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This manuscript investigates the atmospheric corrosion of carbon steel in Puerto Lopez, a coastal region in
Manabi Province, Ecuador. For the study, six outdoor exposure sites (OES) were strategically placed at different
distances from the coast to evaluate the impact of meteorological factors on the chloride deposition rate (CI”DR)
and how proximity to the coast could influence atmospheric corrosivity to carbon steel. It identified a critical
threshold for the monthly average wind speed that escalates CI” DR, noted as one of the lowest globally. The
findings revealed a medium corrosivity category (C3) for carbon steel in the inland OES, suggesting the signif-
icant role of high relative humidity (RH) typical of the area in possibly reducing CI" DR through saline disso-
lution. Moreover, the interaction between high RH and Cl DR could markedly diminish oxygen’s solubility in
water collected in oxide layer interstices and on the carbon steel surfaces, potentially affecting the cathodic
oxygen reaction. Nonetheless, the study confirms the continuing influence of Cl” DR on the atmospheric corrosion
of carbon steel. Predictive corrosivity categories for carbon steel in this coastal environment span from two to
twenty years across the OES, underlining the critical need for understanding and mitigating corrosion in similar
settings.

1. Introduction metallic, inorganic, organic, or composite—and their primary and sec-
ondary protection systems, which are typically coating-based. Carbon

Coastal zones in Ecuador, like those in many South American steel, known for its high mechanical strength, is a predominant choice

countries, are recognized for their high construction potential, particu-
larly due to the burgeoning tourism industry. Major industries, including
thermoelectric plants and refineries, often utilize seawater in their
cooling systems and are strategically located near coastlines or bay
areas. Consequently, conducting atmospheric corrosion studies is
imperative prior to initiating construction, maintenance, or rehabilita-
tion projects [1,2]. Incorporating the results of these studies into the
design phase is crucial for selecting appropriate materials—be it

for infrastructure construction. Conversely, reinforced concrete, the
most prevalent composite material in the construction sector, suffers
significant deterioration in coastal zones due to atmospheric corrosion
of the steel reinforcement [3,4].

A regulatory framework for compensating atmospheric corrosion
impacts on electric power transmission infrastructure has been estab-
lished in Colombia, alongside mathematical models to represent atmo-
spheric corrosion, material degradation, and their effects on
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infrastructure’s technical and service life. According to specialty stan-
dards on atmospheric corrosion issued since 2012, the corrosivity cat-
egories determined for commonly used building materials (primarily
carbon steel, zinc, copper, and aluminum) can also be applied to other
materials [5]. Research in tropical coastal climates, such as Cuba’s, has
shown that high to extreme corrosivity categories have led to severe
deterioration of inorganic materials like bricks and elastomeric poly-
mers, along with significant cracking in concrete due to reinforcement
steel corrosion [6-8].

Historically, Ecuador has seen limited atmospheric corrosion studies,
with only seven outdoor exposure sites (OES) established across the
country in the last century, four of which were in high-potential coastal
zones [9]. More recently, eight additional OES were established, seven
in Quito and one in the coastal city of Esmeraldas [10]. Despite Quito’s
urban location, its construction potential is notable, especially with air
pollution from local refineries and thermoelectric plants elevating the
atmospheric corrosivity for building materials. However, the marine
influence was minimal due to the sites’ locations, indicating a potential
risk for intense deterioration in metallic and concrete structures [11].

Since 2016, Manabi province, with its extensive coastline and sig-
nificant tourism potential, has become a focal point for atmospheric
corrosion studies on carbon steel. Prior to this, no studies had been
conducted in the province either in the last century or the first fifteen
years of the current one. In total, 51 OES have been installed across
various cantons, with findings from the first three cantons already
published [12,13].

This study aims to evaluate the atmospheric corrosivity categories
for carbon steel in Port Lopez’s coastal zone over one year. It distin-
guishes itself from previous studies by offering a detailed description of
the aggressive coastal atmospheric environment and predicting corro-
sivity categories for exposure times extending beyond one year, ranging
from two to twenty years.

2. Experimental section

This study was conducted in Port Lopez, a coastal city in Ecuador and
the cantonal capital of the Port Lopez Canton, ranking as the eleventh
most populous city in the Manabi Province. The geographical co-
ordinates for the study area are 1°33'32’S, 80°48'38"W.

2.1. Outdoor exposure sites

Six outdoor exposure sites (OES) were established at varying dis-
tances from the coastline (OES-2 = 20 m, OES-3 = 100 m, OES-4 = 250
m, OES-5 = 600 m, OES-6 = 930 m, OES-7 = 1000 m). Uniquely, one site
(OES-1 = —100 m) was positioned beyond the wave breaker zone,
extending into the sea, which differs from the placement strategies in
other coastal zones of Manab{ and global studies.

At each OES, the following were installed on wooden racks.

e Three dry cloth devices (150 x 100 mm) to measure the chloride
deposition rate.

e Six carbon steel samples (75 x 50 mm) to assess the atmospheric
corrosion rate.

To minimize the impact of rain and thus prevent washing effects,
these racks were sheltered and mounted at a height of 3 m above the
ground. They were inclined at a 45° angle facing west-northwest
(WNW), the direction from which the prevailing winds blow.

2.2. Meteorological parameters

The study analyzed monthly average values for key meteorological
parameters: Relative Humidity (RH-%), Temperature (T-°C), and Wind
Speed (V-m/s), which were recorded from December 2016 to November
2017. These data were sourced from the Cantagallo Meteorological
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Station, a facility endorsed by the National Institute of Meteorology and
Hydrology of Ecuador, situated in proximity to the research area. Spe-
cifically, the average wind speed values were measured in alignment
with the predominant wind direction, which is west-northwest (WNW).
In accordance with atmospheric corrosion standards, when direct mea-
surements of the HR-T-V complex are not feasible due to a lack of
specialized equipment or devices, utilizing data from the nearest mete-
orological service to the study area is an acceptable practice [14].

2.3. Measurement of chloride deposition rate

In accordance with atmospheric corrosion standards, absorbent cloth
pieces of size 150 mm x 100 mm were used as dry cloth device to
determine chloride deposition rate (Cl DR-mg m’zd’l) [15]. Prepara-
tion: Three dry plate devices were perfectly cleaned, washed with
distilled water and dried before exposing them on each OES. Dry plate
devices were exposed monthly during one year. Before placement and
after monthly collection from each OES, the dry cloth devices were
preserved in desiccators to prevent any alterations. The
chemical-analytical method utilized for the monthly determination of
ClI'DR was volumetric titration [15]. The chloride deposition rate
(CI'DR-mg m2d™!) was determined monthly throughout the study
period (December 2016 to November 2017) for each OES. Three mea-
surements were taken per dry cloth device each month at every OES.
Given the similarity among the three measurements, their average was
calculated and reported on a monthly basis. Additionally, the overall
average and standard deviations for each OES were derived from these
monthly averages and depicted in the analysis. Furthermore, the annual
average Cl™DR values were illustrated as a function of distance from the
coastline (d, in meters), adopting a model based on a decreasing expo-
nential function:

CI"DR=CI DR,, +ae™ " ¢

CU'DR,, represents the vertical asymptote or the theoretical annual
average Cl DR value observable from the closest monitoring OES up to a
considerable distance inland; a statistical coefficient, t critical distance
from the coastline where the CI” DR, remains constant into the interior
of the earth.

2.3.1. Influence of meteorological parameters on CI"DR

To demonstrate the influence of meteorological parameters (RH, T,
and V) on CI” DR, it was necessary to fit a statistical model for each OES
based on multiple regressions:

CI"DR=m =+ b[RH] = ¢[T] + d[V] )

The 12 monthly average values of CI DR calculated in each OES,
were taken as the dependent variable. The 12 monthly average values of
RH, T, and V were taken as the independent.

On the other hand, to demonstrate the critical threshold of V at
which CI"DR increased, another model based on an increasing expo-
nential function was fitted:

ClI"DR=ne""" 3)

The 12 annual average values of CI” DR calculated, were taken as the
dependent variable. The 12 monthly average values of V were taken as
the independent. A data of n = 12 was established for both fits (2), and
3.

2.4. Measurement of atmospheric corrosion rate

In accordance with atmospheric corrosion standards, carbon steel
samples (75 x 50 mm) were used to assess the atmospheric corrosion
rate [16]. The atmospheric corrosion rate (reorm-g m~?) was quantified
monthly for each Outdoor Exposure Site (OES) throughout the study
period (December 2016 to November 2017). For each OES, three
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values—one per carbon steel specimen—were obtained monthly. Due to
the consistency among these measurements, the average monthly
corrosion rates were calculated for each site and graphically
represented.

To ascertain the corrosivity categories of the atmosphere for carbon
steel at each OES within the study area, annual atmospheric corrosion
rates (reor-g m 2y and um/y) were computed from the three remaining
carbon steel specimens that were exposed throughout the year.

Preparation of the carbon steel specimens involved degreasing,
pickling, and initial weighing (in grams) 24 hours before their place-
ment at each OES [16]. The atmospheric corrosion rate for the carbon
steel specimens was calculated using the gravimetric method (rcor-g
m~2y). This method involves calculating the difference between the
initial and final weights, normalized over the exposure area (rnz) and the
duration of exposure (y = 1 year), facilitating the determination of the
corrosion rate [17]. From the quotient between annual atmospheric
corrosion rates (reor-g m~2y) calculated and carbon steel density (7.86 g
m’3), annual atmospheric corrosion rates (rcop-um y’I ) were
determined.

2.5. Influential factors onthe monthly atmospheric corrosion rate

To demonstrate the most influential factors on the monthly atmo-
spheric corrosion rate of carbon steel, statistical model based on mul-
tiple regressions were fitted in each OES:

Feorr =P + b[CI”DR] £ c[RH] £ d[T] + e[V] ©)]

The monthly average values of atmospheric corrosion rate in the
carbon steel specimens from the 12 calculated values in the three
specimens in each OES were taken as the dependent variable (r¢o). The
monthly average values of the meteorological parameters RH, T,V and
CI"DR were taken as the independent variables. A data of n = 12 was
established.

2.6. Prediction of the corrosivity categories of the atmosphere

To predict the corrosivity categories of the atmosphere for carbon
steel at times of exposure longer than one year (from two to 20 years) in
each OES, the statistical model established in the atmospheric corrosion
specialty standard was used [18]:

D=rt" 5)

Where:

D: atmospheric corrosion predicted on the metallic material (g m )
over the time of exposure.

r.: Annual atmospheric corrosion rate experimentally determined at
the year of study (g m~2 and um). In this case annual average values of
atmospheric corrosion rate calculated from each OES were used.

t: time of exposure (years).

b:exponent specifying the interaction between the metallic material
and the atmosphere selected in the atmospheric corrosion specialty
standard for each exposure time (from 2 to 20 years).

3. Results and discussion
3.1. Characterization of the aggressive coastal atmospheric environment

3.1.1. Meteorological parameters’ monthly averages

The study revealed distinct seasonal variations in meteorological
parameters within the coastal zone. From June to November, the region
exhibited higher Relative Humidity (RH) and lower temperatures (T), as
depicted in Fig. 1. This contrasts with patterns observed in other studies
across coastal zones in Manabi, between Bahia de Caraquez-San Vicente
and Manta port areas, where higher RH and T averages were noted
during the December-May period, coinciding with the rainiest months
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Fig. 1. Behavior of the monthly average values of the RH-T, and V in the
study zone.

in Ecuador’s coastal climates.

Such discrepancies suggest the potential presence of a unique
microclimate within the study area, which could significantly influence
the atmospheric corrosivity, especially concerning carbon steel. This
period’s atmospheric conditions, categorized from high (C4) to extreme
(CX) corrosivity levels at proximities close to the shoreline, underscore
the aggressive nature of this coastal environment.

Annual averages of the RH-T complex were recorded at 92% and
24 °C, respectively, indicating that chloride deposition occurs in saline
solution rather than crystallizing as dry salts. Similar conditions have
been observed in coastal zones of high construction potential in coun-
tries like Cuba and Brazil [19,20], where such environments signifi-
cantly contribute to the high corrosivity categories for metal and
reinforced concrete structures.

Moreover, the study highlighted a variable trend in wind speed (V)
across different months, a factor less frequently analyzed in conjunction
with RH and T in atmospheric corrosion studies. Unlike the referenced
research in Manabi’s high construction potential coastal zones and
tropical climates of Cuba, higher wind speeds were noted during the less
rainy seasons—winter in Cuba and summer in Ecuador. This distinction
further supports the hypothesis of a unique microclimate within the
study zone, emphasizing the complex interplay of meteorological pa-
rameters in determining atmospheric corrosivity levels against carbon
steel and potentially other materials [21,22].

3.1.2. Chloride deposition rate (CI”DR) monthly averages

The chloride deposition rate (Cl DR) displayed significant variability
throughout the study, with notable peaks during both the rainy
(December-May) and dry (June-November) seasons, as well as in
months experiencing higher average wind speeds (V), as illustrated in
Fig. 2 a and b.

This variability suggests a complex interaction between Cl" DR and
various factors, including distance from the coastline and meteorolog-
ical parameters, particularly wind speed. The CI'DR exhibited a
decreasing trend with increasing distance from the shoreline (Fig. 2a),
highlighting the direct influence of proximity to the sea and wind dy-
namics on chloride deposition rates.

Comparative analysis with previous studies in coastal zones of
Manabi, such as Bahia de Caraquez-San Vicente and Manta port areas,
revealed higher CI"DR values during their rainiest winter seasons.
Conversely, in Cuba, elevated CI DR values were observed during the
dry winter season, leading to the identification of high (C4), very high
(C5), and extreme (CX) atmospheric corrosivity categories for carbon
steel. These findings were facilitated by the use of dry cloth devices for
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Fig. 2. Behavior of monthly average values of CI DR a), and the average values b).

determining ClI” DR, underscoring the methodological consistency across
different geographic studies [23,24].

The pronounced variability in CI DR further substantiates the hy-
pothesis of a unique microclimate within the study area. It is noteworthy
that atmospheric corrosion studies often reveal seasonal ClI” DR peaks,
which are influenced by the specific climatic conditions of the study
location.

Moreover, this research aligns with other studies conducted in
Manabi, including the coastal zone of Port Lopez, in highlighting
CI'DR’s high variability. Such variability is especially pronounced
where higher monthly and average ClI DR values were recorded
(Fig. 2b), emphasizing the dynamic and complex nature of chloride
deposition in coastal environments.

3.1.3. Impact of coastal distance on chloride deposition rate (CL DR)
The influence of distance from the coastline on the chloride deposi-
tion rate (Cl” DR) is significant, with a clear decrease in CI” DR values as
the distance increases, as evidenced by annual average Cl DR values
(Fig. 3). This trend is well-represented by the fitted model (1), indicating
a strong correlation between Cl" DR and coastal proximity. The model’s
Cl”DR_m value, which stands at 38.33, represents the vertical asymptote
or the theoretical annual average CI DR value observable from the
closest monitoring site (OES-2 = 20 m) up to a considerable distance
inland (OES-7 = 1000 m). This suggests a persistently high Cl DR, and
consequently, a higher corrosivity risk for carbon steel within this range.
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Fig. 3. Annual average values decrease with the distance from the coast-
line increased.

According to the value of t shown in the fitted model, from a distance of
70 m from the coastline, a considerable decrease of the CI” DR is possible
(Fig. 3).

Internationally, this phenomenon has been substantiated through
various studies in coastal regions, employing different statistical models
and devices for CI”DR measurement. These models consistently confirm
the decrease in Cl DR with increased distance from the shoreline,
highlighting a global pattern of atmospheric corrosion dynamics influ-
enced by marine environments.

For instance, research in the Mediterranean coast of Spain and the
Pacific coast of Manta in Ecuador (Table 1) utilized similar models,
identifying high atmospheric corrosivity categories for carbon steel up
to approximately 1 km from the coast. These findings align with other
studies from diverse coastal contexts, such as Brazil, Cuba, Sweden,
South Korea, and Australia, each adopting unique methodologies for
Cl™ DR assessment, ranging from dry plates and wet candles to sophis-
ticated salinity measurement devices.

Interestingly, in Cuba and Brazil, a distinct drop in CI DR was
observed just a short distance from the coastline, attributed to the
shielding effect of reinforced concrete structures which intercept up to
90% of chloride ion salts within 30 m of the shoreline (¢t = 30). This
phenomenon led to the identification of an atmospheric corrosivity
category exceeding extreme (>CX) levels for carbon steel in certain
Cuban studies [33].

Conversely, the presence of an estuary between Bahia de Caraquez
and San Vicente in Ecuador introduced an anomalous Cl DR pattern,
deviating from the expected decrease with distance. This exception was
captured through polynomial regression models, underscoring the
unique aggressiveness of this environment towards carbon steel. Such
variability emphasizes the complexity of atmospheric corrosion pro-
cesses and the significant influence of local geographical and meteoro-
logical conditions on CI"DR.

3.1.4. Analysis of meteorological parameters on chloride deposition rate
(CU'DR)

Limited research has been conducted on the effects of meteorological
parameters (RH, T and V) on CI"DR. Nonetheless, preliminary findings
from studies in coastal regions with significant construction potential in
Cuba and Manabi, Ecuador, offer insightful observations. Notably, an
increase in RH significantly affects Cl DR, as evidenced by the appli-
cation of model (2) across various OES, along with the collective model
average presented (Table 2). However T and V, were not determinants in
the derived models.

Due to m values were negative in the regressions fitted, high values of
RH correlates a decrease in CI DR in a saline solution. CI" DR values
were negatives (Table 2).

By comparing the experimental correlation coefficients (rex,) with
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Table 1
Different studies carried out in coastal zones around the world.
References  Country Models Environment Devices
[12] Ecuador CI"DR = a + b(D) + ¢(D)? CoastalzonebetweenthecantonsBahia de Cardquez- San Vicente. Pacific Dry Plate
Ocean
[13] CI"DR = Cl DRy, + ae 4/t Coastal zone of the canton of Manta. Pacific Ocean
[25] Spain CI"DR = Cl DRy, + ae /" Coastal zone of Mediterranean Spanish Wet candle
[26] Brazil ClI"DR = qe 9/t City of Joao Pessoa. Ocean Atlantic coast Wet candle
[27] CI'DR =ad™®
[28] Cuba ClI DR = qe ¥/t North coast of Havana city. Ocean Atlantic coast Dry Plate
CI'DR =ad®
[29] ClI"DR = aqe 9/t Coastal zone west of Havana. Atlantic Ocean
[30] Sweden ClI"DR = ad? North Sea/Sweden Weather vane
[31] South ClI"DR = ad? East Sea, West Sea, South Sea K3-type salinity measurement
Korea device
[32] Australia Cl"DR = aqe /830 Coastal zone of the Norfolk Island. South Pacific Rainwater collector
ay e~4/18067.6
1
Table 2 Table 3
Fitted models wherethe influence of RH on Cl DR is demonstrated. Critical threshold of the monthly average of V above which the CI"DR increased
OES(m)  Regressions Gl DR — R? fexp P in atmospheric corrosion studies carried out worldwide.
m = b[RH] + c[T] + d[V] (%) (<0.05) References  Countries Threshold Coastalstudyzone Devices
—1
1 CI'DR = — 355.27 + 1.27(RH) 40 062 0.04 Vims
2 CI'DR = — 122.42+ 1.72(RH) 50 0.71  0.01 [12] Ecuador 1.2-1.7 Coastal zone DryCloth
3 CI'DR = — 121.23 + 1.69(RH) 51 0.74 0.008 between the cantons
4 CI'DR = — 12391 + 1.70(RH) 63 0.81  0.002 of Sucre and San
5 Cl"DR = — 137.51 + 1.85(RH) 73 0.86 0.0005 Vicente.
6 Cl'DR = — 105.28 + 1.48(RH) 79 0.89 0.0002 PacificOcean.
7 CI'DR = — 106.21 + 1.56(RH) 81 0.9 0.0001 [13] 2.3 Coastal Zone of the
Average  CI"DR = — 177.20 + 1.43(RH) 77 08  0.0005 canton of Manta.
PacificOcean.
[32] Australia 4.8 Coastal zone of the Rainwater
s s e . Norfolk Island. collector
critical values (r.) for a significance level of P < 0.05, it was found that South Pacific
Texp > I¢, validating the model’s description of CI DR reduction as RH [34] Brazil 3.0 Coastal city of Joad ~ Wetcandle
increases. These findings may influence our understanding of the ki- Pessoa.
netics behind the electrochemical atmospheric corrosion of carbon steel. ) AtlanticOceancoast.
Interestingly, in two high-potential construction zones in Cuba and 1351 Australia ii‘;:faf; ast of
Manabi, increases in RH coupled with temperature variations were Arctic Ocean
associated with CI"DR increases. This phenomenon was observed in Glacier.
specific coastal zones between Bahia de Caraquez-San Vicente and the [36] Spain South coast of the
Manta port zones, leading to the categorization of atmospheric corro- (571 cub xed‘l:e"a“ea‘f‘ Sea. Bev Cloth
o . . : uba orth coast o ry Clo
sivity 1eve¥s‘ as High (C4) and Very High (C5) for carbon stee.l. ) In process 26 Havana. Atlantic
The critical threshold for monthly average V above which CI DR of Ocean.
increased was also evaluated, drawing on global atmospheric corrosion drafting
studies and devices for CI DR determination (Table 3). Through analysis [38] Sweden 5.0 North Sea. Saltvane
of annual average CI”DRand monthly average V values, a significant (391 Russia 6.0 gfzgice:)cean Wetcandle
relationship was established (Fig. 4). A notable increase in CI DR wzis PacificOcean.
observed at a monthly average wind speed threshold of 2.3 m s™, [40] Bangladesh 5.5 Coastal city of
aligning with findings from the coastal zone of the Manta canton and the Chittagong.
Baltic Sea in Poland. This suggests that the critical threshold values of V Indian Ocean.
. . cs . [41] France 5.0 French coast of the CollectorFilters
in Ecuador are among the lowest worldwide. Moreover, within the wind Mediterranean Sea
speed range of 2.3 m s~ 'to 3.4 m s}, corresponding to light and gentle [42] Poland 23 Baltic Sea. CollectorFilters

breezes, a very high CI”DR was recorded.

These results underscore the aggressive nature of the coastal atmo-
spheric environment in the studied zones, providing critical insights for
evaluating durability and planning construction activities. The observed
high atmospheric corrosivity categories indicate potential risks for car-
bon steel structures in these areas.

According to study carried out in Cuba, atmospheric corrosion of
AISI-1020 carbon steel, similar to that used in this research study, was
assessment in a very aggressive north coast area of Havana. Corrosivity
category of the atmosphere was classified as very high (C5) using three
ways of assessment. Recently the works to be published are in process of
drafting.

3.2. Behavior of monthly average values of ror-g m~2and influential
factors

The behavior of monthly average values of re,-g m 2 is depicted in
Fig. 5 (a and b). Contrary to expectations, a decrease in corrosion rate
with increasing distance from the coastline, analogous to the trend
observed for monthly values of CI DR, is not clearly evident (Fig. 5a).

Elevated monthly average values were recorded from May to August
and from October to November 2017 (Fig. 5b), indicating these periods
as the most aggressive for atmospheric corrosion in the coastal zone
under study. This finding, coupled with consistently high RH throughout
the year, suggests that both rainy and dry seasons significantly
contribute to atmospheric corrosion. Identifying these aggressive
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periods offers a valuable criterion for the planning of maintenance,
repair, and construction activities in coastal zones with high develop-
ment potential.

Further insights are provided by the analysis of influential factors on
the atmospheric corrosion of carbon steel, using a well-fitted statistical
model (Table 4). This model illustrates that increases in monthly
average values of RH and CI DR are associated with increases in the
corrosion rate across all OES. The role of RH in enhancing the corrosive
effect of CI” DR facilitating the formation of corrosive saline solutions on
steel surfaces is particularly notable. Additionally, the influence of
CI DR is more pronounced in stations closer to the coastline, exacer-
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factors influencing atmospheric corrosion of carbon steel and other
metals common in construction has been underutilized in engineering
studies. This contrasts with the extensive research conducted in Cuba,
Mexico, and the coastal zones of Manabi, which has leveraged these
models to gain significant insights into corrosion processes in coastal
environments [43].

3.3. Corrosivity categories of the atmosphere and predictions

Corrosivity category of the atmosphere for the carbon steel in all OES
was assessed from the three annual values of atmospheric corrosion rate
(Teor-g M2y and ym y~ 1) calculated. High (C4) corrosivity category of
the atmosphere for the carbon steel was determined in the OES-1 placed
from the wave breaker zone (coastline) towards the interior of the sea. A
medium (C3) corrosivity category of the atmospherefrom OES-2 to OES-
7 was determined (Table 5).

The zone where the building works of the structures could be car-
rying out. Classification intervals of the reon-g m 2y and ym y ! are
established in the atmospheric corrosion specialty standards, not only
for carbon steel, but also for other metallic materials widely used in the
building industry (zinc, copper and aluminum). The values for zinc have
been used for galvanized steel in atmospheric corrosion studies carried
out in Cuba and Mexico [44,45].

According to typical description of the aggressive coastal atmo-
spheric environment in the study zones, higher corrosivity categories of
the atmosphere (very high C5, and extreme CX) for the carbon steel were
expected. Thus, the RH increase influence in the CI" DR decrease in sa-
line solution form on kinetics of the electrochemical atmospheric
corrosion phenomenon of carbon steel is demonstrated. On the other

Table 4
Fitted models where the influence of C'DR, RH, T and V on r.,,is demonstrated.

bated by a decrease in average annual temperature (7). OES Regressions R? P
The influence of temperature is further highlighted by findings from (m) (%) (<0.05)
OES-4, where an increase in temperature suggests a reduced persistence 1 Teor = 211.68 + 0.79(Cl-DR) + 0.59(RH) — 88 0.0012
of water films on metal surfaces, potentially leading to lower corrosion 5.97(T) — 7.06(V)
rates. This suggests that variations in atmospheric corrosivity for carbon 2 Teorr = 267.55+ 4.02(Cl~DR) + 2.35(RH) — 93 0.0002
. . 1.62(T) + 20.13(V)
steel can be anticipated based on temperature (T) and proximity to the 3 ros = 137.95 1 1.84(CL-DR) 1 0.59(RH) — 86 0.0002
coastline. 0.25(T) — 3.36(V)
The impact of V on atmospheric corrosion rates was found to be 4 Feor = — 62.28+ 3.63(CI"DR) + 0.45(RH) + 95 0.0001
variable. Increased velocity may enhance the deposition of larger, 4.25(T) +7.78(V)
heavier chloride ion salt particles formed in the wave breaker zone. 5 Teorr = — 546.67 + 2.08(CI"DR) + 4.56(RH) + 9 0.0000
Conversely, a decrease in velocity could result in the deposition of 422(T) + 23.79(V)
X Y ! Y ! P 6 Teorr = — 43376+ 3.26(Cl"DR) + 3.30(RH) + 97 0.0000
lighter, smaller salt particles, particularly at stations located further 3.17(T) — 21.66(V)
inland or at greater distances from the coastline. 7 Teor = — 529.16 + 4.89(Cl"DR) + 3.23(HR) + 97 0.0001
Overall, the application of statistical models to understand the 7.99(T) — 18.01(V)
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—m— OES-1 1
—e— OES-2 210
250 —A—OES-3 .
1 —Vv—OES-4 . 180 ¥
200 ~—&—OES-5 - l /A ]
— OES-6 E 150 T
o« OES-7 o J\ i /J
g 150 - 5 120 \ T
7 AR VT
=% 100 < 9047 i
et J F ol TN /
50 54 | A= /
4 l l
30
0 T T T T T T T T T T T T T T T T T T T T T T T T
a) DA6 JAT FA7 Mi17 Api7 Myl 7 Jn7 JIM7 Agi7 SHT OM7 NHT7 b) DI16 JA7 FAT M7 ApHT MyA7 Jni17 JIH7 AgH7 SH7 OM7 NA7
Months/Years Months/Years
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Table 5
Corrosivity categories of the atmosphere for the carbon steel determined in all
OES.

OES 1o (g Corrosivity categories Teorr Corrosivity categories

m~2y1) of the atmosphere (um of the atmosphere
yh

1 566 C4-High 72.0 C4-High
565 400 <reor< 650 71.8 50 <reonr< 80
564 71.7

2 385 C3-Medium 49.0 C3-Medium
384 200 <reor< 400 48.8 25 <reorr< 50
386 49.1

3 272 C3-Medium 34.6 C3-Medium
273 200 <reorr < 400 34.7 25 <reorr< 50
271 34.4

4 259 C3-Medium 32.8 C3-Medium
262 200 <reorr < 400 33.3 25 <reonr< 50
261 33.3

5 258 C3-Medium 32.8 C3-Medium
263 200 <reorr < 400 33.4 25 <reorr< 50
260 33.0

6 256 C3-Medium 325 C3-Medium
254 200 <reor < 400 32.3 25 <reonr< 50
257 32.6

7 255 C3-Medium 32.4 C3-Medium
258 200 <reor < 400 32.8 25 <reonr< 50
254 323

hand, very high RH and CI" DR could influence a considerable decrease
in the solubility of oxygen in the water deposited in the interstices be-
tween the layers of oxides formed and on the surface of the of carbon
steel specimens. The cathodic reaction of the oxygen will be affected:

0, +2H,0 +4e” —40H™ (6)

Hence, structural elements of reinforced concrete and carbon steel
subjected to the condition of total immersion in seawater are not
affected by corrosion. This is not the case for the tidal and splash
exposure conditions where atmospheric corrosion is accelerated [46].
A similar result was obtained in a coastal zone in Spain. The study
was carried during six months. Two OES were placed at different dis-
tance from the sea. Lower atmospheric corrosion for the same carbon
steel was determined where higher CI" DR values were measured in the
OES placed at a higher distance from the coastline. Monthly and annual
average RH values (84%) were also very high [47]. The explanation was
based in the less oxygen solubility in the aqueous layer of precipitated
water on the metallic surface with very high chloride concentration. The
effect occurred in the coastal zone of Spain as a non-isolated occurrence
was demonstrated in other research studies carried out [48,49]. In order
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to rigorously confirm this effect, is very important to have more infor-
mation from very severe coastal atmospheres. To continue with carry
out of atmospheric corrosion studies in the coastal zone of high con-
struction potential not only in Ecuador but also worldwide is necessary.

Prediction of corrosivity categories of the atmosphere using the
model (5) is demonstrated (Fig. 6a and b). According to classification
intervals of atmospheric corrosion (D-g m~2 and ym) established in the
atmospheric corrosion specialty standard for the carbon steel over the
times of exposure, corrosivity categories of the atmosphere determined
are kept from two to 20 years in each OES. Due to the values of D were
calculated from the annual atmospheric corrosion rate experimentally
determined at the year of study (r-gm 2y ! and um y 1), prediction of
corrosivity categories of the atmosphere determined can be considered
accurate.

Prediction of corrosivity categories of the atmosphere for carbon
steel, as well as for the metallic materials most commonly used in the
building industry using the model (5), has been demonstrated in the
referenced studies carried out in the coastal zones of Manabi, as well as
in studies carried out in coastal zone of high construction potential
worldwide [50,51]. However, in a large study carried out in Colombia,
nonlinear regression models describing the mass loss of carbon steel and
galvanized steel as a function of the aggressivity corrosion of the at-
mosphere were useful for predictions in the short term. Coefficients of
determination R? were higher than 90% in most cases [52].

To guarantee a long service life for the structures to be built, deter-
mination and prediction of corrosivity category of the atmosphere in any
coastal zone of high construction potential can be considered as dura-
bility requirement.

4. Conclusions

The research conducted on atmospheric corrosion of carbon steel in
Port Lopez, located in the coastal zone of Manabi province, Ecuador,
yields several pivotal conclusions. This study underscores the signifi-
cance of understanding the aggressive coastal atmospheric environ-
ment’s impact on carbon steel, particularly highlighted by the
anticipated high corrosivity categories (very high C5 and extreme CX)
based on the analysis of monthly average values of meteorological pa-
rameters and CI” DR. These expectations stem from the critical influence
of meteorological parameters on Cl”DRand the proximity to the coast-
line. Furthermore, the investigation identified a critical threshold for the
monthly average values of velocity beyond which CI"DR notably in-
creases, marking one of the lowest thresholds recorded globally. Inter-
estingly, the study also revealed a medium (C3) corrosivity category for
carbon steel positioned inland, suggesting that the extremely high
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Fig. 6. Prediction of corrosivity categories of the atmosphere for the carbon steel in all OES.
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relative humidity characteristic of the study area might play a role in
reducing CI-DR in its saline dissolution form. This elevated RH, coupled
with CI'DR, could significantly diminish the solubility of oxygen in
water present within oxide layer interstices and on carbon steel surfaces,
thereby impacting the cathodic oxygen reaction.
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