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Abstract: In this work, a series of durability requirements are proposed for the construction of long-
service-life reinforced concrete (RC) structures in a coastal environment with extreme atmospheric
corrosivity. RC specimens were exposed in a coastal outdoor site in Cuba for three years. Carbon
steel corrosion evaluation revealed an annual average atmospheric corrosion rate over the maximum
limit established (ISO 9223:2012) for extreme (CX) atmospheric corrosivity. The service life of the RC
structures, considered as the sum of the time-to-corrosion-initiation and time-to-corrosion-induced
concrete cracking, was determined as a function of durability requirements. The most important
durability requirements to achieve a long service life (>70 years) in RC structures subjected to a CX
corrosivity category were defined as follows: water/cement ratio, compressive strength, percentage
of effective capillary porosity, and concrete cover thickness. Under these hostile environments, the
expansion of the corrosion products formed on the reinforcement steel and the induced cracking of
the concrete could be attributed partially to the formation of the akaganeite phase in reinforcement
steel, which revealed a different morphology compared to the akaganeite typically formed in bare
carbon steels.

Keywords: durability requirements; service life; reinforced concrete; corrosivity categories; corrosion;
chloride ingress; akaganeite

1. Introduction

Reinforced concrete (RC) dominates global construction due to its cost-effectiveness,
streamlined manufacturing, and capacity to create a wide array of sections and structural
elements [1,2]. Instances of a short service life (S;) for these assets are frequently docu-
mented, particularly in coastal environments, where atmospheric corrosion of rebar stands
as the primary factor influencing the premature degradation of these structures [3-8]. Since
maintaining the aesthetic, functional, and safety aspects of RC structures in coastal envi-
ronments are major challenges, establishing concrete durability prerequisites to ensure a
suitable S; for coastal RC structures becomes crucial to avoid direct and indirect economic
losses [9,10].

Different research studies related to the durability of concrete and S; of RC structures
have been carried out under laboratory and on-site conditions during the few last years.
Laboratory conditions generally simulate accelerated coastal environments. In [11-14],
concrete and RC specimens were placed in salinity chambers and/or under total immersion
in a NaCl solution simulating seawater. In addition, samples were exposed to the open
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atmosphere in rural and urban sites in Cuba. To simulate a short distance to the shoreline,
a direct salt spray was applied [15,16]. Other research studies have been carried out in
simulated concrete pore solutions [17-21]. To measure the corrosion rate of reinforcement
steel at the time of exposure, different electrochemical techniques were used. In the research
studies reported above, durability requirements in the concrete were not considered.

Regarding on-site diagnostic studies, durability requirements in the concrete are
determined when the RC structures have reached a high level of deterioration due to the
atmospheric corrosion of rebar in coastal environments [22-26].

Durability requirements are directly related to the concrete quality parameters deter-
mined before the construction of coastal RC structures as follows: water/cement (w/c) ratio,
compressive strength (f,x-MPa), ultrasonic pulse velocity (UPS-m s~!), effective capillary
porosity (e.-%), density (D-kg m~3), and concrete cover thickness (CCth-mm). After con-
struction, the electrochemical corrosion rate (Ic-tA cm™2) is an indicator of the atmospheric
corrosion of the rebar in RC.

According to Tuuti’s model, the time-to-corrosion-initiation (¢;) and the time-to-
corrosion-induced concrete cracking (t..) allow for the estimation of the S; in RC struc-
tures [27,28]. These two stages constitute durability requirements that depend on concrete
and exposure characteristics. Both stages can be assessed as a function of the atmospheric
corrosion rate of reinforcement steel in RC. t; is reached when a certain threshold of the
free chloride ion concentration (% in mass of concrete or % in mass of cement) is reached
on the reinforcement steel surface. However, the free chloride ion concentration capable
of initiating the atmospheric corrosion of the rebar and the ingress of chloride ion salts
into concrete from outdoor exposure conditions in coastal zones are controversial world-
wide [5,29,30]. To guarantee the expected S; in RC structures, each country has criteria
to achieve durability targets. The S; depends on the concrete quality and the corrosivity
category of the atmosphere. A fundamental engineering tool in the establishment and
confirmation of the durability requirements for concrete, as well as for the proper selection
of primary and secondary protection systems based on mortars and paints, is the estima-
tion and determination of the corrosivity categories of the atmosphere, mainly in coastal
environments and particularly at short distances to the shoreline. At these sites, RC and
metallic structures can be considered [31,32]. It is important to remark new trends in ISO
standards, including paint protection systems for steel offshore and related structures [33].
This standard was approved in 2018 and is the first time that protective paint systems
have been recommended particularly for very aggressive coastal and marine environments.
The corrosivity categories of the atmosphere are defined according to the ISO 9223:2012
standard [34].

In order to predict the S; in RC structures, different mathematical-statistical models
have also been proposed. However, few models have been developed for studying the
placement of RC specimens in zones with tropical coastal environments at a very short
distance to the shoreline and for considering the durability requirements obtained for
different concretes [23,24,35].

Few reports concerning the determination of durability requirements in concrete to
guarantee a long S; in RC structures have been carried out in Havana or in all Cuban coastal
environments. This location is characterized by a very hostile environment where corrosion
starts and propagates quickly. As a result, many RC structures built at a short distance to
the shoreline in Havana and in other coastal environments in Cuba have presented a short
51 [36]. Therefore, the main objective of this paper is to define the durability requirements
for concrete to guarantee an adequate S; for RC structures placed in these hostile Cuban
coastal environments.

RC specimens with w/c ratios varying between 0.4 and 0.6 and with cover thicknesses
of 20 and 40 mm were placed in a coastal outdoor exposure site (COES) for three years. The
COES was situated 10 m from the shoreline in Havana, Cuba. Concretes were prepared in a
concrete production plant. During the first year of the study, we determined the corrosivity
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category of the atmosphere. In addition, we also determined the following other concrete
properties: f4-MPa, UPS-m s 1, €,-%, and D-kg m3.

The Ic-pAcm~2 measured was our indicator of the magnitude of atmospheric corrosion.
t; and t.. were obtained according to the behavior and prediction of the atmospheric
corrosion of the reinforcement steel at the time of exposure. Hence, the S, as a function
of the durability requirements of the concrete was determined and predicted for the RC
structures in the Cuban coastal environment. The results were confirmed with visual
observations. To further deepen the obtained results, microstructural analysis techniques
(DRX, SEM, and EDS) were used to characterize the rust layers in the third year of the study.

2. Experimental Procedure
2.1. Coastal Outdoor Exposure Site (COES)

RC specimens were exposed 10 m from the shoreline in Havana, Cuba, without a
shielding effect (Figure 1a,b). The COES was located at a height of 11 m above sea level
and placed at 23°07'18.0” NL and 82°25'45.0” WL.

Figure 1. Location of the COES in Havana, Cuba (a,b). MC means Meteorological Center in b. Dry
plates and cellulose filters placed on a wooden rack (c). RC specimens (d). Ic measurement device (e).

During the first year of exposure, we determined the deposition of aggressive agents.
We placed two dry plates (an absorbent cloth with dimensions of 320 mm x 220 mm [37])
and two cellulose filter plates (porous filter paper with an alkaline surface with dimensions
of 150 mm x 100 mm [35]) on a wooden rack (Figure 1c). The dry plate device was used
to assess the chloride deposition rate (C/~ DR-mg m~2d). The cellulose filter plate device
was used to measure the deposition rate of sulfur compounds (SOy~ DR-mg m~2d). We
positioned the four devices at a 45° angle from horizontal on the wooden rack, which
was oriented toward the predominant wind direction to ensure the impaction of marine
aerosols onto the surface. We placed these devices 3 m above the ground under a shed with
a gabled roof, and they were protected from rain [37].

We exposed three RC specimens, each with a different w/c ratio, in the same open
atmospheric conditions for three years: from 2008 to 2010 (Figure 1d).
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2.2. Characterization of the Atmospheric Corrosivity Categories

The characterization of the atmospheric environment was carried out from October
2007 to September 2008 (first year). Two values of CI~ DR and SO,~ DR were determined
monthly. The average values of the depositions of the two aggressive agents were monitored
monthly. Monthly averages of meteorological parameters such as the relative humidity,
RH, in %, air temperature, T, in °C, and wind speed, WS, in m s~1 were provided by the
Meteorological Center (MC) in Havana, located 500 m from the COES (Figure 1b).

We used dose-response functions established in the ISO 9223:2012 standard to deter-
mine the annual atmospheric corrosion rate (7¢or-pum y_l) and to therefore establish the
atmosphere corrosivity category for both exposed zinc and carbon steel at the COES [34].
The annual average values of T, RH, CI” DR, and SOy~ DR were also monitored.

Regarding the dose-response functions, a wet candle device was used to determine
the annual average CI~ DR. Thus, we recalculated the annual average CI~ DR data with the
wet candle device (Syc) based on the annual average CI™ DR obtained from the dry plate
device (S4p) following the guidelines of the ISO 9225:2013 standard [34]:

Swe =24 Sy, (1)

2.3. Preparation of Concrete and Reinforced Concrete (RC) Specimens

We used calcareous sand (modulus of fineness of 3.62) and ordinary Portland cement
to produce the concrete. It also contained hard limestone gravel (nominal size of 19 mm) as
its fine and coarse aggregates. Table 1 gives the chemical compositions of these materials.

Table 1. Chemical composition of materials.

Components (%) SiO, Al,O3 Fe, 03 CaO MgO SO;3 Na,O K,O L.O.I
Cement 20.64 4.83 3.27 63.64 1.26 1.94 0.56 0.45 3.41
Gravel 7.86 0.58 1.02 45.15 3.96 0.15 0.01 0.34 40.93

Sand 1.42 0.68 0.30 45.46 3.52 - 0.07 0.05 48.50

Table 2 presents the three concrete mixtures considered in this study. Each mixture
was characterized by a different water-to-cement ratio. All mixtures contained 365 kg/m3
of cement, 1030 kg/m? of fine aggregate (sand from a river), and 750 kg/m? of coarse
aggregate. These formulations aimed at reducing the voids between the fine and coarse
aggregates, thus providing fluid consistency and ensuring good compaction.

Table 2. Concrete mixtures considered in this study (cement content was 365 kg/m? for all mixtures).

wlc Water (kg m—3) Superplasticiser (kg m—3) Slump (cm)
0.6 222 1.0 18
0.5 186 1.5 17
0.4 148 1.7 15

We prepared all the specimens according to Cuban standards [38]. Figure 2 shows
the geometry of the specimens used in this study. A total of six specimens (two for each
considered wy/c ratio) were cast using carbon steel molds. Each specimen had rebars with
different cover depths (CCTh of 20 and 40 mm). We placed three RC specimens with
different w/c ratios at the COES. The remaining specimens were stored in the laboratory
as references.
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200mm

Figure 2. Geometry of RC specimens considered in this study.

We used carbon steel bars as the reinforcements (200 mm in length and 12.5 mm in
diameter). Before immersion in the fresh concrete mixture, the rebars were subjected to
chemical cleaning. To remove poor corrosion products from the rebar surface, we used
a solution consisting of 500 mL of concentrated hydrochloric acid (o = 1.19 g ml~!) and
3.5 g of hexamethylenetetramine diluted in distilled water up to 1000 mL. Afterwards, we
cleaned the rebars with a high-pressure water jet, dried them with a cloth, and placed them
in an oven at 50 °C for 45 min. Subsequently, we stored the rebars in desiccators [38]. The
rebars were immersed in the concrete mixture. We left 40 mm of each rebar outside the
specimens to be connected to electrochemical instruments. We protected the exposed parts
of the rebars with adhesive tape.

We also prepared six concrete specimens, two for each considered wy/c ratio, with the
same form and dimensions as those in Figure 2 but without reinforcement steel. Additionally,
we prepared 36 cylindrical concrete specimens (height = 300 mm and diameter = 150 mm),
twelve for each wj/c ratio, using carbon steel molds.

We used a vibrating table to compact both the RC and concrete specimens, ensuring
the removal of entrapped air in the concrete mixture for each cubic and cylindrical mold.
All molds were moistened before pouring in the concrete mixture.

The casted specimens remained in the molds for 24 h. Subsequently, they were cured
for 28 days, with the average water temperature maintained at 23 °C [39].

2.4. Concrete Quality Analysis

We considered the procedures recommended by the DURAR net (CyTED program [40])
for ensuring concrete quality assessment. They refer to recommendations for the compres-
sive strength, density, ultrasonic pulse velocity, and effective capillary porosity.

2.4.1. Compressive Strength (f)

We used cylindrical concrete specimens and a testing machine with a maximum axial
compression force of 2000 kN mm~?2 to obtain 12 values of f, for all the considered w/c
ratios using the method from [41] with a curing time of 28 days.

2.4.2. Density (D)

We determined 12 values of D in the fresh concrete for each w/c ratio. We measured
the weight of each cubic carbon steel mold before pouring in the concrete mixtures. An
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AVERY balance, with a measuring range of from 200 g to 50 kg, was used to determine
the density.

2.4.3. Ultrasonic Pulse Velocity (UPS)

We determined twelve UPS values (for each w/c ratio) using the three cubic unrein-
forced concrete specimens at a curing time of 28 days. We used the direct transmission
method, obtaining four values between each pair of opposite sides [42]. We applied a
thin layer of grease (petrolatum) to ensure good coupling and electric wave transmission
between the transducers. We used a Tico Proceq Testing Instrument to perform these mea-
surements. This equipment has a range of from 15 ps to 6550 ps (10~° s) and a bandwidth
of 54 Hz. Before starting the measurements, we calibrated the instrument using concrete
reference bars.

2.4.4. Effective Capillary Porosity (g.-%)

We extracted three cylindrical concrete cores from the unreinforced cubic concrete spec-
imens. We cut these cores using tungsten to obtain twelve cylindrical concrete specimens
(diameter = 62 mm and thickness = 20 mm). This allowed us to determine twelve values of
g, (for each w/c ratio) using the Goran Fagerlund methodology based on determining the
capillary water absorption [43].

2.5. Electrochemical Characterization

We measured six electrochemical corrosion rate values (Ic in A cm~2) for each rebar,
i.e., for the two concrete cover depths (20 and 40 mm) and for the three exposed RC
specimens, every year. These measures served as indicators of atmospheric corrosion. We
measured the electrochemical corrosion rate for the reference specimens (stored in the
laboratory) only during the first year.

We used a GECOR-8™ brand GEOCISA corrosimeter to measure the electrochemical
corrosion rate. To enhance the electric conductivity of the measurement system, we placed a
dampened cloth between the surfaces of the RC specimens and the instrument’s sensor. We
positioned the sensor on the surface of the RC specimens by pressing it by hand (Figure 1e).
The polarized surface area introduced to the instrument was 65.25 cm?. The potential range
was 420 mV with a sweep speed of 12 mV s~ . The instrument enabled the determination
of the electrochemical corrosion rate using the Stern-Geary equation.

B

. =
¢ A*Rp

(2)

where A is the rebar polarized surface (critical) area, B is a constant equal to 26 mV, and R,
is the polarization resistance. DURAR net (CyTED program) [40] provides various criteria
regarding the electrochemical corrosion rate magnitude for the service life of RC structures.

To determine the RC structures’” durability requirements, we studied twelve values of
Ic obtained during the third exposure year when considering twelve values of D, UPS, fy,
and ¢, for all the contemplated concrete covers and wj/c ratios.

2.6. Statistical Analysis

To determine which of the parameters defining the concrete quality were the most
influential in terms of Ic for both concrete covers during the entire study, two statistical
methods were used in this research work: multiple regression fitting and a comparison
from multiple range tests.

For both statistical analyses, Ic (atmospheric corrosion indicator) was taken as the
dependent variable. Parameters defining the concrete quality (w/c, f-MPa, &-%, D-kg m~3,
UPS-m s~!) were taken as the independent variables.

The multiple regression used for the fit (n = 36) can be written as follows:

Ic=axb(w/c)£c(fx)td(e.) £e(UPV) £ f(D), (3)
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wherea, b, ¢, d, e, and f are coefficients that measure the increase or decrease in the effect of
the independent variables on the dependent variable.

Regarding to the comparison from the multiple range tests (DUNCAN), homogeneous
groups between the durability requirements (Ic-uA-cm 2, w/c ratio, &%, fx-MPa, D-kg
m 2, and UPV-m s~ !) were obtained according to the alignment on X homogeneous groups
for both concrete covers during the entire duration of the study (1 = 36). In order to confirm
the result obtained, statistically significant differences between each pair of means were
estimated (pairs: Ic-w/c, Ic-fy, Ic-¢., Ic-UPV, Ic-D, w/c-fu, w/c-g., w/c-UPV, w/c-D, fy-€e,
fa-UPV, f-D, g,-UPV, and €,-D, UPV-D) for a limit of £24.86 in both values of CCTh.

2.7. Prediction of Service Life (S;)

To predict the S; in the RC structures based on the estimation of ¢; and t., Ic was
determined in the RC with a w/c ratio = 0.4 and values of CCTh = 20 and 40 mm, fitting the
following linear power regression:

Io = rcorrtk 4)

where ¢ (years) is the exposure time (from 1 to 66 years), Ic (tAcm~?2) is the electrochemical
corrosion rate (rebar atmospheric corrosion indicator), and 7., is the average Ic corre-
sponding to the first year of study for the RC specimens with a w/c ratio of 0.4 and CCTh
values of 20 and 40 mm exposed at the COES. According to ISO-9224:2012 [44], k is a time
exponent equal to 0.52.

2.8. Microstructural Characterization
2.8.1. Scanning Electron Microscopy (SEM)

We obtained a sample of the rust layer from a rebar in the RC specimen with a w/c
ratio of 0.6 and a CCTh of 20 mm after three years of exposure. The sample was observed
by scanning electron microscopy and analyzed using an energy-dispersive X-ray detector
to determine the chemical composition.

2.8.2. X-ray Diffraction (XRD)

We scraped off a powder sample from the same rust layer. We identified the crystalline
phases using X-ray diffraction (XRD) with a Bragg—Brentano geometry and CuK«1 radia-
tion (A = 1.54056 A). We obtained the X-ray diffractogram by scanning from 5 to 80° (26) in
0.02° steps with a time per step of 12 s.

3. Results
3.1. Description of the Typical Atmospheric Environment in the COES

3.1.1. Monthly Mean Values of CI” DR and SO~ DR

A difference in the behavior of the monthly mean values of CI” DR and SO~ DR
between the cold (dry) and summer (wet) seasons was observed at the COES located
at a 10 m distance from the shoreline during the first year of the study (Figure 3). Due
to the entry of frontal systems (cold fronts) coming from the north, higher values were
obtained during the cold season (November—April). Therefore, the marine aerosols in the
coastal environment of Havana, mainly at a short distance from the shoreline, carried both
aggressive agents.



Buildings 2024, 14, 2494

8 of 24

" am

A\t
\\
A\

\

T T T T T T T T T T T T
Oc Nv Dc Jn Fr Mr Ap My Jn JI Ag Sp
Time of exposure (Months)

Figure 3. Behavior of monthly mean values of CI~ DR and SOx~ DR between the cold and summer
seasons during the first year of study.

A fundamental factor in the early deterioration of metallic structures built using the
most common metallic materials in the construction industry (carbon and galvanized steels,
copper, and aluminum) caused by atmospheric corrosion in the Cuban coastal environment
is the combination of CI” DR and SO, ™ DR [43]. High (C4) and very high (C5) corrosivity
categories of the atmosphere were determined for each metallic material [45].

Despite the fact that during the summer season (May—October) the entry of frontal
systems (cold fronts) coming from the north does not occur, the monthly values of C/~ DR
and SO, ™ DR can be considered high (Figure 3). In this way, existing and new RC struc-
tures could be exposed to high (C4), very high (C5), extreme (CX), and maybe higher-
than-extreme (>CX) atmospheric corrosivity categories almost permanently. In order to
ensure a long S; in RC structures in Cuban coastal environments and worldwide, it is
very necessary to consider the corrosivity categories of the atmosphere in terms of the
durability requirements.

3.1.2. Monthly RH, T, and WS

The monthly average RH can be considered high due to the strong permanent impact
of marine aerosols in the COES. The monthly average RH was higher in the summer season
(May—-October) due to the abundant rainfall (Figure 4). The annual average RH and T
values were 78%, and 25.5°C, respectively. Very similar averages have been obtained in the
last five years in the coastal city of Havana [46,47]. Thus, chloride ion salts coming from
the sea, transported by marine aerosols, were deposited onto the RC structures as a saline
solution and not in the form of dry salt crystals. This situation was also reported in the
coastal city of Recife, Brazil [48,49]. In this way, a higher penetration of chloride ion salts
into concrete should occur, mainly in RC structures made of low-quality concrete, which
present a high percentage level of the effective capillary porosity (e,).

On the other hand, a higher monthly average WS and a lower monthly average T were
determined in the cold season (November—April). Hence, the highest monthly average
CI~ DR, and SOy~ DR were determined in the cold season due to the entry of cold fronts
coming from the north (Figure 4).

A total of 17 cold fronts penetrated Havana City from October to April during the
first year of the study, according to data from the Meteorological Centre of Havana (MC
in Figure 1). Seven of these cold fronts were moderate. The monthly maximum sustained
wind speed exceeded 9 m/s from November to March. Additionally, the monthly average
CI~ DR was over 1000 mg m~2 d~! (Figure 3).
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The monthly average behavior of the above meteorological parameters during the
first year of the study was consistent with the determination of high (C4), very high (C5),
extreme (CX), and maybe higher-than-extreme (>CX) atmospheric corrosivity categories
for RC structures.
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Figure 4. Monthly behavior of RH, T, and WS during the first year of study.

3.2. Corrosivity Categories of the Atmosphere

According to the 7+ determined by the dose/response function, an extreme (CX) at-
mospheric corrosivity category was classified for carbon steel and galvanized steel (Table 3).
In the case of galvanized steel, this involves the atmospheric corrosion of zinc. To build
RC structures in coastal zones worldwide, galvanized steel (zinc coating thickness higher
than 21 um) has been used as reinforcement steel [50-52]. Therefore, RC structures in the
coastal city of Havana, mainly at a short distance from the shoreline, are exposed to an
extreme (CX) atmospheric corrosivity category. Hence, the phenomenon of the atmospheric
corrosion of rebar has been or will be developed very intensively in RC structures built
in this area, mainly those built with very-low-quality concrete. Therefore, the corrosivity
category of the atmosphere can be taken as a durability requirement.

Table 3. Atmospheric corrosivity categories for carbon steel and zinc.

Material Corrosion Rate (um y—1) Range per Category (um y—1) Category
Carbon Steel 452.45 200 > r¢orr > 700 CX
Zinc 24.33 8.4 > reorr > 25 X

3.3. Electrochemical Corrosion Rate (Ic) and Durability Requirements

The behavior of the annual average Ic plotted versus the time of exposure determined
for the six types of RC specimens (w/c ratio 0.4, 0.5, and 0.6 and CCTh of 20 mm and
40 mm) is presented in Figure 5. For a CCTh value of 20 mm, the increase was more marked
(Figure 5a,b). The influence of the wy/c ratio and CCTh on the electrochemical corrosion rate
as an indicator of the atmospheric corrosion of the rebar in the RC specimens under the
real exposure conditions and those exposed to the extreme (CX) corrosivity category of
the atmosphere in the coastal environment at a short distance from the shoreline can be
clearly observed. Ic increased for large values of the w/c ratio and for a small concrete cover
thickness. These are the same factors that influence the R, as well as the S; of RC structures.
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Figure 5. Behavior of annual average values of the twelve Ic values versus time of exposure
(R =reference, 1 = first year, 2 = second year, and 3 = third year). CCTh = 20 mm (a). CCTh = 40 mm (b).

Based on the criteria established in the DURAR net (CyTED program) about the Ic
magnitude for the S; of RC structures, the t; and f,. were obtained. The t; was considered
when a medium level (0.1 < Ic < 0.5) was reached, and the f,. was considered when high
(0.5 < Ic <1) and very high levels (Ic > 1) were reached for the annual average values of
Ic in the RC specimens. According to Tuuti’s model, the sum of both times allows for the
estimation of the S; in RC structures as a function of the concrete quality.

In this way, for the RC specimen with a w/c ratio 0.4 and with a CCTh of 20 mm, ¢;
was reached in the second year of exposure (¢; = 2 years). This is a very low value of the ¢;.
However, the ¢, was not reached during the three years of the study (Figure 5a). To predict
the S; when building RC structures, .. can be determined from the prediction of Ic as an
indicator of atmospheric corrosion using the model (Equation (4)). According to the model
obtained, the t.. could be reached between six (t.. = 6 years) and ten years (f.. = 10 years)
of exposure (0.5 < Ic < 1) (Figure 6). Costly repair works must be initiated between these
values of the t... Hence, the S; of RC structures made from concrete with a w/c ratio of 0.4
and a CCTh of 20 mm exposed to an extreme (CX) atmospheric corrosivity category should
be between eight and twelve years. A long S; in RC structures is not ensured.

In the RC specimens with w/c ratios of 0.5 and 0.6, the t; was reached in the first year
(t; = 1 year). The t. was reached in the third (t.. = 3 years) and second year (¢, = 2 years),
respectively (Figure 5a). Therefore, the S; of RC structures made from concrete with w/c
ratios of 0.5 (S; = 4 years) and 0.6 (S; = 3 years) with a CCTh of 20 mm and exposed to an
extreme corrosivity category (CX) does not exceed five years.

On the other hand, for the concrete with a w/c ratio of 0.4 and a CCTh of 40 mm, it
seems that the reinforcement steels remained in a passive state during the three years
of the study. An increase in the Ic was not obtained. The annual average Ic remained
at a negligible level (Ic < 0.1), as happened in the RC specimens taken as references and
kept in the laboratory (Figure 5b). However, the 5; could be predicted using the model
(Equation (4)). According to the model obtained, the t; could be reached after 42 years of
exposure (t; = 42 years) (Figure 6). Maintenance works, although less costly than repair
works, could be initiated from that ¢; in RC structures. Therefore, a long S; higher than
70 years can be ensured in RC structures exposed to a CX corrosivity category in the Cuban
coastal environment.

For the RC specimens with w/c ratios of 0.5 and 0.6, t; was reached in the first
(t; = 1 year) and second year (¢; = 2 year), respectively. For both RC specimens, the f.
was reached in the third (t; = 3 year) and second year (f; = 2 year) (Figure 5b). Therefore,
the S; for RC structures with w/c ratios of 0.5 (S; = 5 years) and 0.6 (S; = 3 years) and with a
value of CCTh of 40 mm exposed to extreme (CX) corrosivity does not exceed five years. A
similar result was obtained for a CCTh value of 20 mm.
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Figure 6. Prediction of Ic for concrete with w/c ratio of 0.4 versus exposure time according to the
fitted model.

Concretes elaborated with w/c ratios = 0.5 and 0.6 and CCTh = 20 and 40 mm cor-
respond to the most used design conditions for Cuban RC structures [53,54]. A short S;,
due to the atmospheric corrosion of rebar, has been determined for many RC structures in
all Cuban coastal environments [55]. Hence, to ensure a long S; in RC structures built in
Cuban and other tropical coastal environments worldwide, it is very necessary to define
appropriate concrete durability requirements.

Based on the behavior of the Ic determined in the third year of exposure for the RC
specimens as a function of the w/c ratios, CCTh, and the corresponding values of f, &, UPS,
and D, durability requirements were obtained.

The Ic decreased as function of f, UPS, and D, while the opposite happened for the ¢,
(Figure 7). It was observed that for a CCTh value of 40 mm and a w/c ratio of 0.4, the Ic was
lower than 0.1 pA cm~2; this is an indicator of the atmospheric corrosion of the rebar in the
RC specimens exposed for the three years (Figure 7).
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Figure 7. Behavior of the twelve Ic values determined in the third year of exposure in the RC
specimens as a function of the w/c ratios, CCTh, and the twelve values of f, &, UPS, and D. Changes
in Ic vs. compressive strength (a), percentage of effective capillary porosity (b), ultrasonic pulse
velocity (c), and density (d) for different w/c ratios and CCTh.

Therefore, it was confirmed that the rebars remained in a passive state for the differ-
ent values of f, &, UPS, and D. To ensure a long S; in RC structures that are currently
under construction in Cuban coastal environments exposed to high (C4), very high (C5),
extreme (CX), and above-extreme (>CX) atmospheric corrosivity categories, Table 4 pro-
vides the ranges of these parameters directly linked with concrete quality that should
be taken as durability requirements. In addition, t; = 42 years must be taken as another
durability requirement.

Table 4. Durability requirements directly linked with concrete quality parameters for CX corrosivity

category.
Concrete Cover o urv D Ic t;
wle Thickness (mm) fa: (MPa) € (%) (ms-1) (kg m~3) (LA cm~2) (Years)
0.4 40 [23,24,35] [5-9] [4220-4300] [2340-2360] [0.001-0.002] 4

3.4. Macroscopic Analysis

High induced cracking caused by the expansion of the corrosion products of the rebar
was observed in the RC specimens when the w/c ratios increased for both CCTh values
used in the third year of the study (Figure 8). Concrete cracking, as expected, was more
noticeable for a CCTh of 20 mm. However, cracking began after two years in the RC
specimens with w/c ratios of 0.5 and 0.6 for both values of CCTh. The appearance of cracks
coincided with the ¢, values obtained in the RC specimens with w/c ratios of 0.5 and 0.6
and for both CCTh values. The influence of the CX corrosivity category on the RC structures
(with w/c of 0.5 and 0.6 and CCTh values of 20 mm and 40 mm) was confirmed.
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Figure 8. Visual observation of RC specimens placed at COES during the three years of study.

A higher penetration of chloride ions was caused by the induced cracking. The RC
specimens with w/c ratios of 0.5 and 0.6 and with CCTh values of 20 mm and 40 mm did
not ensure suitable primary protection as a physical barrier for the protection of the rebars.
In this way, the RC structures did not maintain their initial design conditions over time in
the entire Cuban coastal environment.

The induced cracking confirms that the S; for RC structures already built and exposed
to extreme (CX) atmospheric corrosivity categories does not exceed five years. Therefore,
concrete that does not meet the defined durability requirements cannot ensure a long S; for
RC structures in the Cuban coastal environment.

4. Discussion
4.1. Corrosivity of the Atmosphere

According to research works carried out in all Cuban coastal environments during the
last century, an extreme (CX) atmospheric corrosivity category was obtained for carbon
steel (reorr = 443.72 um y_l, for CX: 200 < ¢ < 700) in the coastal city of Havana. The
annual average value of CI~ DR determined by the dry plate device was 919.3 mgm~2d L.
The COES was placed at a 10 m distance from the shoreline and was very close to the COES
used in this study [56,57].

Taking into account some of the research work carried out in the last 20 years and
over the last century ISOCORRAG, ICP/UNECE, and MICAT Databases) worldwide, an
extreme (CX) atmospheric corrosivity category for carbon steel was obtained [58]. The
annual average values of CI” DR were determined using a wet candle device in different
coastal cities. It should be noted that this annual value of the atmospheric corrosion rate for
carbon steel (443.72 um y_l, for CX: 200 < o < 700) is only lower than those determined
in Iran and Saudi Arabia (Table 5).
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Table 5. Extreme atmospheric corrosivity category (CX: 200 < reor < 700) estimated for carbon steel
for various coastal cities.

. CI-DR Corrosivity Category (C)
Coastal City/Country (mg m-2d-1) feors (um y~1)
Coatzacoalcos/Mexico 1040.37 320.24
Minatitlan/Mexico 763.54 294.58
Veracruz/Mexico 1483.00 294.58
Tuxpan/Mexico 671.37 263.84
Laguna Verde/Mexico 826.8 216.98
Tampico/Mexico 1307.69 327.49
Tulim /Mexico 513.48 202.59
Refinery /Iran 1409.96 450.24
Saudi Arabia 608.00 472.0
Choshi/Japan 324.66 323.0
Limén/Costa Rica 220.00 371.5
Sines /Portugal 203.00 365.0

The monthly CI~ DR has been determined using a dry plate device in all Cuban coastal
environments [56,57]. Regarding to the behavior of the monthly mean values of CI” DR,
the annual average was determined to be 851.04 mg m~2 d~! (Figure 3). Despite the fact
that a dry plate device was used, both the annual average values of CI~ DR determined in
the COES placed in the coastal city of Havana (919.3 mg m~2d ! and 851.04 mg m2d 1)
can be considered very high. The annual C/~ DR average was lower than that determined
in the coastal environments of Mexico [59] (Table 5).

According to the relationship established in the ISO standard, i.e., Equation (1), the annual
average values of CI~ DR determined by the wet candle device were 2206.32 mg m2d !
(919.3 mg m2d ') and 2042.49 mg m~2d~! (851.04 mg m~2d~!). No reports have been
found where the annual average values of CI~ DR have turned out to be greater than those
determined in this work. Annual average values of CI™ DR closer to those determined in this
study have been reported in the coastal cities of Sherman, Panama (1909.11 mg m~2d 1),
and Cabo Villano, Spain (1906.0 mg m~2d~') [60]. However, the wet candle devices
remained for one month at the two COESs for a time of exposure of six months.

On the other hand, a research study about the atmospheric corrosion of carbon steel
was carried out over the entire coastal environment of Havana for one year (April/2018-
March/2019). Ten COESs were placed at a distance of 10-20 m from the shoreline. The
annual average atmospheric corrosion rate determined for two carbon steel specimens
placed at one of the COESs was 849.23 um y~! (200 < CX < 700). A value over the maximum
limit established in the ISO 9223:2012 standard for the classification of an extreme (CX)
atmospheric corrosivity category for carbon steel was obtained. A new corrosivity category
of a higher-than-extreme atmosphere (>CX) or an increase in the range of CX corrosivity
could be considered. Visual observation of the two specimens allowed for confirming
the very high annual average corrosion rate determined. Intense deterioration due to
atmospheric corrosion was observed (Figure 9). In addition, due to the occurrence of pitting
corrosion, some of the carbon steel specimens were pierced. These results indicated that the
coastal city of Havana is among the most corrosive sites worldwide, mainly in the coastal
environments at a short distance from the shoreline. Many RC structures have presented a
short S; due to atmospheric corrosion of rebar. To ensure a long S; in RC structures exposed
to a CX corrosivity category, the definition of durability requirements becomes paramount.
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Figure 9. Visual observation of two specimens of carbon steel. Intense deterioration due to atmo-
spheric corrosion is observed. The metal has been perforated by atmospheric corrosion.

4.2. Durability Requirements

The model used (Equation (4)) to predict the S; in the RC structures based on their
behavior is established in the ISO 9224:2012 standard [44], which is designed for the
atmospheric corrosion of metals. In our case, the Ic in addition to the requirement for
durability is used as an indicator of the atmospheric corrosion of rebar. According to the
theoretical Ic values predicted from the model, atmospheric corrosivity categories were
predicted for times of exposure higher than one year for metallic materials that are most
often used in the construction industry (carbon steel and galvanized steel). High (C4),
very high (C5), and extreme (CX) atmospheric corrosivity categories were considered for
both metallic materials as durability requirements for metallic structures in Cuban coastal
environments and in Ecuador [61,62]. The annual atmospheric corrosion rate of carbon
steel and galvanized steel specimens was obtained during the first year of the study. The
COESs were placed at a short distance from the shoreline.

Considering the experimental values obtained for the Ic as an indicator of the atmo-
spheric corrosion of the reinforcement steel in the RC specimens with w/c = 0.4 and with
CCTh values of 20 mm (7 = 0.065 pA cm~2) and 40 mm (reorr = 0.002 pA cm~2) that were
exposed during the first year, a prediction was made for the RC structures using the same
model, i.e., Equation (4) (Figure 6). In this way, the ¢, was obtained for a CCTh of 20 mm,
and the t; was obtained for a CCTh of 40 mm. According to the specifications established in
the ISO 9224-2012 standard, the value “n” in the model was established to be equal to the
average time exponents reported in the regression analysis of the carbon steel specimens
exposed for a long time in the ISO CORRAG project [58].

Worldwide, few studies have been carried out to establish durability requirements that
guarantee a long S5; in RC structures based on exposure to the atmosphere in real coastal
conditions. A comparative study of different electrochemical techniques used to measure
the corrosion rate of reinforcement steel in RC specimens placed in marine environments
is reported [63]. The different electrochemical techniques were as follows: galvanostatic
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pulse, electrical resistivity, and half-cell potential. Exposure to the atmosphere in coastal
environments was not considered. Corrosion of the reinforcement steel under splash
conditions was higher than under tide conditions. The methodology used was not very
accurate for the determination of the f;. The evaluation was carried out only for one CCTh
value. A clear relationship between the t; determined in the tidal environment and in
the splash environment was not observed. However, the ¢; decreased when the w/c ratio
increased from 0.35 to 0.5. The f, was not determined, and the S; of the RC structures
exposed to the marine environment was not presented. Durability requirements directly
related to the parameters that characterize the concrete quality were not considered.

On the other hand, an international research project involving 11 Ibero-American
countries was conducted to study the effect of coastal environments on RC structures over
one year of exposure. RC specimens were prepared using locally available materials in
each country [64]. A description of the typical atmospheric environments of the eleven
COESs located in coastal cities was given. Two types of RC specimens (w/c = 0.45 and 0.65,
CCTh =10, 20, and 30 mm) were exposed at each site, with the atmospheric corrosivity
categories estimated as high (C4) and very high (C5). The f, elastic modulus, permeability
to free chloride ion concentrations, and &, were measured for the concrete quality charac-
terization. The time taken to initiate depassivation, considered as t;, was determined only
from the behavior of the electrochemical corrosion rate of the reinforcement steels in the
RC specimens with a w/c ratio of 0.65 at the time of exposure in two countries (Portugal
and Venezuela). However, the t,. was not determined. In this way, the S; of RC structures
exposed to coastal environments was not obtained.

To predict the S; for RC structures built in coastal environments worldwide, nine mod-
els were obtained via multiple regression fitting [65]. The Ic was measured using different
electrochemical techniques under laboratory and on-site conditions. The Ic determined in
the reinforcement steel was highly sensitive to three parameters related to concrete quality:
the corrosion time, concrete resistivity, and concrete chloride content. To predict the S; in
RC structures, the t;, and ¢, determined from the behavior and the prediction of the Ic
could be included in the corrosion time, depending on the concrete quality.

According to the behavior observed during the third year of this study (Figure 7), the
data were fitted to a multiple regression model (Table 6). The w/c ratio, f,, and ¢, were the
most significant parameters related to the Ic measured in the reinforcement steel for both
values of CCTh during the three years of this study.

Multiple regression fitting has been widely used to define factors that are more statisti-
cally significant in the atmospheric corrosion of metallic structures in the tropical coastal
climate of Cuba and worldwide; CI” DR, a high RH, and T are the factors that most often
influence atmospheric corrosion [66].

Table 6. Multiple regression fitting for the data collected during the three years of this study (Equation (3)).

R?

Number of Samples (1) Concrete Cover Thickness of (mm) Relationship (%) (<0 5000)
36 20 I, = —0.06 + 0.28(w/c) — 0.23(fix) + 0.002(e,) 94 0.0000
36 40 I = 1.66 + 0.08(w/c) — 0.05(f) +0.02(e,) 99 0.0000

Regarding the comparison from the multiple range test method, following the same
behavior shown during the third year of this study (Figure 7), two homogeneous groups
were identified according to the alignment of the X column (Table 7). Thus, there were no
significant differences between the groups sharing the same column. The w/c ratio and &,
for both concrete cover thicknesses fell into the first homogeneous group (X column). The
fek and g, fell into the second homogeneous group (Table 7).
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Table 7. Comparison from the multiple range test method.
CCTh of 20 mm CCTh of 40 mm
R;‘Lrii:;igts . Average Homogeneity Group Average Homogeneity Group
X Column X Column
Ic (tA-cm™2) 36 1.260 X 0.486 X
w/c ratio 36 0.5 X 0.5
& (%) 36 13.7 X X 13.7 X X
fx (MPa) 36 30 X 30 X
D (kg m~3) 36 2333 X 2333 X
UPV (ms™1) 36 4097 X 4097 X

Table 8 provides the estimated differences between each pair of means. The asterisks
next to the 11 pairs indicate that these pairs showed statistically significant differences at the
95.0% confidence level for a limit of +24.863 in both values of CCTh. No report was found
where the comparison from the multiple range test method has been applied to determining
which durability requirements are the most sensitive to the Ic in reinforcement steel.

Table 8. Estimated differences between each pair of means.

CCTh of 20 mm CCTh of 40 mm
Contrast Sig. Difference +Limit Sig. Difference +Limit
Ic-wlc 0.760 —0.013
Ie-foy * —29.158 * —29.932
Ic-¢, —12.499 —13.273
Ie-UPV * —4095.8 * —4096.57
Ie-D * —2331.43 * —2332.21
w/c-f o * —29.9194 * —29.919
wlc-ge —13.260 —13.260
w/c-UPV * —4096.56 24.863 * —4096.56 24.863
w/c-D * —2332.19 * —2332.19
fek-€e 16.659 16.659
feae-UPV * —4066.64 * —4066.64
fa&D * —2302.28 * —2302.28
g.-UPV * —4083.3 * —4083.3
&-D * —2318.93 * —2318.93
UpPv-D * 1764.36 * 1764.36

Due to the fact that the sample sizes were equal (n = 36) and the treatments pre-
sented an ordinal relationship (Figure 7), the multiple range test method was performed.
According to the two statistical methods applied, the w/c ratio, f, and &, were the parame-
ters that were the most sensitive to the Ic as an indicator of atmospheric corrosion in the
reinforcement steel for both values of CCTh.

The nine models chosen did not consider these last two parameters [65]. The f was
only considered in the predictive models proposed by Lu and Vu in their research works
about the modelling of corrosion propagation for the S; prediction of chloride-contaminated
RC structures and in measuring the structural reliability of concrete bridges, including
improved chloride-induced corrosion models, respectively [67,68]. Therefore, to ensure a
long S; in RC structures in the Cuban coastal environment exposed to extreme (CX) and
above-extreme (>CX) atmospheric corrosivity categories, the most important durability



Buildings 2024, 14, 2494

18 of 24

requirements are a w/c ratio of 0.4, f, and ¢, with a CCTh of 40 mm. In this way;, a free
chloride ion concentration of less than 0.05 (% m.c.) could be achieved. The same free
chloride ion concentration (% in m.c.) was considered in a case study of the deterioration
of RC docks in a marine environment in Portugal [69].

4.3. Microstructure of Rust Layers

Different crystalline phases such as lepidocrocite (v — FeOOH), goethite (x — FeOOH),
magnetite (Fe3Oy), and akaganeite (f — FeFOOH) were identified in the rust layers of the
reinforcement steel embedded in the RC specimen with a w/c ratio of 0.6 and a CCTh value
of 20 mm placed at the COES until the third year of exposure (Figure 10).
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Figure 10. Different crystalline phases identified in the rust layers of reinforcement steel embedded
in the RC specimen with a w/c ratio of 0.6 and a CCTh value of 20 mm placed at the COES until the
third year of exposure.

Similar crystalline phases have been identified in carbon steel specimens freely exposed
to high (C4) and very high (C5) atmospheric corrosivity categories in the entire Cuban
coastal environment and worldwide [70,71]. Induced cracking in the CCTh due to the
atmospheric corrosion of the reinforcement steel tends to further accelerate this process.

The morphology of the crystalline phases identified in the oxide layer formed on the
reinforcement steel was observed using the scanning electron microscopy microstructural
analysis technique (Figure 11a—d).

Lepidocrocite in a foam form, flower-shaped goethite, and ring-shaped magnetite
showed a similar morphology compared to the oxide layers identified in the carbon steel
specimens freely exposed to high (C4) and very high (C5) atmospheric corrosivity categories
all Cuban coastal environments and worldwide [70,71]. The EDS analysis carried out on the
morphologies associated with lepidocrocite, goethite, and magnetite (Figure 11b) revealed
high percentages of iron (>90 wt.%) and low concentrations of oxygen (<5 wt.%) as well as
the absence of the chlorine element (Cl). Therefore, these results corroborate the fact that
these morphologies identified were associated with different iron phases and that none of
these phases were associated with the akaganeite phase.

Due to the high concentration of chloride ion sand and the lack of oxygen, akaganeite
is formed in reinforcement steel/oxide/concrete interfaces, as happened in the carbon
steel specimens freely exposed to high (C4) and very high (C5) atmospheric corrosivity
categories in the entire Cuban coastal environment and worldwide. In this sense, the
akaganeite formed in the reinforcement steel showed CI percentages of between 4.3 and
6.4 wt.% (Figure 11e,f). The Cl content varied according to the formation conditions, and
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percentages of up to 47 wt.% have been found in carbon steel exposed to tropical marine
environments [72]; however, the theoretical maximal concentration of chloride ions that
this phase can contain in its structure is approximately 7 wt.%, meaning that excess chloride
ions are often associated with the absorption of these ions onto the akaganeite surface,
while concentrations lower than 7 wt.% are associated with a framework containing tunnels
partially filled with chloride anions [73].
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Figure 11. Morphology of the crystalline phases identified in the oxide layer formed on reinforcement
steel surface. Lepidocrocite in foam form, goethite in flower form, and magnetite in ring form (b).
Akaganeite in reinforcement bars formed with right-angled edges (a,c,d), EDS (e f).

Therefore, the high CI percentages (up to 6.4 wt% in Figure 11f) found in akaganeite
suggest a high occupancy of Cl sites within the tunnels in the framework of this phase or
the presence of some unoccupied vacancy sites or the fact that some vacant Cl sites are
occupied by impurities or oxygenated species such as hydroxyl groups or water [73-75].
These results are consistent with previous works, where CI percentages between 2 and
7 mol% have been found for this phase [76].

On the other hand, akaganeite formed in freely exposed carbon steel specimens
(B — FeOOH) typically shows cotton ball, cigar, and rosette morphologies [77,78]; however,
Morcillo and collaborators reported the formation of akaganeite constituted of aggregates
of elongated cylindrical crystals with lengths and widths of between 100-200 nm and
60-80 nm, respectively [79]; they suggested that this cylindrical-type morphology could be
a typical morphology of akaganeite formed under marine conditions because it differs from
the spindle-type morphology that akaganeite shows when synthesized under laboratory
conditions. Interestingly, our results obtained by SEM revealed the formation of highly
agglomerated akaganeite crystals with an elongated morphology and right-angled edges
(Figure 11a,c,d). The growth of akaganeite on carbon steel with a cylindrical or rod-type
morphology has also been documented by Juan C. Guerra and collaborators [62]; however,
the morphology similar to bars with right-angled edges found in this work has not been
reported previously. The change in morphology could be associated with different factors
such as pH and the chloride ion concentration.
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In this sense, a more alkaline environment should be present in specimens protected
by concrete compared to the pH typically found in freely exposed specimens [80]. Also,
surface-absorbed chloride ions on freely exposed carbon steel specimens can be solubilized
by rainfall events [80]; consequently, it is expected that the effect of rainfall on the washing
of chloride ions will be lower due to the barrier effect of the concrete. Therefore, a higher
pH and a more constant chloride concentration should be expected at the steel/concrete
interface compared with freely exposed samples.

On the other hand, Emily and collaborators found that akaganeite structures can be
modified by the crystallization microenvironment [81]; they reported that the akaganeite
length, the presence of twinned forms, and the number of arms are affected by factors
such as the content of chloride ions and the pH. Therefore, the above works suggest
that the concentration and stability of chloride ions, as well as the pH in the crystalliza-
tion microenvironment, could contribute to the formation of this type of morphology,
i.e., elongated with right-angled edges. On the other hand, concrete is a product rich in
silicon (Si). One of the main components of cement is tricalcium silicate, which produces a
gel when it is hydrated. In the akaganeite structure, the release of chloride ions and the
absorption of Si-based compounds are favored at an alkaline pH [81]. Also, the formation
of akaganeite as a three-dimensional assembly was reported when this structure came into
contact with a Si-based hydrogel, in contrast to the discrete rods formed in solution [82].
Therefore, the different phases of Si that can contain concrete could modify the morphology
of akaganeite; however, more detailed studies should be carried out to corroborate this
hypothesis. On the other hand, due to the highly agglomerated morphology of this crys-
talline phase, it is possible that it is one of the reasons for the corrosion product expansion
of concrete, as happened in the freely exposed carbon steel specimens, which subsequently
led to cracking, with CCTh values of 20 and 40 mm in the RC with w/c ratios = 0.5 and 0.6.

5. Conclusions

A comprehensive research study was carried out to obtain durability requirements
for RC structures in hostile tropical coastal environments. The following conclusions
were drawn:

e  According to the annual average chloride deposition rate and atmospheric corrosion
rate for the metallic materials most commonly used in the construction industry
(mainly for carbon steel), the coastal city of Havana can be considered among the
coastal cities with the highest atmospheric corrosivity categories worldwide. An
annual average atmospheric corrosion rate over the maximum limit established in the
ISO 9223:2012 for the extreme (CX) atmospheric corrosivity category for carbon steel
was determined. An increase in the range established for the extreme (CX) atmospheric
corrosivity category in a coastal environment at a short distance from the shoreline
could be considered. This result was confirmed from the visual observation of the
carbon steel specimens.

e According to the behavior and prediction of the annual average Ic, considered as an
indicator of the atmospheric corrosion rate of reinforcement steel in RC versus the
time of exposure, the S; from the sum of the time-to-corrosion-initiation (¢;) and the
time-to-corrosion-induced concrete cracking (t..) was determined and predicted as a
function of the durability requirements. The model established in the ISO 9224-2012 to
predict the corrosivity category of the atmosphere for the metallic materials that are
most often used in the construction industry (carbon steel, galvanized steel) for times
of exposure over one year can be used to predict the S; in RC structures in the coastal
city of Havana and in all Cuban coastal environments.

o  The two statistical methods used allowed for the demonstration of the most important
durability requirements to ensure a long S; of more than 70 years in RC structures in
the Cuban coastal environment exposed to extreme (CX) and above-extreme (>CX)
corrosivity categories. This requirement is as follows: w/c ratio of 0.4, f, and ¢, with
a CCTh of 40 mm.
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e It was confirmed that the occurrence of cracking in the RC specimens with w/c ratios of
0.5 and 0.6 for both CCTh values tested is an indicator of the end of the S;, in less than
five years, for RC structures exposed to very high (C5) and extreme (CX) atmospheric
corrosivity categories in the coastal city of Havana. The results were confirmed by the
visual observation of the RC specimens placed at the COES during the three years of
this study.

e A significant difference between the chemical composition of the oxide layers de-
veloped in the freely exposed carbon steel specimens and the reinforcement steel
embedded in the RC was not observed, but the presence of akaganeite with different
morphologies was reported for the reinforced steel. It seems that crystalline-phase
akaganeite could be one of the reasons for the corrosion product expansion of the
reinforcement steel, which subsequently led to cracking in the specimens with a CCTh
of 20 and 40 mm in the RC prepared with w/c ratios of 0.5 and 0.6.

e  Since only one type of cement was considered in this work, the proposed protocol could
be applied in future research to study the durability of RC containing supplementary
cementitious materials or made using green formulations, recycled concrete aggregates,
and/or sand to provide a large variety of solutions to ensure the sustainability and
durability of constructions in these tropical environments.
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