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Atmospheric corrosion, especially in coastal environments, is a major structural problem affecting metallic structures in various
sectors. Structural health monitoring systems based on satellite information can help to ensure the proper behavior of civil
structures and are an interesting alternative for remote locations. The aim of this case study is to relate remote sensing information
to the results of experimental studies for potential structural damage characterization. The ultimate idea is to characterize any
environment without long testing periods or sampling costs. Comparative nondestructive experimental tests involving different
locations, sampling techniques, and study periods are performed. The results obtained are analyzed and compared with me-
teorological satellite data characterization at each site. The experimental test results show sufficient statistical significance
(p<0.05), confirming that the areas potentially most susceptible to corrosion can be identified using information from remote
sensing satellites based on orientation, wind conditions, and wind origin. This can be used to facilitate the remote design and
monitoring of structures more accurately with a stability guarantee.

1. Introduction

Civil structures deteriorate in various ways [1]. The principal
causes of damage, failure, or even collapse of a civil structure
are aging, climate conditions, deterioration of some com-
ponents, deficient designs, and natural disasters [2, 3]. Al-
though some of these issues can cause rapid failure [4],
damage due to corrosion or fatigue tends to occur over
extended periods of time. Nevertheless, these damages can
be prevented if corrective actions are taken timely [5].
Therefore, it is of the utmost importance to monitor civil
structures continuously to assess their structural conditions
and provide early warning against structural damage [6].
Corrosion is one of the major structural defects in
metallic structures [7], particularly in coastal environments
[8]. Moreover, the fact that this problem can occur in any
area [9] complicates its visual assessment, which is already
an expensive, imprecise, and time-consuming task [10].
Traditional approaches for damage diagnosis of civil

structures are mainly based on visual inspection. However,
the size and conditions of the structures make this process
increasingly difficult. Globalization has led to the design and
development of many remote projects, which complicates
routine monitoring and highlights the importance of using
satellite remote sensing data to study environmental
problems on a global scale [11].

Structural health monitoring (SHM) is an important
process for assessing the health and integrity of civil
structures to prevent structural damage [12]. SHM systems
are widely used to achieve adequate performance in civil
structures [13] and proper maintenance management [14].
Progress in technology and sensors has led to the trans-
formation of SHM into a new form of monitoring [4, 15].
SHM systems generally include damage detection, location,
and quantification [16], and damage detection is precisely
the most critical one [1].

SHM is a broad and highly interdisciplinary field of
research  involving  experimental testing,  system
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identification, data acquisition and management, and long-
term measurement of the environmental and specific op-
erational conditions [17, 18]. Numerous damage detection
applications can be found in almost every field.

Owing to recent advances in sensing and data acqui-
sition systems, the use of these techniques in engineering
applications has become an interesting development.
There are multiple examples of different applications, such
as modeling structural resistance and response [19, 20],
studies based on vibration control [1, 12, 21], using ma-
chine learning techniques in SHM [16, 17, 22-24], and new
approaches, such as smartphone-centric multisensory
solutions [4].

All of them are trying to monitor, predict, or prevent
damage from occurring, as early damage detection is an
important concern for the scientific civil community [25].
However, a more efficient approach is to design or redesign
structures based on these potential problems.

Most civil engineering projects involve metallic struc-
tures, generally made of bare or coated steel [26], which
suffer from atmospheric corrosion [27]. Structural degra-
dation in coastal areas is a particularly important problem
because of its significance to society [28]. Approximately
40% of the world’s population lives within 100km of the
coast [29] and it is precisely in these areas where industries
are often located. Many studies have corroborated that the
deposition rate of chloride is a critical factor that affects the
atmospheric corrosion of metals [30] and the influence of
chloride-contaminated environments on durability [31].

Thus, experimentally studying the deposition mecha-
nisms of this atmospheric pollutant and relating the results
to remote satellite data can help to predict and prevent
potential structural damage. Hence, with prior knowledge of
the most susceptible locations, it may not be necessary to
allocate resources to monitor large, complex civil structures
and the problem of SHM monitoring may be limited to
certain areas.

Therefore, the main objective of this study was to pro-
pose a novel method for preliminary analysis of potential
structural damage. The aim of this case study was to relate
remote sensing information to the results of nondestructive
experimental studies for potential structural damage char-
acterization. This approach provides valuable information in
a simple manner. Consequently, it makes it possible to
design and monitor structures remotely and more
accurately.

2. Materials and Methods

An outline of the methodology used in this study is shown in
Figure 1. The first stage consisted of characterizing each site
and studying its meteorological variables (temperature,
relative humidity, wind speed, wind direction, and precip-
itation). Climatic information was obtained from remote-
sensing satellites. This information was downloaded and
processed to create a global database using Web servers. The
next step in structuring and homogenizing the study data
began by identifying and cleaning anomalous values. In
addition, basic statistical analyses (means, deviations,
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maxima, minima, etc.) were performed. To ensure repre-
sentativeness, these variables and their relationships were
analyzed both during the study period and in the previous
year. The possible relationships between the variables were
studied, and the results were represented graphically for
their correct interpretation.

The second stage included experimental studies. Sample
preparation, using one of the three techniques further
explained in Section 3.1, was performed according to what is
indicated in the ISO 9225:2012 standard “Corrosion of
metals and alloys. Corrosivity of atmospheres. Measurement
of environmental parameters affecting the corrosivity of
atmospheres” [32]. The samples were then exposed. Control
samples were added in all cases. Subsequently, once the test
period was completed, the samples were removed, processed
as indicated in the standards, and analyzed by ion chro-
matography (METROHM 883 Basic IC plus).

In the third and last stage, the results of the tests were
analyzed together with the results of the meteorological
characterization of satellite data, which allowed drawing
joint conclusions.

2.1. Sample Preparation. Three techniques were used to
determine the chloride deposition. The ISO 9225:2012
standard sets the procedures for sample preparation using
the wet candle and dry plate methods. As the previous
methods were found to have limitations, it was necessary to
develop a more accurate method to differentiate the impact
of wind and rain, so the third option used in this experi-
mental study was a new method based on the wet candle
method (hereinafter referred to as “Covered candle”).

2.1.1. Dry Plate. This technique is based on exposing a
known area of double-layered gauze protected from rain and
measuring by chemical analysis the amount of captured
chlorides coming from one direction and deposited on the
surface of the gauze. Chloride deposition is expressed in
milligrams per square meter per day [mg-m > day']. Sample
preparation, test duration, management of the final solution,
and calculation of results are defined in Annex E of ISO
9225:2012 [32].

2.1.2. Wet Candle. The technique consists of a wet textile
surface wrapped in the form of a cylinder and a water
reservoir to maintain the wet condition of the gauze. This
method allows the collection of aerosols from all directions.
The amount of chloride deposited is determined by chemical
analysis, and subsequently, the chloride deposition rate
[mg-m~>day '] is calculated.

The sampling devices and solution used and the col-
lection of the samples and the final calculation of the de-
position are described in Annex D of ISO 9225:2012 [32].

2.1.3. Covered Candle. This is an altered version of the wet
candle method, which provides an option for monitoring the
effect of precipitation on the final chloride ion deposition.
The main limitation of the wet candle method is that it does
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FIGUure 1: Outline of the common methodology for all tests.

FIGURE 2: Proposed scheme for sample’s collection in the covered candle method.

not allow differentiation between pollutant deposition by
wind and pollutants deposited by rain. Cases where struc-
tures are located protected from wind but perfectly exposed
to rain (e.g., in squares surrounded by skyscrapers) are
suitable for this approach. This method includes a cover of
plastic or similar material to isolate the sample from wind
action (see the scheme in Figure 2).

2.2. Test Description. Three different experimental tests were
conducted throughout the investigation. Each of them

attempts to analyze and clarify a different hypothesis and
study the influence of one or multiple climatic variables on
the final pollutant deposition.

2.2.1. Test I: Influence of Wind Direction and Wind Origin on
Chloride Deposition. Previous chloride deposition models
only consider the distance to the sea, but this generates
errors. The aim of this test was to analyze the influence of the
relative wind position, together with the importance of the
origin of the wind (wind from the sea or from land), in an



FIGURE 3: Location of samples in northern Spain distributed for all
three different tests.

attempt to clarify why there are differences between depo-
sition for the same distance and atmospheric conditions.

Samples in the same location were set in four different
positions: upwind + wind coming and not coming from the
sea, and downwind + wind coming and not coming from the
sea. To achieve the objective described for Test I, tests were
carried out at two successive time intervals. Thus, given the
characteristics of the local wind and the possible positions of
the samples in the four cardinal orientations, it was possible
to obtain the range of events to be studied using the above-
described dry plate technique.

2.2.2. Test II: Influence of Location, Orientation, and At-
mospheric Conditions on Chloride Deposition. The aim of
this test was to analyze the influence of the distance from the
sample to the pollutant emitting source together with some
other atmospheric variables (temperature, precipitation,
wind, and relative humidity) and to consider the relative
position between the structure and prevailing wind direction
at each site.

The aim was to determine which wind speed thresholds
appear in chloride deposition and transportation under such
circumstances. In addition, the role of wind direction with
respect to precipitation was studied. All samples were dis-
tributed at different distances from the sea at the locations
shown in Figure 3, and the dry plate technique was
employed.

2.2.3. Test II: Influence of Precipitations and Wind on
Chloride Deposition. This third test studied the influence of
precipitation on pollutant deposition and the role of pre-
cipitation in the presence and absence of wind.

The results obtained by the two different techniques were
compared: the wet candle technique and its new version.
Thus, one method involved total exposure to atmospheric
variables and the other was isolated from the wind. The
samples were collected at different points in the region. The
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FiGure 4: Distribution of all three tests and their locations over
time.

final sample distributions at different test points are shown
in Figure 3. The experimental sites include one-, two-, or
three-sample techniques.

The time planning for the three tests is presented in
Figure 4. The combinations of the different tests and loca-
tions are indicated by the colors of the bar and outline. It can
be observed how some locations participated in Tests I and
I1, others only in Test II, and the third selection of locations
in Tests II and III, based on climatological conditions and
availability.

Table 1 summarizes the methods, locations, and study
periods for each of the three tests.

2.3. Statistical Analysis. Data obtained from the experi-
mental tests were statistically analyzed using SPSS 22.0
software. Student’s t-test for independent samples was used
to assess whether there were significant statistical differences
between the means at a confidence level of p <0.05.

3. Results and Discussion
3.1. Results of Meteorological Characterization

3.1.1. Precipitations. Figure 5(a) shows the accumulated
precipitation for each location during the study period,
represented by vertical bars. As test I was performed over
two different periods. In Figure 5, location 1 was divided into
laand 1b, referring to these two study periods. At location 1,
hardly any rainfall occurred during the first test interval (1a).
In the second test interval (1b) at the same location, the
rainfall increased considerably. For the rest of the locations,
similar results were observed, with abundant precipitation,
except for one specific location (number 8).

Figure 5(b) presents the distribution of precipitation
data over time. Each line represents the location. Although
the number of lines is large and visualization may be dif-
ficult, it is clearly observed that the weather was rather dry at
the beginning, with a large amount of rainfall at the end for
all sites.
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TaBLE 1: Summary of the different techniques, locations, and study periods involved in the three tests.
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FIGURE 5: (a) Cumulative rainfall during the study periods at each location. (b) Distribution of rainfall by location over time.

3.1.2. Relative Humidity and Temperature. As stated in the
literature, both relative humidity [33, 34] and temperature
[35] may be parameters influencing atmospheric corrosion.
Nevertheless, the average relative humidity during the
sampling period and the average temperature at each lo-
cation did not vary sufficiently during that period to be
considered influential.

3.1.3. Wind Speed. Wind analysis is more complex because,
in addition to wind speed, wind gusts and direction are also
important [36-38]. Some authors agree that the influence of
wind speed becomes clearer above a certain threshold;
however, there is no single reference value [39, 40]. At none
of the locations were very high wind speeds recorded;
however, it is true that the closer to the sea, the higher the
average wind speeds.

However, the maximum wind gusts measured during the
study period showed winds of up to 12 m/s at some points
along the coast. In the central areas and farther away from
the coast, the highest measured speeds did not exceed 6 m/s.

3.1.4. Wind Direction. Finally, in addition to wind speed,
wind direction plays a relevant role. Analyzing the prevailing
winds at a given location can help identify the most dan-
gerous areas [41]. To study the possibility of relating monthly
wind directions to annual wind directions, predominant
wind directions over the study period were compared to
wind directions considering annual data (year 2020). After
analyzing this parameter, the results provided relevant
conclusions from several perspectives (Figure 6). First, when

comparing the prevailing winds of the study period in the
year 2021 (green arrow), it was observed that they remained
perfectly consistent with the prevailing directions obtained
during the same period in the previous year (yellow arrow),
as no yellow arrows could be seen. However, the prevailing
directions for a specific period do not necessarily correspond
with the annual directions (blue arrow).

Another important factor was the sensitivity of the
prevailing wind direction at each point. As stated above and
as many authors agree [39, 40, 42], there are minimum wind
speeds (threshold speeds) for the transport of pollutants over
long distances. Below this threshold, the wind is not suffi-
ciently strong. However, determining this threshold is
complex. For the same study period, considering a certain
minimum wind speed condition, the results of the pre-
dominant wind direction may also change. Prior to these
calculations of the predominant directions, the results are
filtered so that only values greater than a certain threshold
speed (3m/s (red arrow) and 2m/s (orange arrow)) are
considered, and the directions may vary. The values of the
predominant directions could be changed only by varying
the threshold velocity by 1 m/s, which shows the complexity
of this parameter.

3.2. Results of Experimental Studies

3.2.1. Test I. The results of the localized test are presented in
Figure 7. The upper part of the figure shows the chloride
deposition results during the first time interval (left) and the
second time interval (right). Below, the wind rose during
each study period is included. The blue dots represent the



FIGURE 6: Prevailing wind directions at

north-facing samples (facing the sea) and the orange dots
represent the south-facing samples (not facing the sea). In
addition, the triangular shape represents the height of the
samples; where the triangles with the tip upward, the
samples are at the highest altitude.

Analyzing all this together, we observe the first period
with a predominantly north-easterly wind of marine origin.
The windward samples showed higher depositions at both
heights, and the difference from the south-facing samples
was very clear. In contrast, during the second study period,
the prevailing winds were from the SW, and although the
capacity of the wind to transport particles was approximately
the same in both periods (similar wind speeds and fre-
quencies), the final result was not similar. Therefore, the
origin of the wind (marine or nonmarine) was the most
important and relevant difference between the two studies.

Other studies have analyzed the importance of the
orientation of the structure for pollutant deposition [41] but
not whether the wind comes from an emitting source or
from another direction.

Comparing the differences in pollutant deposition be-
tween the north and south faces during the first study period,
a highly significant difference was observed (p < 0.00028). In
contrast, if the same comparison was made during the
second study period, no significant difference (p >0.16) in
the deposition of marine pollutants was observed between
the samples that received more wind but had a nonmarine
origin and those with little exposure to the wind but whose
wind came from the sea.

The clearest differences were observed when compari-
sons were made between the two study periods. In the
samples exposed to the north and, therefore, directly ex-
posed to the sea, there was a large difference (p <4.11 E™*)
between the two periods.

If the wind energies were compared as proposed by
Meira et al. [39] to detect if they were equivalent, it was
observed that the energy of pollutant transport was
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practically the same, as the difference was not very signif-
icant (p > 0.1), but the deposition results again showed clear
differences (p < 0.03).

However, this is undoubtedly not the only influential
factor. In the analysis of the precipitation results mentioned
above (Figure 6), during the first study period, the accu-
mulated precipitation was up to four times lower than that in
the second period, where, although it did not rain exces-
sively, it did rain much more than in the previous period.
Thus, the chloride ions were not in the air ready to be
transported but on the surface.

Comparing the results, even if there was a difference in
precipitation between periods, which decreased the pollut-
ant content of the atmosphere [35], there was no difference
in deposition (p < 0.03); therefore, the relationship between
wind orientation and origin was the most relevant factor.

This could confirm two points:

(1) In addition to the importance of the relative position
between the orientation of the prevailing wind and
the structure, the origin of these wind gusts is also
important because if the wind is very strong but does
not come from the sea but from inland, it may bring
tfewer chloride ions.

(ii) The role of the wind cannot be understood as an
isolated variable, and precipitation (periodicity,
quantity, etc.) seems to be important too, not so
much for its action as a transport mechanism but for
its interaction with the environment, cleaning the
structures or reducing the chloride content in the
atmosphere, Wash-out effect [43].

Finally, regarding this first test, when comparing the
results of the deposition differences relative to elevation, as
proposed in [44, 45], we agreed that for this case study, at a
distance of only 4m as in the present situation, no clear
differences (p>0.31) were observed between the two
scenarios.



Advances in Civil Engineering

250

A
A
200 v
>
<
S
= v
£ 150 -
=]
S
2
£ 100 -
Q
-l
-
8
5
50 -
0

S mm
Orientation Height (m)
BN v 3
S A 12
()

250
200 A
>~
<
2
(o]
£
£ 150 -
o
2
2
£ 100 -
L
=
R
5
50 4 ’
0
I 1
‘/ <9
:«_J
Orientation Height (m)
BN v 8
S A 12
(b)

FIGURE 7: Results of the localized tests: first study period (a). Second study period (b).
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FIGURE 8: Results of test II, representation of deposition at each study location.

3.2.2. Test II. Figure 8 presents a summary of the results from
Test II. The size of the circle indicates the amount of sea salt
deposited. The values obtained as a function of geographical
location were logical. The closer to the coast, the higher the
deposition [44, 46, 47]. In agreement with other studies, the
deposited salt concentration decreased as it moved away from
the ocean [48, 49] when there were no additional sources to

replace these losses. However, there was a southern point that
stood out owing to its value in addition to its remoteness from
the sea. It should be noted that other less influential sources can
generate chloride, e.g., biomass combustion [50], coal burning
[35], or industrial fumes [51].

It would be interesting to analyze these data by con-
sidering the orientation of each sample at each site
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(Figure 9). All 11 locations were identified by both their
color and equal distance to the sea. The results from test I
(location 1) are also included in the graphic to gain a
perspective. Thus, it is clear that the chloride content gen-
erally decreases as the distance increases. However, as each
arrow indicates, there were significant differences between
the orientations.

Relevant results were obtained when the values obtained
during the second test were analyzed. First, it can be ob-
served that chloride depositions are generally lower than
those in test I, even considering the distance, probably
because it was a period of much more rainfall than the
previous one. This is in agreement with what Binyehmed
et al. [35] found after analyzing the results of their exper-
imental studies, which corroborated the increased chloride
deposition rate in dry seasons compared to that in wet
seasons. Besides, it can be observed that results can differ
significantly depending on the orientation and origin of the
wind, as demonstrated in test I. These differences in de-
position became more remarkable with increasing proximity
to the coast. More specifically, all the samples exposed to sea
wind (coming from the north) had higher depositions than
those from the other directions (p <0.01), although these
depositions progressively decreased in all cases as they
moved away from the coast. Certainly, as the distance to the
sea increased, the sensitivity of the orientation decreased.

3.2.3. Test III. The results of the final experiment are pre-
sented in Figure 10. This figure shows the deposition values
versus distance from the shore. Each location is represented
by a color; therefore, samples of the same color were sub-
jected to the same meteorological conditions during the
study period. However, the shape of the figure indicates the
sampling techniques it represents.

The values obtained using the standard wet candle
method were significantly higher than those of the modified
counterpart (p <0.01). These are the same study and me-
teorological conditions, except for the fact that the wet
candle method is exposed to the wind and the covered
candle method is not. Thus, the important role played by this
variable is once again reflected, as stated in [36, 38], among
other reports. It is risky to simplify the relationship between
pollutant deposition and distance to the sea because the
effectiveness of transportation or the existence of alternative
sources may be important, as the results of location 5
demonstrated. The effect of blocking conditions on the final
deposition result was studied in [41, 52, 53] but referred to as
land cover.

The main source of these chloride ions is the ocean [41].
However, the distance to the ocean does not reflect exclu-
sively the efficiency of chloride transport or the rate at which
it falls or precipitates, among other effects; therefore, its
parameterization varies from place to place [54]. Thus, this
alternative technique may be used in cases such as those here
studied, in which precipitation but no wind is present.

Atmospheric corrosion is a complex electrochemical
process that involves many factors and variables [55]. The
degradation suffered by the structures due to the action of
chloride ions is clear [43, 56, 57] and it could be directly
related to the protectiveness of the rust layers [58].

Therefore, to ensure sufficiently safe and useful life con-
ditions, studying climatic variables, such as those proposed
herein, can help identify potential damages [59]. The efficiency
and complexity of airborne transportation are crucial for such
processes [60]. In addition, it may be applicable and relevant to
other important contaminants [61, 62].

4. Conclusions

Atmospheric corrosion in coastal environments has serious
economic and environmental consequences owing to the
degradation of structures, which forces the implementation
of measures that have an impact on solution sustainability.
SHM systems based on satellite information are an inter-
esting alternative for monitoring remote locations. Studying
and analyzing the most vulnerable zones of a structure prior
to applying an SHM method may reduce the monitoring and
modeling time and cost. This investigation focused on
studying the deposition process of chloride contaminants as
the most relevant factor for corrosion in coastal environ-
ments. Traditional approaches estimate chloride content
only after direct measurement or by distance to the sea.
Direct measurement is affected by the limitations of the
current methods, which do not consider the effect of rainfall
and relating it exclusively to distance to the sea involves
serious errors. The results of the performed experimental
tests based on meteorological sensor data, both localized and
distributed, supported these ideas and allowed drawing the
following main conclusions:

(i) The relative position between the orientation of the
structure and the prevailing wind direction is a very
important factor.

(ii) In addition to prevailing winds, it is of the utmost
importance to consider the origin of that wind
because when it comes from nonmarine areas, the
transport and, therefore, the deposition of marine
pollutants will be much lower.

(iii) Neither temperature nor relative humidity shows
sufficiently large variations in the period and place
of study to clarify its role in this phenomenon,
although it is not possible to rule out their
involvement.

(iv) The role of precipitation is also important, not only
because it produces a washing effect and cleans the
surfaces of contaminants, but also because, even
when it does not act directly on the surface, it can
reduce the chloride content in the environment,
thus avoiding its transport and deposition by the
wind. Precipitation periodicity is an important
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variable. However, one of the main limitations
observed during the tests was the difficulty in
forecasting precipitation.

(v) The new covered candle deposition measurement
method can separate the contributions made by the
wind from those made by rain, which allows
modeling the phenomenon in a much deeper way.
Even with the new method, there are many limi-
tations in the use of real data, as it lacks repre-
sentativeness for having been collected over short
periods of time.

(vi) The experimental test results show with sufficient
statistical significance that the areas potentially most
susceptible to corrosion can be identified using
information from remote sensing satellites based on
orientation, wind conditions, and wind origin.

In future research, it is proposed to quantify numerically
the values of wind power or energy for each orientation and
location studied. Thus, it will be possible to obtain the
minimum wind threshold for the case study.

It is necessary to develop models that consider the
orientation, velocity, and percentage distribution of the wind
source to make a deposition model. With all these condi-
tions, a model can be built that provides, without needing
sensors, an accurate estimation of the corrosion at a given
location. This can be used both for the diagnosis of existing
structures and for the optimized design of new structures.
This better prediction will improve the estimation of cor-
rosion of structures exposed to weathering and, eventually,
enable an optimization of structural design from the eco-
nomic and environmental sustainability point of view.
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