3 [68].

2.2. Methods
2.2.1. Concrete Mixtures

The composition of all concretes was determined according to Faury’s methodol-
ogy [69]. The SP was incorporated only in concrete III, owing to its low w /b ratio, to ensure
adequate workability. Table 2 presents the detailed composition of the concretes.
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Table 2. Concrete constitution.

Mi C FA Sand 04 Coarse 4-8 Coarse 6-12 SP w/b
X [kg/m3] [kg/m3] [kg/m?®] [kg/m3] [kg/m?] [kg/m3] [kg/kgl
I 330.0 - 752.1 583 3329 - 0.65
I 165.0 165.0 732.9 568 324.4 - 0.65
I 200.0 200.0 788.8 611 349.2 10.0 0.35
2.2.2. Coating Mixtures
For the coating compositions, seven mortars were prepared using CEM, HL and FA
(Table 3). From these, nine different coatings were developed, together with one reference,
resulting in a total of ten mixtures. Table 4 presents the volumetric composition of these
coatings. Three layers were applied: discontinuous coarse mortar, first base layer and
second base layer. The table also reports the total quantities of binder, CEM, FA, HL, sand
and water applied per square metre. The binder regressivity rule was applied, resulting in
a progressive decrease in binder content from the inner to the outer layers (Figure 1).
Table 3. Mortar compositions.
Tyvoe Desi C FA HL S Sikalatex w/b
P & [Vol] [Vol] [Vol] [Vol] [Y/N] [ke/kg]
a C+S51:1 1 - - 1 N 0.90
b C+51:2 (CM) 1 - - 2 Y 0.65
C C+51:3 1 - - 3 N 0.80
d C+51:4 1 - - 4 N 0.95
e HL+S 1:3 - - 3 1 N 2.00
f C+HL+S51:0.5:4.5 1 - 0.5 45 N 0.70
g C+FA+S 1:0.5:4.5 1 0.5 - 45 N 0.80
C—cement; FA—fly ash; HL—hydrated lime; S—sand; Sikalatex—1:2 water; CM—coarse mortar; w/b—water-to-
binder ratio.
Table 4. Coating compositions.
Type Description Mortar Layers Thick C FA HL S W
P P [Typel [un] [mm] [kg/m?] [kg/m?] [kg/m?] [kg/m?] [kg/m?]
1 Uncoated (Reference) -- 0 0 0.0 0.0 0.0 0.0 0.0
2 Coarse mortar CM (discontin. coat) b 1 0/5 0.8 0.0 0.0 2.0 0.3
3 CM+simple coat of C and S 1:3 C 2 10 3.1 0.0 0.0 10.9 1.9
4 CM+simple coat of C and S 1:3 C 2 20 54 0.0 0.0 19.9 35
5 CM-+double coat of Cand S 1:3 + 1:4 c+d 3 10+10 49 0.0 0.0 20.6 3.5
6 CM+simple coat of HL and S 1:3 e 2 10 0.8 0.0 0.0 9.1 35
7 CM+simple coat of C, HL and S 1:0.5:4.5 f 2 10 24 0.0 0.0 11.6 1.3
8 CM-+double coat of type [3]+[7] c+f 3 10+10 4.7 0.0 0.0 20.6 2.9
9 CM-+simple coat of C, FA and S 1:0.5:4.5 g 2 10 2.4 0.8 0.8 115 1.4
10 Thin coat of C and S a 1 3 1.1 0.0 0.0 1.5 0.9

C—cement; FA—fly ash; HL—hydrated lime; S—sand; W—water; Sikalatex—1:2 water; CM—coarse mortar.

Thus, type 1 corresponded to uncoated concrete. Type 2 (coating 2) consisted of
a single discontinuous coarse mortar layer incorporating SikaLatex, applied by random
projection. Coatings 3 to 5 were composed of conventional cementitious materials. Coatings
6 to 8 incorporated HL, whereas coating 9 used FA as a binder. Coating 10 comprised a
single thin layer of strong CEM mortar, applied without coarse mortar. It should be noted
that coatings 5 and 8 included two continuous base layers in addition to the coarse mortar.
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2.2.3. Overview

Figure 2 illustrates the overview of the experimental programme. Concrete was mixed
in a vertical-axis mixer, and fresh concrete properties were tested immediately afterwards,
namely slump [70] and density [71]. For the accelerated carbonation test, beams with
dimensions of 250 x 100 x 100 mm?> were cast and subsequently cut into three parts to
obtain specimens, each measuring 83 x 100 x 100 mm?.

coarse mortar

3d 1 base coat

s
14-20d drying J hardened uncoat hardened coating

- concrete tests | tests
| fresh concrete i fresh coating H
tests i tests climatic chamber
| > 20+2°Cc |
4+0.5% CO, . o |
production ~>{ unmolding H H,O curing H oven 40 °C P coating | 55 3 50 RH Cs;rbzonr;ct?ine H
90d
[ od [ 2d | [ 8d | [ 10d | 0d | 60d
; T . . . P age
od od 2d 90d 100d 120d 180d 190-196d

Figure 2. Overview of the experimental programme.

After 2 days, the specimens were demoulded and cured under water until 90 days of
age. They were then preconditioned for 10 days in a ventilated dryer at 40 °C. The purpose
of this preconditioning step, carried out at a temperature higher than that specified in NP
EN 12390-3:2003 [72], was to adapt the standard procedure in order to better simulate more
realistic concrete conditions during coating application. Otherwise, the concrete would
remain excessively moist. It should be noted that current standards do not specifically
address accelerated carbonation testing for this type of investigation, thus requiring minor
methodological adaptations. At this point, the specimens were ready to receive the coatings,
which were applied in up to three layers with 3-day intervals between applications. Before
each new layer was applied, the previous one was moistened (Figure 3). After all layers
had been applied, a drying period of 20 days was observed. The consistence of the fresh

mortars was determined for all coating mixtures [73].

Figure 3. Some phases of the coating process: coarse aggregate and four faces sealed with paraffin
(1); preparation of the formworks (2); coarse aggregate moistening (3); application of the first base
coat (4).

Therefore, the coated concrete specimens were sealed with paraffin applied in two
layers on four faces, leaving the two larger parallel faces exposed to allow CO, penetration
(Figure 3). The specimens were then subjected to accelerated carbonation testing, based
on NP EN 12390-3:2003 [72], with minor adaptations, mainly a slight increase in the CO,
concentration (by 1%), in order to ensure carbonation of the coated concrete specimens
(Figure 4). They were placed in a climatic chamber for 60 days at 20 £ 2 °C, 4 & 0.5% CO;
and 55 + 5% RH. A previous study on high-performance concretes validated the adequacy
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of these parameters and the overall testing conditions for accelerated carbonation test-
ing [32]. Carbonation depth was measured on a transversal section obtained by fracturing
one end of each specimen using a steel rod placed between the specimen and the upper
platen of a compression testing machine. Thymolphthalein solution was applied to the
fractured surface, and after approximately 10 min, the carbonation front was traced. Each
profile was divided into six equal segments, yielding five measurement points. The dis-
tance from each point to the external concrete surface was measured using a digital calliper,
excluding the coating thickness. The carbonation depth for each mixture was calculated as
the arithmetic mean of ten measurements and rounded to a precision of 0.1 mm.

COARSE MORTAR-0/5 mm PARAFFIN
18T BASE COAT-10 mm NORMAL CONCRETE
2ND BASE COAT-10 mm |'CARBONATED CONCRETE

co2—~_»

100 x 100 |
XABOMM | | CARBONATION DEPH

Figure 4. Schematic representation of accelerated carbonation test on coated concretes.

In addition, complementary tests were conducted. For hardened uncoated concrete,
cubic specimens of 100 x 100 x 100 mm?> were employed. The following properties were
assessed: compressive strength using a 3000 kN ELE International testing machine [74]
and rebound hammer index with Proceq model N/L [75] at 28, 90 and 180 days; electrical
resistivity with Proceq model Resipod 38 mm [76] and ultrasonic pulse velocity with
Proceq model Pundit Lab [77] at 7, 14, 21, 28, 90 and 180 days; and water absorption by
immersion [78] and by capillarity [79] at 90 and 180 days. The coatings were characterised
by measuring compressive strength [74], flexural strength [60] and carbonation depth [72]
at 180 days, using mortar specimens of 160 x 40 x 40 mm?. Strength tests were performed
with LLOYD equipment, model LR50K Plus. For each age and test, three specimens were
examined, and the mean values were reported, except for the accelerated carbonation test,
which was carried out with only two specimens.

2.2.4. Service Life Model

As mentioned earlier, an empirical and semi-probabilistic model was used to estimate
the service life of concrete. In this approach, the carbonation performance of the concrete
was considered. The objective was to determine whether coated concrete could provide
a service life of 50 or 100 years under different exposure classes (XC1, XC2, XC3 and
XC4). For class XC4, two climatic zones were considered: dry and wet. Probabilities were
calculated using consequence class 2. According to EN 1990 [34], Consequence Class 2
(CC2) is applicable to most conventional buildings and civil engineering structures. This
class was therefore selected as the most appropriate and representative scenario for the
present analysis. The model was applied to both the corrosion initiation period of the
reinforcement and the propagation period. Nominal concrete covers of 25 mm and 35 mm
were adopted for classes XC1-XC3 and XC4, respectively.

Thus, the resistance to carbonation (RC65) was determined from the measured carbon-
ation depth and the exposure time in the climatic chamber. Calculations were subsequently
performed for the initiation period and, where applicable, the propagation period, for each
exposure class and nominal concrete cover. An average CO, concentration of 400 ppm
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was assumed, equivalent to 7.2 x 10~* kg CO,/m?. Finally, the service life was estimated
based on consequence class 2. Table 5 presents a summary of the key input parameters of
the service life model.

Table 5. Summary of service life model’s key input parameters.

Exposure Propag. . ¢ c o ]
Class Period Time fo Carb. Test Service Life  Service Life Ko Curing 9 fef o
X Mear] [Yearl [kg/m’]  [kg/m’]  [kg/m] 1 [ [mml [MPal [
XC1
XC2 - .

XC3 100 1 72x102  72x10°* 0 3 Standard 25 2

XC4 Dry

XC4 Wet

3. Results

3.1. Uncoated Concretes
3.1.1. Workability and Fresh Concrete Density Results

The results of the slump test are presented in the left image of Figure 5. The three
colours represent the types of concrete: black, green and blue, corresponding to common
concrete (I), high-volume FA concrete (II) and high-volume FA concrete with a low w/b
ratio (III), respectively. Concrete I, taken as the reference, exhibited a slump of 35 mm,
corresponding to class S1 according to NP EN 206-1:2007 [36]. Concrete II showed high
workability due to the presence of FA, achieving a slump of 205 mm, corresponding to class
54. Concrete III, with a low w /b ratio, had a slightly higher slump than concrete I owing
to the combined effect of FA and the superplasticizer. This concrete reached a slump of
55 mm, corresponding to class S2.

E 250 4 & 2400 4 2391
E 205 %ﬂ ——
2 200 | & 2380 1 2364
o
% 2360
150 +
2340 4 2329
100 4
55 2320 -
35
50 7 ﬁ I I 2300 -
0 2280
1 1} m 1 1] ]
Concrete Concrete

Figure 5. Fresh concrete tests results: slump (left) and density (right).

Figure 5 (right) presents the results of fresh concrete density. Concrete II (2364 kg/m?)
was denser than concrete I (2329 kg/m?), even though FA is less dense than CEM. This
outcome is attributed to the improved workability of concrete II, which likely reduced
porosity. Concrete III showed the highest density (2391 kg/m?), as it was produced with a
lower w /b ratio, leading to a smaller volume of voids.

3.1.2. Accelerated Carbonation Results

Figure 6 presents the results of the accelerated carbonation tests. As expected, the
carbonation depth of concrete II (28.2 mm) was significantly greater than that of concrete
I(19.1 mm). This behaviour is most likely related to the neutralisation of alkaline com-
pounds arising from pozzolanic reactions as shown in Equation (4). Because FA reacts
primarily with CH, it is progressively consumed and depleted, resulting in a reduction in
pH. These findings underline one of the main concerns regarding the use of supplementary
cementitious materials, namely the incorporation of high volumes of FA.
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—_— 35 .
£
£ 30 | 28.2
<
8 25 =
8 19.1

20 |

15 4
9.5

10 A
5 4

1 1} n
Concrete

Figure 6. Concrete carbonation depth results. Error bars represent standard deviation.

However, it is noteworthy that concretes with high volumes of FA can still achieve
good durability performance, including resistance to carbonation. This is exemplified by
concrete III (9.5 mm), which differs from concrete II owing to its very low w/b ratio. In this
case, although neutralisation may occur, the high density and performance of the concrete
matrix effectively limit the ingress of the aggressive agent (COy).

3.1.3. Compressive Strength Results

The results of the compressive strength test are presented in Figure 7. On the left, the
evolution over time is displayed together with the standard deviation bars. The dashed
lines correspond to the specimens subjected to accelerated carbonation. In addition to the
coloured lines representing the different types of concrete, the results after carbonation
(C) are also indicated. On the right, the activity index of carbonated specimens (Alc_y) is
shown, which quantifies the variation in compressive strength of carbonated specimens
relative to non-carbonated specimens at 180 days, as given in Equation (5). It is therefore
essential to interpret this index in conjunction with the dashed lines on the left-hand side
of the figure.

Alc.n = (C-N)/N 5)
=100 1 —e—1 < 10%
o —m— 1l = 0%
2 mm C(78.2) z o 6
9 i carb. = 6
o 75 o ////f 78.0 s
528 — g_lo% -3%
50 | = 33.7
35.2 324 C(32.8) —20%
o 32 e
25 4 w247
13.8 1P = p— -~ -30%
C(17.0) 1%
0 T T T T T T 1 -40%
0 28 56 84 112 140 168 196 ] 1] m
Age [days] Concrete

Figure 7. Concrete compressive strength results (dashed lines for the specimens with accelerated
carbonation). Evolution over time (left). Activity index of carbonated specimens (right). Error bars
represent standard deviation.

It was observed that the strength of concrete I remained relatively stable, between 33
and 35 MPa. This behaviour was expected, as almost all hydraulic reactions had already
been completed by 28 days. In contrast, concretes II and III exhibited significant strength
gains over time: concrete II increased by approximately 80% (from 13.8 to 24.7 MPa),
while concrete III increased by about 30% (from 57.9 to 78.0 MPa). These results were
anticipated owing to the presence of FA in their composition. It is well established that
FA contributes to strength development at later ages through its slow pozzolanic reaction,
in which FA reacts with calcium hydroxide (CH), in accordance with the hydraulic CEM
reactions described above (Equations (2) and (3)). Thus, the formation of CH is essential
to supply the reagents for pozzolanic reactions. Nevertheless, the incorporation of FA in
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100

175

concrete II resulted in lower compressive strength compared with concrete I, at least up
to 180 days. By contrast, the mechanical strength of concrete IlI, containing FA and a low
w /b ratio, was significantly higher than that of concrete I, which is a remarkable outcome.
This demonstrates that it is feasible to produce concrete with a high volume of FA while
still achieving high mechanical strength.

Figure 7 shows that only concrete II exhibited a marked reduction in strength after
accelerated carbonation, with a loss of 31%. Concretes I and III presented no significant
changes, although for different reasons. The cement in concrete I is predominantly com-
posed of clinker, which imparts high resistance to carbonation. In contrast, although
concrete III contains FA, its very low w /b ratio restricts the ingress of aggressive agents,
thereby mitigating carbonation.

3.2. Mortars
3.2.1. Workability Results

The mortars produced according to Table 3 were tested in the fresh state. The left
image of Figure 8 shows the flow test results, with spreads ranging from 108 to 210 mm.
Workability increased with higher w /b ratio and cement content, and was further enhanced
by the presence of FA. Conversely, the incorporation of HL led to a significant reduction
in workability: “mortar e” recorded a flow spread of only 168 mm despite a w /b ratio of
approximately 2.00. It is also noteworthy that “mortar b” exhibited the lowest workability,
most likely due to its high sand content.

210 @ 80 [a] C+S1:1  * weakly
a4 192 = 65.3 [b] C+51:2 [e] HL+S 1:3
18 74— 8 g | [c]C+S1:3  [f] C+HL+S 1:0.5:4.5
[d] C+S 1:4 [g] C+FA+S 1:0.5:4.5
108
40 1 29.2
= 211 33 900
20 A = =
b' d f 0 -
C e
Mortars & a b ¢ d e f g
Mortars

Figure 8. Mortar flow test (left) and carbonation depth results (right). Error bars represent
standard deviation.

3.2.2. Accelerated Carbonation Results

The right-hand image in Figure 8 presents the results of the accelerated carbonation
tests. Mortars with a high CEM content (a, b, ¢, and d) exhibit superior resistance to
carbonation, owing to the greater production of calcium hydroxide, which is proportional
to the amount of hydrated CEM. In contrast, mortars containing HL or FA perform less
effectively, particularly those without any CEM in their composition (e and g).

In “mortar e”, the carbonation rate is so rapid that the entire specimen cross-section
becomes carbonated (beyond 160 mm). In other words, the thymolphthalein indicator
shows that the pH is significantly reduced, preventing any reliable carbonation depth
measurement. HL alone does not provide resistance to carbonation, as it reacts readily
with carbon dioxide. Consequently, when comparing the results of “mortars d and {7, it
becomes clear that HL has no beneficial effect.

Similarly, FA alone is ineffective, as it requires calcium hydroxide to trigger the poz-
zolanic reaction. This explains why “mortars e and g” exhibit comparable behaviour, with
complete carbonation across the entire specimen cross-section.
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3.2.3. Mechanical Strength Results

Figure 9 presents the mechanical strength results of the mortars after 180 days of
curing. Flexural strength is presented on the left, while compressive strength is presented
on the right. It can be concluded that both compressive and flexural strengths are directly
dependent on the CEM content (a, b, ¢, and d, where the percentage of CEM decreases
progressively). It is also evident that the modulus of elasticity and the deformation capacity
increase with the CEM content, unlike in mixtures containing FA and HL (e, {, and g).

[a]C+S1:1  * weakly

[b] C+S 1:2 [e] HL+S1:3

[c] C+S 1:3  [f] C+HL+S 1:0.5:4.5
[d] C+S 1:4 [g] C+FA+S 1:0.5:4.5

6.5

Cs [MPa]

2}
o

Mo

0 0.05

84 g6 75

1
0.1 0.15 0.2 a b c d e f g
Extension [mm] Mortars

Figure 9. Mortar flexural strength (left) and compressive strength results (right) at 180 days of age.
Error bars represent standard deviation.

The mechanical strength values of the mortars incorporating CEM with HL (f) or CEM
with FA (g) are comparatively lower. Furthermore, the mixture containing only HL and
sand (e) exhibited insufficient strength for testing; therefore, no mechanical results could
be obtained.

3.3. Coated Concretes Results

So far, only basic performance results have been presented for both concrete and
mortar. In this chapter, the focus is on assessing the carbonation performance of the entire
set. Figures 10-12 present the results of the accelerated carbonation tests performed on
the concrete specimens. On the left, the average carbonation depth was determined using
thymolphthalein, while on the right, the carbonation activity index is shown. This index
represents the difference between coated concrete (coatings 2 to 10) and uncoated concrete
(type 1). The so-called coating 1 refers to concrete without any surface coating, which serves
as the reference. The designation “D” indicates two-layer continuous coatings, beyond the
discontinuous coarse-mortar layer, as in coatings 5 and 8.

100% - m 90% >100%

D double
75% + o 65%
56% 55% 61% 52%

- ° 48%

50% - 41%

Performance Al [%]

9.2 67 11.2 9.9
1 D 25% -
2.0 D
o) [i] 0.0 D D
0%
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Coat Coat

Figure 10. Accelerated carbonation results of coated concrete I. Carbonation depth (left) and coating
performance (right). Error bars represent standard deviation.
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Figure 11. Accelerated carbonation results of coated concrete II. Carbonation depth (left) and coating
performance (right). Error bars represent standard deviation.
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Figure 12. Accelerated carbonation results of coated concrete III. Carbonation depth (left) and coating
performance (right). Error bars represent standard deviation.

It should be noted that the results exhibit a considerable degree of variability. Therefore,
the analysis is focused on comparative trends rather than on absolute performance rankings.
No formal statistical comparison between individual coatings was performed, and the
results should be interpreted accordingly.

All coatings, except coating 10, exhibited lower carbonation depths than concretes
I, II, and III. The average coating performance exceeded 60% for concretes I and III, and
35% for concrete II. All coatings achieve carbonation depths at least 41% lower for ordinary
Portland cement concrete (I), 31% lower for high-volume FA concrete (III), and 2% lower for
high-volume FA concrete with a low w /b ratio (II). Even coatings composed of materials
without inherent resistance to carbonation, such as HL or FA (Figure 8, right), showed
apparently good results when applied to concrete. The term “apparently” is used here
because, as will be discussed later, certain components of the coatings performed better
than others.

The best results were probably obtained for coatings comprising two continuous
layers, designated by the letter “D”. This behaviour may be attributed to the combination
of greater thickness and a higher number of layer interfaces, which likely capture and
retain the aggressive agent. These interfaces act as a buffer, allowing CO, accumulation
and thereby hindering its penetration into the concrete substrate.

Coatings applied to concrete II generally exhibited higher carbonation depths than
those applied to concretes I and III. This behaviour may be related to the high FA content,
which is associated with increased water demand and, consequently, higher porosity. In
addition, the neutralisation of alkaline components discussed earlier may also contribute to
this trend. The reduction in concrete pH is partly influenced by its binder composition, irre-
spective of external CO; ingress. Nevertheless, the presence of external surface protection
remains effective in limiting carbonation.

https://doi.org/10.3390/sci8020029


https://doi.org/10.3390/sci8020029

Sci 2026, 8, 29

14 of 21

Regarding the discontinuous coarse-mortar coating (coating 2), reductions in car-
bonation depth ranging between 43% and 56% were observed. This coating exhibited
comparatively favourable performance, which may be related, among other factors, to
the presence of the adhesive admixture (SikaLatex). Although coating adhesion is recog-
nised as a critical factor influencing durability performance, no direct adhesion tests were
performed in the present study. The application procedure followed established practice,
including the use of a bonding agent (SikaLatex), in order to promote adequate adhesion
across the different substrate types. Nevertheless, the results reported herein focus on the
global protective effect of the coatings against carbonation and do not explicitly account for
potential variability in adhesion performance.

When compared with other coatings with thicknesses of 3-10 mm (coatings 3, 6, 7, 9
and 10), the discontinuous coarse-mortar coating exhibited lower carbonation depths. This
behaviour was not anticipated and may be tentatively interpreted considering different
contributing factors. These may include the presence of the adhesive admixture or the
relatively high CEM content of the coarse mortar, which could influence CO, transport and
coating density.

Coatings consisting of discontinuous coarse mortar combined with a CEM-sand layer
(coatings 3-5) exhibited lower carbonation depths when a thickness of 20 mm was used
(coatings 4 and 5). This trend may be associated with the combined effect of increased
thickness and higher CEM content.

Coatings containing HL exhibited trends broadly consistent with the mortar tests. In
particular, mortar e became fully carbonated (Figure 8, right), and coating 6, composed
solely of HL, showed carbonation depths comparable to or higher than those observed for
the coarse-mortar coating across all concretes (Figures 10-12). While the mortar results
followed the expected trend, the corresponding coating performance did not show a
similar improvement. The comparatively higher carbonation depths observed for HL-based
coatings, particularly in concretes containing FA (concretes II and III), may be influenced
by several factors. These may include rapid carbonation of HL-rich matrices and potential
microstructural changes affecting porosity and CO,; transport. Possible adhesion-related
effects between the coating and the underlying mortar layer may also contribute to the
observed behaviour.

This interpretation is consistent with results obtained for the uncoated concretes
discussed earlier. After carbonation, an increase in the absorption coefficient was observed,
particularly for concrete II, suggesting a higher proportion of larger pores (Figure 6).
Similarly, the compressive strength results (Figure 7) are consistent with a reduction in
mechanical and durability-related properties following carbonation, especially in concrete
II containing FA.

Coating 7, composed of HL and CEM, exhibited lower carbonation depths than
coating 6 (HL only) and several CEM-sand coatings, such as coatings 3 and 4 in concrete
I and coating 3 in concretes II and III. Despite its lower CEM content compared with
coatings 3 and 4, coating 7 showed comparatively favourable performance. This behaviour
may be associated with interactions between HL and CEM within the coating matrix.
Possible contributing factors include differences in matrix compactness and microstructural
evolution, as well as calcium carbonate precipitation effects previously reported in the
literature [30]. Consistent with these observations, mortar tests showed that mortars
composed exclusively of HL exhibited low compressive and flexural strengths and limited
resistance to accelerated carbonation (Figures 8 and 9), whereas the incorporation of a small
amount of CEM (mortar f) was associated with improved performance.

Coating 8, consisting of two continuous layers, exhibited comparatively lower carbon-
ation depths across the different concretes. This behaviour may be related to the presence of
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multiple layer interfaces and to the combined use of different binder compositions within
the coating system. Possible contributions include physical barrier effects associated with
HL in the second base layer and chemical buffering effects related to CEM in the first layer.

Coating 9 has a composition similar to that of coating 7, except that HL was replaced
by FA. This coating exhibited relatively limited effectiveness, with reductions ranging
between 21% and 41%. Its carbonation depth was generally higher than that observed
for the coarse-mortar coating (coating 2). Although the incorporation of FA is commonly
associated with porosity refinement and reduced CO; diffusion, this trend was not clearly
reflected in the present results. Possible contributing factors include an insufficient curing
period for the development of pozzolanic reactions and the influence of carbonation on
CEM-FA systems, which may promote pore coarsening and facilitate CO, transport. In
addition, the high FA content within the coating may have reduced the availability of
calcium hydroxide, allowing the carbonation front to advance further.

Finally, coating 10, consisting solely of a thin CEM layer, exhibited reductions in
carbonation depth of 49% and 34% for concretes I and III, respectively, whereas a much
lower reduction of approximately 2% was observed for concrete II. These results suggest
that coating thickness may influence the effectiveness of carbonation protection.

3.4. Service Life Model Results

The aim here is to predict the expected performance of coated concrete under different
carbonation environments. Figures 13-15 present the results obtained from the service
life model for concretes I, II, and III, respectively. On the left, the propagation period
of reinforcement corrosion is not considered (cp = 0), whereas on the right, the same
propagation period is included (cp # 0). For each coated concrete (2-10) and for the
uncoated reference concrete (1), the corresponding carbonation classes achieved are shown.
When a class is met, a circle or a square symbol is used to represent a service life of 50 or
100 years, respectively.

@
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x <50 years

XC4+ E §E ®E = . XC4y x  m " ®E ®E ®E ® 2d°uule
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Figure 13. Predicted lifetime for exposure classes of coated concrete I.

(cp = 0) (left) and with corrosion period (cp # 0) (right).
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Figure 14. Predicted lifetime for exposure classes of coated concrete II. Without corrosion period

(cp = 0) (left) and with corrosion period (cp # 0) (right).
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Figure 15. Predicted lifetime for exposure classes of coated concrete III. Without corrosion period
(cp = 0) (left) and with corrosion period (cp # 0) (right).

It is evident that the service life of concrete increases when the corrosion propagation
period is considered. Uncoated concrete does not fulfil all carbonation classes, particularly
when the propagation period is disregarded. Without any coating, concretes I and II
only meet the requirements of classes XC1 and XC2, even when the propagation period
is included.

The most significant finding is that the application of coatings enables a greater number
of carbonation classes to be achieved. In almost all cases, coated concretes exhibit enhanced
class performance or an extended predicted service life compared with the reference.
In the figures, the best results are highlighted in the cream-shaded region. The double
continuous coatings (coatings 5 and 8) are particularly noteworthy, as only these coatings
achieve classes XC1 and XC4 at 100 years, even without considering the propagation period.
Subsequently, the coating composed of CEM and sand (coating 4) attains classes XC3 and
XC4 in concrete II, while coating 7—consisting of CEM, HL, and sand—also demonstrates
superior performance.

It was not possible to obtain reliable sensitivity results for the adopted model due to
the high dispersion of the data.

Another analysis can be conducted using Figure 16, which illustrates the percentage of
exposure classes achieved by uncoated and coated concretes. Each segment of the pie chart
corresponds to one of the four exposure classes analysed individually. Consequently, the
total of each chart amounts to 400%. The left part refers to uncoated concretes, while the
right part corresponds to coated concretes. It should also be noted that the charts reflect the
average percentage of coatings that meet the requirements for 50 and 100 years of exposure.
The results are presented without considering the initiation period (cp = 0), and with the
initiation period included (cp # 0). According to the initial assumptions of the model, the
easiest class to achieve is XC1 or XC2, depending on whether the propagation period is
considered. The most challenging class is XC3, rather than XC4. The required cover depth
for XC4 is 10 mm greater than that for XC3, which explains this outcome (Table 5). It is also
evident that uncoated concretes achieved fewer exposure classes overall.

UNCOATED COATED
comcnm CONCRETE

=2 ‘ W v
94%

Figure 16. Exposure classes achieved by uncoated (left) and coated (right) concretes: without

= XC1
= XC2
= XC3
= XC4

= XC1
= XC2
= XC3
= XC4

corrosion period (cp = 0) and with corrosion period (cp # 0) on the right. Each pie segment represents
an exposure class, with each class independently normalised to 100%. The chart does not represent
proportions of a single whole; consequently, the cumulative percentage reaches 400%.
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4. Discussion

Regarding the core of coating research—coated concrete—the coatings exhibit dis-
tinctly different behaviours. Their effectiveness may also vary depending on whether the
analysis focuses on carbonation depth or on the exposure classes achieved. The average
performance of coated concretes, compared with uncoated concrete, is shown in Figure 17:
on the left, with respect to carbonation depth, and on the right, according to the number of
exposure classes satisfied for service lives of 50 and 100 years. The most notable feature is
the consistency observed between both analytical perspectives. The thin coating (coating
10) appears to be less effective, whereas the discontinuous coarse-mortar coating (coating
2) performs more efficiently in terms of exposure class.
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S ’ >80%

>71%

75% - 62%

75% A

46%
50% - 50% - ’

Performance Al [%.
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w
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25%
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8 9 10

1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10
Coat Coat

25% A

0%

Figure 17. Average performance of coated concretes. By carbonation depth (left) and by exposure
classes (right).

Finally, Figure 18 presents the analysis of coated concretes according to the main
influencing factors. This analysis highlights the parameters that account for the most
favourable outcomes in terms of carbonation depth (left) and exposure classes (right). The
double continuous layer exhibits the best performance, reaching values up to 86%. All other
factors clearly underperform the double continuous layer, although they remain relevant.
These include the amount of CEM, layer thickness, the presence of discontinuous coarse
mortar, and layers composed of CEM and HL mixtures. Each of these factors contributes to
a coated concrete performance exceeding 50%.

Cement and thickness _

Discontinuous coarse mortar 51% 63%

Cement with HL 50% 63%

Figure 18. Average performance of coated concretes by main factors.

No clear correlations were found between the carbonation depth of the concrete and
the CEM content in the coatings, nor with other parameters such as binder quality, layer
thickness, w/b ratio, or the number of layers. This strongly suggests that the resistance to
carbonation of these coatings is a complex phenomenon influenced by multiple interrelated
factors, rather than a single dominant variable.

5. Conclusions

The experimental results demonstrate that the application of exterior coatings signifi-
cantly improves the resistance of concrete to carbonation. The magnitude of this improve-
ment depends on both the concrete composition and the coating system applied. Coated
concrete performance exceeding 50% than uncoated concrete. Furthermore, all coatings
achieve carbonation depths at least 41% lower for ordinary Portland cement concrete,
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31% lower for high-volume FA concrete, and 2% lower for high-volume FA concrete with a
low w /b ratio.

Discontinuous coarse-mortar coatings prepared with a bonding agent also showed
favourable performance, indicating that continuous coating layers probably are not strictly
required to achieve effective carbonation protection.

Coating systems composed of multiple layers exhibited the highest effectiveness,
with performance improvements exceeding 80%. Enhanced performance was consistently
observed for coatings combining higher cement content, increased thickness and the
inclusion of coarse mortar layers.

Service life predictions indicate that neglecting the protective effect of coatings leads
to a substantial underestimation of concrete durability.

It should be noted that coating adhesion was not experimentally quantified in this
study. Although standard application procedures and a bonding agent were used, fu-
ture work should include direct adhesion testing in order to further support the dura-
bility assessment and confirm the long-term effectiveness of the coatings under different
substrate conditions.
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