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ABSTRACT

The development of probabilistic corrosion hazard maps for reinforced conerete in-
frastructure exposed to airborne chlorides in coastal regions is addressed in the
present work, with special attention to bridges. The methodology developed in this
study consists of three steps. Initially, spatial distribution, construction year and
main features of the existing infrastructure are examined together with the general
characteristics of the study area. The second step deals with the elaboration of rel-
evant environmental data, including direction and height of sea waves, sea salinity,
temperature, relative humidity, rainfall, speed and direction of wind, and chloride
deposition rates. Corrosion hazard maps are obtained next, wherein the corrosion
current density is selected as intensity measure. Particularly, they are elaborated
for an assigned probability of exceedance given exposure time window and concrete
mixture. The presented methodology is applied to develop probabilistic corrosion
hazard maps for reinforced concrete bridges exposed to marine atmosphere at Oahu
Island (Hawaii, United States). For this case-study, it is also discussed the corre-
lation between the actual condition rating of the existing concrete bridges and the
estimated corrosion hazard levels.
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1. Introduction

Corrosion is one of the major problems to be addressed towards the proper elaboration
and implementation of risk analysis and reduction plans for the built environment. In
this context, handling with corrosion phenomena in bridges management policies is
especially complicated. To figure out the economic dimension of the existing challenges
in this field, it is worth recalling a 2001 report of the Federal Highway Administration
(Koch et al., 2001) that has estimated an annual direct cost of corrosion for United
States highway bridges equal to 8.3 billion USD (including replacement and mainte-
nance), while a life-cycle analysis has quantified an annual indirect cost to the users
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due to traffic delays and lost productivity equal to ten times such value. Further-
more, a recent analysis (ASCE, 2021) regarding the infrastructure in United States
has highlighted that 42% of about 617,000 bridges is older than 50 years, and 7.5%
of them were classified as structurally deficient. Expenses for bridges in United States
were considered inadequate in such analysis, and a required funding for rehabilitation
projects equal to 125 billion USD was estimated. It is evident that corrosion is more
than a economic concern for bridges management since it can even lead to collapse,
possibly in combination with other factors, as demonstrated by recent failures (e.g.,
Invernizzi et al., 2022; Nuti et al., 2020; Poston & West, 2005). As far as concrete
bridges are concerned, carbonation and chloride ingress are among the most common
causes that can trigger corrosion of steel reinforcement. The influence of bridges corro-
sion on the seismic reliability, risk and resilience of transportation networks has been
studied by Kurtz et al. (2016), Zanini et al. (2017) and Alipour and Shafei (2016),
respectively. Saler et al. (2023) has proposed a procedure to prioritize retrofit inter-
ventions on stocks of bridges taking into account seismic vulnerability and corrosion.
Recent works by Kashani et al. (2019), Vereecken et al. (2021) and Franceschini et al.
(2022) provide a comprehensive overview about corrosion effects in reinforced concrete
bridges and pre-stressed/post-tensioned concrete bridges.

Chloride ingress in concrete is usually deemed the most severe cause of corrosion for
concrete bridges (e.g., Alipour et al., 2013; Cady & Weyers, 1992; Frangopol et al.,
1997; Pelle et al., 2022, 2023; Vu & Stewart, 2000). This deterioration phenomenon
is especially relevant for coastal areas, where concrete structures can be continuously
subjected to a variety of environmental conditions (viz., tidal, splash and atmospheric
zones) that can promote the chloride-induced corrosion of the reinforcement. It should
be pointed out that chloride-induced atmospheric corrosion is not the most severe
condition for concrete structures in coastal areas (e.g., Bourreau et al., 2020), but it
is potentially relevant for a larger number of infrastructure.

The generation of airborne sea salt (i.e., marine aerosol) is a rather complex phe-
nomenon. Briefly, marine aerosol is a cloud of microscopic particles of salt in the
air that comes from sea spray formed from breaking surf and ocean whitecaps. The
amount of chloride that can be generated at the origin thus depends on sea waves
characteristics (Alecantara et al., 2015, 2017) and the concentration of chloride ion
dissolved in seawater. On average, sea salinity (i.e., total of all non-carbonate salts
dissolved in water) is about 35 g/l in the world’s oceans, and the chloride ion concen-
tration is about 19 g/l. However, chloride ion concentration near the coast may vary
in time and/or space, for example, because of freshwater outflow, storm drainage, or
exploitation of freshwater streams for industrial and domestic uses. The rate at which
chloride accumulates on the surfaces in the coastal areas can result significantly altered
at sites close to freshwater streams (Guerra et al., 2019). The generated particles of
salt are then transported by winds proceeding from sea, and their accumulation into
land at large scale commonly depends on shoreline distance (Feliu et al., 1999) and
weather conditions (i.e., wind and rainfall) at the site (Corvo et al., 2005; Pham et
al., 2019). Marine aerosol particles are usually classified by size, but there is not a
general consensus about the dimension thresholds. Ambler and Bain (1955) classified
the aerosol particles as “falling particles” and “buoyant particles” if their diameter is
larger or smaller than 10 pm, respectively. Particles size determines how long airborne
sea salt penetrates: while larger particles are more affected by gravitational settlement,
small-sized aerosols can cover long distances inland. Some attempts have been made
in the past years to model sea salt transport and deposition in marine atmosphere
zones (Cole et al., 2003; Meira et al., 2008).



The potential socio-economic impact of corrosion for bridges exposed to marine
atmosphere can be inferred from a recent statistical survey based on almost 20.000
coastal United States bridges by Alogdianakis et al. (2020), who demonstrated that
their condition may be affected negatively by sea chlorides at coastal distances up to
2-3 km inland (this evidence emerges from the analysis of bridges in the east coast,
and the distance reduces to 1 km for those regions in which deicing salts are also in
use). Therefore, the development of corrosion hazard maps for coastal regions can be
an important tool for the optimal allocation and prioritization of the resources needed
for bridge risk analysis and mitigation through in-situ surveys, structural monitoring,
maintenance and retrofitting interventions. According to the United Nations Disaster
Relief Organization, hazard mapping can be generally defined as the process of es-
tablishing geographically where and to what extent particular phenomenon is likely
to pose a threat to people, property, infrastructure and/or economic activities. Corro-
sion hazard maps can be also employed to support risk management under cascading
effects due to other natural hazards that can oceur in coastal regions, such as earth-
quakes (Schexnayder et al., 2014), floods (Qeshta et al., 2019), hurricanes (Padgett
et al., 2012), storm surges (Ataei & Padgett, 2015; Contento et al., 2020), tsunami
(Fakhruddin et al., 2021; Karafagka et al., 2018), or some combinations thereof (Goda
et al., 2021; Ishibashi et al., 2020; Reis et al., 2022; Snaiki et al., 2020).

Territorial studies about the corrosion hazard have been performed for steel struc-
tures in South Korea (Kim et al., 2011), Australia and Vietnam (Cole et al., 2012),
Thailand (Pongsaksawad et al., 2021), and India (Das & Sarkar, 2021). Corrosion rate
(Cole et al., 2012; Kim et al., 2011; Pongsaksawad et al., 2021) and/or corrosivity
class (Das & Sarkar, 2021) according to ISO 9223:2012 (ISO, 2012) for steel have been
mapped in these researches. Stewart et al. (2011) examined the durability of concrete
structures under carbonation- or chloride-induced corrosion for some cities in Australia
by accounting for the climate change. Similarly, De Larrard et al. (2014) investigated
the durability of concrete structures subjected to carbonation-induced corrosion for
some cities in France by taking into account the influence of global warming. Corrosion
initiation time (De Larrard et al., 2014; Stewart et al., 2011) and corrosion damage
time corresponding to a crack width equal to 1 mm (Stewart et al., 2011) for concrete
structures located in different cities have been considered in these researches.

Within this framework, the novel contribution of the present paper is a rational
and comprehensive methodology towards the development of probabilistic corrosion
hazard maps at regional scale for reinforced concrete infrastructure exposed to ma-
rine atmosphere in coastal areas. The implemented approach mainly consists of three
phases. Spatial distribution, construction year and typology of the reinforced concrete
structures exposed to corrosive agents are first examined. Next, relevant environmen-
tal data are elaborated. The probabilistic corrosion hazard maps are obtained later on:
they provide the spatial distribution of the selected corrosion intensity measure for an
assigned probability of exceedance given the exposure time window and the concrete
mixture. After a general outline of the proposed procedure in Section 2, the method-
ology is thoroughly presented from Section 3 to Section 5 along with its application to
the selected case-study, namely Oahu Island (Hawaii, United States). It is believed that
this can facilitate its logical presentation and, ultimately, is useful for better explain-
ing the various steps as well as the underlying assumptions and motivations. Section
6 includes a sensitivity analysis and a critical discussion about the possible correla-
tion between the estimated corrosion hazard levels and the actual condition rating of
the existing concrete bridges over the study area. Although the development of prob-
abilistic corrosion hazard maps is illustrated with reference to a specific case-study,



the implemented methodology has a broad validity and can be adapted to assess the
chloride-induced corrosion hazard for general reinforced concrete structures located in
other coastal regions. Some conclusive remarks about the proposed approach and its
implementation to other study areas are provided in Section 7.

2. Outline of the methodology for mapping the corrosion hazard

The general aim of the present contribution is framed in the context of the
performance-based engineering. In a broad sense, it is “based on the premise that per-
formance can be predicted and evaluated with confidence in order to make, together
with the client, intelligent and informed tradeoffs based on life-cycle considerations
rather than construction costs alone” (Lee & Billington, 2009). Performance-based en-
gineering rests on a methodology that consists of four steps, namely hazard analysis,
structural analysis, damage analysis, and loss analysis (Lee & Billington, 2009). The
entire procedure must be conducted in a probabilistic manner, such that the inherent
variability and the involved uncertainties can be properly incorporated. This concept
has been implemented in the past years to cope with the assessment of structures ex-
posed to different natural hazards, such seismic hazard (e.g., Bertero & Bertero, 2002;
Giinay & Mosalam, 2013; Porter, 2003) and wind hazard (e.g., Ciampoli et al., 2011;
Griffis et al., 2013; Spence & Arunachalam, 2022). The extension of the performance-
based engineering framework to durability issues related to corrosion phenomena in
reinforced concrete structures is thus explored in the present work, with focus on
hazard analysis.

In this regard, the development of chloride-induced probabilistic corrosion hazard
maps for reinforced concrete bridges in coastal regions exposed to marine atmosphere
is here addressed. The general workflow implemented for this task encompasses three
main steps.

e Initially, data mining stage is focused on the characteristics of the study area.
The collection of data about the geometry and the orography of the study area is
needed to reconstruct next the spatial variation of some environmental variables.
The potential impact of the corrosion on the targeted infrastructure stock (e.g.,
bridges) within the study area should be also discussed by examining relevant
data. Construction type, number, position with respect to the shoreline, age,
construction system and building materials are useful information to infer the
relevance of corrosion phenomena due to the exposure to marine atmosphere.
Plans for extending the lifetime of existing structures are also important since
they can urge the elaboration of corrosion hazard scenarios and can dictate the
selection of the time window. Critical facilities mapping also helps to improve
communications among participants in the hazard management process and be-
tween planners and decision-makers.

e The second step is concerned with the analysis of the exposure conditions in
the study area. This requires the collection and analysis of environmental data
pertinent to chloride-induced corrosion phenomena due to marine aerosol, such
as direction and height of sea waves, sea salinity, temperature, humidity, rain-
fall, speed and direction of wind, and chloride deposition rate. Corrosion hazard
mapping calls for the estimation of the spatial variation of several environmental
variables. A data-driven approach can be implemented if enough data are avail-
able, while a physics-based model must be adopted otherwise. The analysis of
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Figure 1. Workflow of the proposed methodology for the development of chloride-induced probabilistic cor-
rosion hazard maps for reinforced concrete structures in coastal regions exposed to marine atmosphere.

the exposure conditions is also important for a comprehensive understanding of
the environment influence on the corrosion hazard (Alcdntara et al., 2015).

e Chloride-induced corrosion hazard maps are then elaborated in the last stage.
To this end, the intensity measure that serves at quantifying the hazard must
be specified. The selected intensity measure is thus evaluated over the study
area taking into account the involved uncertainties. Therefore, once the time
window and the probability of exceedance are assigned, corrosion hazard maps
are elaborated also accounting for the concrete mixture.

The workflow of the proposed methodology for mapping the corrosion hazard at re-
gional scale due to the exposure to marine atmosphere is shown in Figure 1. As far
as the spatial reconstruction of the exposure conditions is concerned, a data-driven
approach is here intended as a way to estimate the spatial distribution of the field
variable starting from a discrete set of data without direct modeling of the under-
lying phenomenon. In general, this can be done by means of deterministic methods
(e.g., nearest neighbours, inverse distance weighting) or geostatistical methods (e.g.,
kriging, cokriging) (Li & Heap, 2008). Alternatively, a model-based approach can be
adopted. Differently from a data-driven approach, the spatial distribution of the field
variable in such case is obtained from a suitable physics-based model able to simulate
the underlying phenomenon. In most applications, a large amount of temperature and
humidity data is often available, and thus a data-driven approach can be adopted to
estimate their variability over the considered study area. Conversely, a data-driven
approach can be implemented to estimate the spatial reconstruction of the chloride
accumulation inland in some cases only, because no or limited measurements are avail-
able most of the time. In such circumstances, a physics-based model can be adopted
starting from a few common data (e.g., sparse measurements of the chloride deposi-
tion rate at the shore or indirect estimates based on empirical relationships with the
sea wave height, together with data about wind speed and direction). All the steps
involved in the proposed methodology will be thoroughly discussed henceforth along
the application to the selected case-study.



3. Study area and infrastructure stock

The selected case-study is Qahu Island, which is the third-largest of the Hawaiian
Islands in United States. Oahu Island is about 71 km long and 48 km across, while its
area and shoreline length are about 1,545 km? and 365 km, respectively. The study
area is shown in Figure 2, where the geodata employed for plotting the coastline are
retrieved from the State of Hawaii’s Open Data' web portal. Elevation contours with
a constant step equal to 152.4 m are also superimposed to the island map in Figure 2.
Geodata for plotting the elevation contours are retrieved from the Hawaii Statewide
GIS Program? website.

In the present work, special attention is paid on the chloride-induced corrosion
hazard for bridges located within the study area. In this regard, Figure 2 also provides
an overview about spatial distribution and construction year of reinforced concrete,
pre-stressed /post-tensioned concrete bridges and steel bridges (bridges age in Figure 2
are calculated with respect to 2022). Position, construction type and year built are
retrieved once again from the State of Hawaii’s Open Data web portal, which refers
to the National Bridge Inventory for Hawaii (as of December, 2020).

Overall, bridges data in Figure 2 motivate the elaboration of chloride-induced cor-
rosion hazard maps for the selected study area. In fact, since the largest part of the
major transportation network develops along the island border, several bridges are
rather close to the shoreline, which can facilitate the deposition of a significant amount
of sea chlorides on their surfaces. More precisely, since most of the bridges are placed
at a coast distance less than 3 km, this implies that the condition of most existing
bridges may depend on the exposure to sea chlorides according to the macroscopic
statistical study by Alogdianakis et al. (2020). Moreover, it can be inferred from Fig-
ure 2 that most of the bridges are more than 50-years old. The impact of chloride-
induced corrosion is especially relevant for concrete bridges (i.e., reinforced concrete
and pre-stressed/post-tensioned concrete bridges) because they are many more than
steel bridges, as shown in Figure 2. Hence, it seems appropriate to pay attention on
the chloride-induced corrosion hazard for the concrete bridges within the study area.
Particularly, the average age for concrete bridges in Oahu Island (referred to 2020) is
about 58 years, in line with the Hawaii’s average bridges age equal to 60 years and
larger than the nation’s average bridges age equal to 43 years (ASCE, 2019). Since it
is generally recognized that corrosion initiation for concrete structures lasts from 15 to
30 years while corrosion effects start to be visible between 25 and 40 years after con-
struction (Nuti et al., 2020), concrete bridges in the study area are likely experiencing
or may experience in the short/mid-term the effects due to corrosion. It is noted that
most bridges in Hawaii’s inventory were typically designed for a 50-year service life
(ASCE, 2019).

The elaboration of corrosion hazard scenarios might be also a useful support for
ongoing bridges management policy in the study area. In fact, with the large number of
old bridges in Hawaii, state and counties implement repairs and rehabilitation to try to
extend the service life of bridges as much as possible because replacement projects are
expensive (e.g., the estimated unit cost for bridge replacement is 7,255-8,471 USD /m?)
and usually challenging (ASCE, 2019).

"'Webpage: https://opendata.hawaii.gov/.
2Webpage: https://geoportal.havaii.gov/.



' [ ] " Lesls than 50-years olld
. reinforced concrete bridge
’ ~ More than 50-years old
" reinforced concrete bridge
21.65 Less than 60-years old I
& pre-stressed / post-tensioned
conerete bridge
210 More than 50-years old
. pre-stressed /post-tensioned
concrete bridge
21,55 |- 4
i Less than 50-years old
= steel bridge
@
E I  More than 50-years old
= " steel bridge
3
21.45
214+
21.35
213
21256 |- 1 L L L ] L =
-158.2 -158.1 -158 -157.9 -157.8 -157.7
Longitude [*]
(a)
L 40 Pre-stressed/ post-tensioned & Steel bridges
50 50 concrete bridges 50
8 4 i)
0 E‘ 40 2 40
8 2
8 30 ‘g 30 330
: 3 g
R 520 520
z 2 z
10+ 10 10
0 0 0 P T
1900 1935 1970 2000 1940 1960 1980 2000 1940 1960 1980 2000
Construction year Construction year Construction year

(b) (c) (d)

Figure 2. Map of the study area with number, location and age of existing bridges (a), together with con-
struction year of reinforced concrete bridges (b), pre-stressed/post-tensioned concrete bridges (¢) and steel
bridges (d).



4. Exposure conditions

4.1. Sea waves and salinity

Figure 3 reports data about sea waves and salinity. These data are collected from the
Pacific Island Ocean Observing System?. For some representative buoys, Figure 3 pro-
vides data about wave height (i.e., vertical distance of a sea surface wave from trough
to crest, in terms of significant wave height) and peak wave direction (i.e., direction
in which the dominant, or peak, sea surface waves are traveling from). Selected buoys
measure waves 1.6-6 km offshore and are moored in water 35-291 m deep. Data about
sea waves refer to 1-year period starting from April, 2020. Sea salinity data are elab-
orated considering all the three buoys for which the information is available. Selected
buoys measure salinity 0.3-1.6 km offshore and are moored in water 0.3-9 m deep.
Salinity data in Fig. 3 approximately cover the period 2008-2011. Indeed, an almost
complete set of simultaneous salinity measurements is available for all the buoys be-
tween 2008 and 2011 whereas no data is available before 2008 and a significant amount
of data is missing for at least one buoy as of 2012.

It can be inferred from Figure 3 that the significant wave height values at Ohau
Island mostly range between 1 m and 4 m on the easter and northern coast. Here, the
wave height varies seasonally with the intensity of the trade winds. Northwest shores
are exposed to relatively larger swells from storms in the western north Pacific. The
largest values of the significant wave height are observed in the north shore, where it
is sometimes larger than 5 m. South shores receive smaller swells from southern hemi-
sphere storms, and the significant wave heights are mostly between 1 m and 3 m. The
minimum and maximum average significant wave heights recorded at the buoys shown
in Figure 3 are equal to 0.85 m (buoy at the Pearl Harbor Entrance) and 1.68 m (buoy
at the Kane‘ohe Bay), respectively. These wave height values can possibly produce a
non negligible accumulation of chlorides inland according to previous measurements
in Spain (Alcdntara et al., 2015; Feliu et al., 2001).

It can be observed from Figure 3 that sea salinity near the coast can be subjected
to spatial and/or temporal fluctuations. Sea salinity at Ala Wai buoy is slightly lower
than that recorded at the two other buoys. Therein, the median value of the sea salinity
is lower than 35 PSU while larger median values have been found for the other two
buoys. In this regard, it is useful to recall that salinity values below 35 PSU near
the coast may be due to fresh water outflow and storm drainage. In the present case,
this may be due to the Ala Wai Canal, which drains the watershed encompassing
Manoa and Palolo Valleys and empties into the ocean close to such buoy. Anyway, it
is evident that such variations of the sea salinity can somehow affect the distribution of
the chloride deposition rates inland, since they influence the amount of salt generated
by breaking waves.

4.2. Wind, temperature, relative humidity and rainfall

Data about wind speed and direction recorded at some representative stations are
plotted in Figure 4 whereas some wind maps for the study area are given in Figure 5.
Wind roses and maps in Figure 4 and Figure 5 are elaborated on average daily values.
Wind data for this study are retrieved from the RAWS USA Climate Archive* and the

FWebpage: https://waw.pacioos.hawaii.edu/.
4Webpage: https://raws.dri.edu/.
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National Oceanic and Atmospheric Administration®. They span over one year, that
is 2020. The elaboration of daily wind maps in Figure 5 rests on data collected from
16 wind stations scattered throughout the island. The altitude of the selected wind
stations ranges between 1.52 m and 722.38 m. The daily average wind velocity field
is estimated by nonlinear spatial interpolation on the basis of the wind data retrieved
from the available stations. The orography of the island is thus implicitly considered in
the interpolation, and the maps in Figure 5 ultimately provide daily average wind speed
and direction close to the ground. The wind velocity field is evaluated by vector analysis
in order to obtain the averaged wind properties for each day of the year according to
the approach illustrated by Grange (2014). Scattered wind data throughout the island
are interporlated by means of biharmonic spline.

Trade winds blowing from east to west are the most common winds, as it can
be inferred from Figure 4 and Figure 5. Therefore, considering the prevailing wind
conditions, the east coast is windward while the west coast is leeward. While trade
winds prevail more than 90% of the time in the summer and sometimes persisting for
almost an entire month, they may occur only 40% to 60% of the time in the winter.
Sometimes, the wind blows over the island from south-west (this is also known as Kona
wind), as it can be observed in Figure 5. However, Kona winds usually don’t last for
more than a day. The maximum values of the wind speed are frequently recorded in

5Webpage: https://www.noaa.gov/,
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Figure 5. Some daily wind maps obtained by means of spatial interpolation of the data collected from the
available stations.

the northern part of the east coast, as shown in Figure 4. Here, the average annual
wind speed is around 6 m/s, whereas it mostly ranges between 1 m/s and 3 m/s
in the remaining zones of the island. Overall, the wind pattern is thus expected to
promote the chloride accumulation inland mainly on east and west sides of the island.
A deeper penetration inland is reasonably expected in the northern part of the east
coast because of the higher wind speed that blows in such zone of the island.

According to ANSI/ASHRAE Standard 169 (ANSI/ASHRAE, 2013), climate at
Hawaii Islands is very hot and humid (climate zone 1A). The maps about surface
temperature and relative humidity in the study area are part of 2014 Climate of
Hawaii project (Giambelluca et al., 2014). Rainfall data are reported by Giambelluca
et al. (2013). Average annual values of surface temperature, relative humidity and
rainfall are mapped into Figure 6.

High and low values of temperature and humidity occur in different areas of the
island. Highest temperatures are found along the shoreline, where average values close
to 28 °C are observed. Herein, the humidity rate is minimum, about 70%. The opposite
holds true when moving away from the coast. Inland average temperature and humidity
rate values reach approximately 16 °C and 85%, respectively. It is evident that the
spatial distributions of temperature and humidity conflict each other in ruling the
corrosion hazard level for concrete structures at territorial scale, since it amplifies
when both temperature and humidity increase.

Rainfall distribution is highly asymmetric in both time and space. Amounts are
greatest on windward and least on leeward. Leeward zones and other dry areas obtain
their rainfall mainly from a few winter storms. Here, rainfall is usually seasonal and
summers are dry. In the wetter regions, rainfall comes from both winter storms and

11
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trade wind showers, and seasonal differences are much smaller. Hence, rainfall are less
frequent on leeward and more regularly distributed over the year on windward. This
implies that the rainfall distribution conflicts with the pattern of the inland chloride
deposition promoted by the prevailing wind regime. In fact, while inland penetration
of chlorides is facilitated on windward, the small seasonal differences of the rainfall
distribution in this zone is more effective in reducing the amount of chlorides that
can deposit on the structures. Conversely, a reduced inland penetration of chlorides
is expected on leeward, but the low level of occasional rainfall in this zone facilitates
their accumulation.

The potential effects of climate change on chloride-induced corrosion hazard for
coastal areas should be also discussed. Some studies by Bastidas-Arteaga et al. (2010)
and X. Wang et al. (2012) suggest that this effect may be rather low. Particularly,
X. Wang et al. (2012) found that chloride-induced corrosion is less sensitive to global
warming than carbonation-induced corrosion, and relate the low impact to the fact
that temperature rise near the coast (i.e., where airborne chloride accumulates easily)
is expected to be less marked than that occurring inland (i.e., where airborne chloride
concentration is low or null). Bastidas-Arteaga et al. (2013) also pointed out that
global warming has more influence where humidity and temperature are subjected to
large seasonal variations. This condition, however, does not apply for the study area
since temperature and humidity do not exhibit large seasonal fluctuations throughout
the vear. Considering the available findings, the effect of climate change will be not
taken into account in the elaboration of the hazard maps, but this issue certainly
deserves ad hoc investigations in future works.

4.3. Chloride deposition rate

Chloride deposition rates employed for the considered study area are taken from the
technical report by Suzuki and Robertson (2011), in which data for 126 testing sites
are provided. The map of the chloride deposition rates for all testing sites is illustrated
in Figure 7.

The spatial distribution of the chloride deposition rates reported by Suzuki
and Robertson (2011) is highly variable, with a maximum value equal to 347.54
mg/m?/day while mean and standard deviation are equal to 38.92 mg/m?/day and
56.37 mg/m?/day, respectively. While the chloride deposition rate at mid-large scale
basically depends on shoreline distance and environmental conditions, local factors

12
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can influence its value at small scale (such as the terrain topography and the obstacles
due to constructions or trees), not to mention possible measurement errors and un-
certainties. It is evident from Figure 7 a general inverse relationship between chloride
deposition rate and the shoreline distance. Null or almost zero values of the chloride
deposition rate occur in the central part of the island whereas the largest chloride de-
position rates are recorded close to the shoreline. High values of the chloride deposition
rate occur in the areas close to the windward shoreline, especially in the southeast,
and they appear consistent with the prevailing winds (see Figure 4 and Figure 5). Rel-
atively smaller values of the chloride deposition rate occur along the leeward shoreline,
and they are mainly attributable to Kona wind (see Figure 5).

It is useful pointing out that some empirical relationships have been proposed to es-
timate the chloride accumulation at the shoreline given the wave motion characteristics
near the coast (e.g. Alcantara et al., 2015; Feliu et al., 2001). These relationships are
especially useful for mapping the chloride accumulation inland by means of physics-
based models that depend on the deposition rate at the shore (e.g., Meira et al.,
2008). Their general form is the following:

SuzaHb—l—CfOI' H 2 Hupin, (1)

where Sy is the deposition rate at the shoreline and H is a parameter related to the sea
wave height whereas H,, is its minimum value. Moreover, a, b and ¢ are regression
coefficients. For instance, Feliu et al. (2001) proposed two nonlinear regression models
where H is the average sea wave height or its squared value for ¢ = 0. Alcantara et
al. (2015) adopted a linear regression model (b = 1) where H is the average spectral
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sea wave height. Considering the average significant sea wave height equal to 1.68 m
at the buoy in Kane‘ohe Bay (which is the highest average value recorded among the
buoys in Figure 3), the linear regression provided by Alcdntara et al. (2015) can be
applied by using such value in place of the average spectral sea wave height. In fact,
significant and spectral sea wave height are almost equivalent in this case since deep
water condition holds (e.g. Vandever et al., 2008), being the depth larger than one-
twentieth the wavelength. So doing, a predicted value of the chloride deposition rate
on the coast equal to 89.64 mg/m?/day is obtained, which fairly well agrees with the
values of 60.73-112.01 mg/m?/day recorded at the nearest pertinent testing sites close
to the shoreline.

5. Hazard mapping

5.1. Corrosion intensity measure

The definition of the intensity measure plays an important role in hazard assessment.
In the present work, the corrosion current density i at the reinforcement level is se-
lected as intensity measure to map the chloride-induced corrosion hazard for reinforced
concrete structures exposed to marine atmosphere. In general, alternative corrosion
intensity measures can be selected, also depending on the intended application of the
corrosion hazard map and accounting for a cost-benefit analysis (Rakotovao Ravaha-
tra et al., 2020). However, the use of the corrosion current density is widespread in
the long-term assessment of existing structures under chloride ingress (e.g., Chen &
Mahadevan, 2008; Choe et al., 2008; Guo et al., 2023; Hajkova et al., 2018; Imperatore
et al., 2016; Shekhar et al., 2018; Val, 2007; Vu & Stewart, 2000; Zanini et al., 2020). In
fact, by virtue of the Faraday’s law of electrochemical equivalence, the pit penetration
rate p in case of chloride-induced pitting corrosion can be readily estimated as follows
(e.g., Hajkova et al., 2018):

p = U'UllﬁR'é!’_‘U'!'T"! (2)

where R is the so-called pitting factor. Once a suitable geometrical model is assumed
for the pit (e.g., Val, 2007), the corrosion current density iy in Equation (2) thus
allows to estimate the steel reinforcement area demand attributable to pitting corro-
sion.

In order to estimate the corrosion current density, it is presumed that chloride
ingress in concrete can be simulated as diffusion process. Under the assumption of a
one-dimensional transport process, thus the Fick’ second law of diffusion applies:

oc o 0
% =% °%C): (3)

where C' is the chloride concentration at distance x into the diffusion zone after an
exposure time ¢ and D is the diffusion coefficient. Although Fick’ second law is widely
used to model chloride ingress in the analysis of reinforced concrete structures exposed
to airborne chlorides (e.g., Akiyama et al., 2010; Costa & Appleton, 1999; Mustafa &
Yusof, 1994; Qu et al., 2021), it should be considered as a phenomenological tool for
the estimation of the chloride profile rather than an accurate mathematical model of
the physical phenomenon.
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The diffusion coefficient is influenced by several concurrent factors. In the present
work, it is evaluated in agreement with the study by Papakonstantinou and Shinozuka
(2013), where the diffusion coefficient mainly depends on concrete age (e.g., Luping
& Nilsson, 1992; Maage et al., 1996; Pack et al., 2010; Thomas & Bamforth, 1999;
Yang et al., 2018). Additionally, it is also considered the influence of existing cracks.
Therefore, the diffusion coefficient D is calculated as follows:

D= Dreffr-(t)fﬁ((s)a (4)

where D, is the constant reference diffusion coefficient. The parameter f;(t) is the
corrective factor of the chloride diffusion coefficient that takes into account the concrete
age. The corrective factor f5(d) accounts for the effects of existing cracks having width
equal to 4.

If the age of concrete initially exposed to chloride is equal to the reference age t,ef,
then the concrete age is t' = t + tef, and the following relationship is employed for
fi(t) (e.g., Luping & Gulikers, 2007; Maage et al., 1996; Yang et al., 2018):

) = (2 ) 6)

t -+ trcf

where n is the so-called aging factor. Cracks occur unavoidably in most reinforced con-
crete structures. Experimental evidence show that cracking has modest influence on
chloride penetration provided that the maximum crack width is about 0.1 mm (Zhang
et al., 2011), whereas larger values dramatically accelerate such process. Chloride pen-
etration into cracked concrete is a complex mechanism, which can deviate significantly
from a pure diffusion process in case of very large crack widths. However, if the crack
width is not excessive (as it is expected under ordinary serviceability conditions),
then chloride ingress into cracked concrete can be still approximated as diffusion pro-
cess. This simplifying hypothesis has been largely adopted into previous experimental
studies, which derived accordingly some suitable corrective factors for the reference
chloride diffusion coefficient to account for the effects of cracking (e.g.., Kwon et al..
2009; Park et al., 2012; Zhang et al., 2011). These corrective factors usually depend
on the crack width only (Kwon et al., 2009), even though the crack density is also
expected to play a role in this regard. In the present work, the relationship proposed
by Zhang et al. (2011) is employed for fs5(d):

f5(6) = max{1,47.186% — 8.186 + 1}, (6)

which is valid for 4 in [mm] and up to a maximum crack width equal to 0.476 mm.
Equation (3) is solved under the assumption of initial chloride concentration in
concrete equal to Cjp and a boundary chloride concentration Cj (i.e., chloride con-
centration at the boundary of the diffusive zone) that varies in time according to a
square-root law as Cy = Cyy + kv/t, where Cyp and k are two constants. Under these
assumptions and setting D = D,c¢f5(d), the semi-analytical solution of Eq. (3) is (Yang
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et al., 2018):
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Several alternative models are available in the existing literature in order to estimate
the corrosion current density Z..». The existing proposals can be broadly classified into
model-based and data-driven formulations (e.g., Y. Wang et al., 2020; Xia et al., 2022).
A critical review has been also presented by Otieno et al. (2011). On the one hand,
model-based formulations have a clear electrochemical basis. On the other hand, data-
driven formulations are carried out from data through statistical approaches. Hybrid
approaches can also be adopted to derive semi-empirical formulations. Model-based
and data-driven formulations have their own pros and cons. However, it has been
pointed out (e.g., Y. Wang et al., 2020) that data-driven models are nowadays most
common for the quantification of the steel corrosion in concrete structures. Recently, a
statistical comparative assessment among some alternative empirical models has been
performed by Lu et al. (2019) using available experimental data. This set of empirical
models also includes a new formulation developed by the same authors, which turned
out to be the most accurate among the examined proposals. Such empirical model
proposed by Lu et al. (2019) is thus implemented in the present study to estimate
ieorr in [A/cm?]. It reads:

teorr = Yteorr (f'cm'-r)e Torm (RH) i

1.234+0.618InC, — =224 ___5.10=3p 9)
where C, is the chloride content at depth of reinforcement in [kg/m?], T'is the temper-
ature in [K], RH is the relative humidity and ¢.,,, is the duration of the corrosion rate
in [year]. The parameter p is the ohmic resistivity of the concrete in [kQcm]. The factors
9t....(tcorr) and gpy(RH) in Equation (9) are defined as g;,.. (teorr) = 1/¥/T+ teorr
and gry(RH) = 2.5+ RH, respectively.

5.2. Spatial reconstruction of the environmental variables

The elaboration of the corrosion hazard maps requires the numerical values over the
study area of the enviromental variables related to exposure conditions involved in
Equations (7)-(8) and Equation (9).
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Since temperature and relative humidity do not exhibit large seasonal fluctuations
throughout the year, average annual values reported in Sub-section 4.2 (see Figure 6)
are considered in Equation (9) for estimating the corrosion current density given the
chloride concentration in concrete. The boundary chloride condition needed for esti-
mating the chloride concentration in concrete from Equations (7)-(8) is defined ac-
cording to Meira et al. (2010) based on the chloride deposition rate. This is available
as set of discrete values as shown in Sub-section 4.3 (see Figure 7), and thus there is
the need of mapping the spatial distribution of the chloride deposition rate over the
whole study area. A data-driven approach is primary adopted in the present work for
reconstructing the spatial distribution of the chloride deposition rate given the good
spatial coverage of the data reported by Suzuki and Robertson (2011) as shown in
Figure 7, but a model-based approach is also implemented for comparison.

The adopted data-driven approach to estimate the spatial variation of the chlo-
ride deposition rate is a well-established geostatistical method, namely the ordinary
kriging (Cressie, 1990; Li & Heap, 2008). In doing so, the available discrete set of
chloride deposition rate values in Figure 7 is considered after outlines removal. Krig-
ing model selection and hyperparameters tuning are performed through leave-one-out
cross-validation (e.g., Martin & Simpson, 2003). The model-based approach herein
implemented relies on the work by Meira et al. (2008). This is a 1D model that aims
at simulating the sea-salt transport and deposition in marine atmosphere zones. Ac-
cordingly, the chloride deposition rate S in [mg/m?/day] at a certain distance d from
the shoreline is calculated as follows:

Yde o
§=Sseans 21 (10)

where v is the wind speed, vqepo is the deposition velocity at the shoreline, o is a
coefficient that rules the reduction of the deposition velocity as function of the shoreline
distance and h is the height of the considered layer. The model-based reconstruction
of the chloride deposition rate for this case-study by means of Equation (10) is likely
most biased when average annual wind data are considered. In fact, the analysis of the
wind data has demonstrated that, even though there is a prevailing wind condition
in the island, the seasonal variation is very large, and the predominant wind pattern
can also be reversed in some days as shown in Sub-section 4.2 (see Figure 5). Hence,
it is herein proposed an alternative implementation that relies on average daily wind
data shown in Sub-section 4.2 (see Figure 4 and Figure 5). In particular, daily wind
data are grouped for sectors of the wind direction, assuming a constant sector width
equal to 30°. Then, Equation (10) is applied to each sector, assuming v as the average
wind speed for the considered sector and d as the distance from the shoreline along the
average wind direction for the considered sector. The deposition rate at the shoreline
Sp is assumed constant and equal to the maximum value among the data in Sub-
section 4.3 (Figure 7) recorded close to the coast (after outlines removal). The chloride
deposition rate S is finally computed as weighted average of the results obtained from
all the sectors, where the weights represent the relative frequency of the daily wind
data for the considered sector.

5.3. Concrete data and uncertainty quantification

As regards the initial condition and the concrete mixture needed for estimating the
chloride concentration in concrete from Equation (3), they are defined in agreement
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with Meira et al. (2010) in order to ensure the consistency with all other parameters
employed for the analysis. Particularly, the two considered concrete mixtures are those
for which Meira et al. (2010) have derived the experimental data adopted in the
present study to correlate the chloride deposition rate and the boundary chloride
concentration. One considered mixture has cement content and water-to-cement ratio
equal to 406 kg/m® and 0.50, respectively. Cement content and water-to-cement ratio
for the second mixture are 320 kg/m> and 0.65, respectively. It is noted that this
second mixture is far from being representative of concrete bridges, and it is taken into
account only to examine the influence of concrete composition on corrosion hazard. The
age of concrete initially exposed to chloride is assumed equal to 28 days. The depth
of the diffusion zone up to the reinforcement level is assumed as random variable.
According to Dizaj et al. (2021), it is modeled as Normal random variable with mean
and coefficient of variation equal to 25 mm and 0.205, respectively (in the present
work, it is truncated between 15 mm and 45 mm). Following Koneény and Lehner
(2017), erack width is assumed as Normal random variable with mean and coefficient
of variation equal to 0.3 mm and 0.17 (in the present work, an upper bound equal
to 0.4 mm is considered to comply with the range of validity for Eq. 6). The mean
value of the aging factor is assumed equal to 0.275 as estimated by Andrade et al.
(2011) for concrete mixtures similar to those considered in the present analysis. Based
on the study by X. Wang et al. (2012), the aging factor is modeled as a Normal
random variable with a coefficient of variation equal to 0.15 (in the present work, it is
truncated between 0.04 and 0.65). The diffusion coefficient at reference conditions is
considered as uncertain variable. In agreement with the work by Shafei et al. (2012).
the mean value of the diffusion coefficient at reference conditions D, in [em?/year] is
calculated as log D,of = —3.9(w/c)? +7.2(w/c) — 2.5, where w/c is the water-to-cement
ratio. Following Zhu et al. (2019), the diffusion coefficient at reference conditions is
assumed as Lognormal random variable with coefficient of variation equal to 0.20.
Ohmic resistivity and corrosion current density are also assumed as uncertain variables.
Ohmic resistivity is modeled as Lognormal random variable with coefficient of variation
equal to 0.12 (Papakonstantinou & Shinozuka, 2013). Random samples of the corrosion
current density are also generated according to a Lognormal random variable, with
a coefficient of variation equal to 0.34 (Papakonstantinou & Shinozuka, 2013). It is
understood that all probabilistic models adopted for the uncertain variables are time-
independent.

5.4. Probabilistic corrosion hazard maps

The probabilistic corrosion hazard maps here proposed are meant at providing the
spatial distribution of the corrosion intensity measure (i.e., corrosion current density)
having a given probability of exceedance within an assigned exposure time window for
a specific concrete mixture. The following maps are elaborated using standard Monte
Carlo simulations considering a probability of exceedance equal to 2% for exposure
periods equal to 50 and 100 years (as a term of comparison, it is pointed out that
seismic hazard maps of the United States Geological Survey for Hawaii are available
with probabilities of exceedance of 10% and 2% in 50 years). A summary of the vari-
ables adopted to elaborate the probabilistic corrosion hazard maps is provided in the
Appendix. Figure 8 illustrates the mesh adopted to plot the probabilistic corrosion
hazard maps for the study area.

Figure 9 shows the probabilistic corrosion hazard maps in terms of corrosion current
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Figure 8. Adopted mesh for the spatial reconstruction of the hazard map.

density for an exposure time window equal to 50 years and 100 years. The maps in
Figure 9 are obtained by implementing the data-driven approach for estimating the
spatial distribution of the chloride deposition rate (i.e., ordinary kriging). These maps
refer to a concrete mixture with cement content and water-to-cement ratio equal to
406 kg/m? and 0.50, respectively.

The maximum value of the corrosion current density for an exposure time window
equal to 50 years and 100 years is about 0.45 pA/cm? and 0.70 pA /cm?, respectively.
For a critical analysis of the results in Figure 9, it is worth recalling that no or neg-
ligible corrosion is expected for a corrosion current density lower than 0.1 pA/cm?.
Conversely, corrosion current density values between 0.1 and 0.5 A /em? correspond
to low corrosion intensity, whereas values between 0.5 and 1.0 uA/em? correspond to
moderate corrosion intensity and values larger than 1.0 gA/cm? correspond to high
corrosion intensity (Somerville et al., 1995). For a probability of exceedance equal to
2%, it can be thus noted that a low corrosion hazard level is expected at most for an
exposure time window equal to 50 years, while a moderate corrosion hazard level is
expected at most for an exposure time window equal to at 100 years. The obtained
corrosion hazard maps seem consistent with the presented patterns of the relevant
environmental phenomena.

Figure 10 illustrates the absolute value of the difference between the corrosion cur-
rent density values reported into Figure 9 obtained by means of a data-driven spatial
reconstruction of the chloride deposition rate (i.e., ordinary kriging) and the corre-
sponding values estimated through a model-based approach (i.e., Eq. (10) proposed
by Meira et al. (2008)). The same concrete composition is assumed, and a probabil-
ity of exceedance equal to 2% over an exposure time window equal to 100 years is
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Figure 9. Probabilistic corrosion hazard maps in terms of corrosion current density for an exposure time
window equal to 50 years (a) and 100 years (b). The probability of exceedance is 2%, whereas cement content
and water-to-cement ratio are equal to 406 kgfm3 and 0.50, respectively (the data-driven approach is employed
to estimate the spatial distribution of the chloride deposition rate).
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Figure 10. Absolute value of the difference between the results reported in Figure 9 and those obtained
by implementing the model-based approach for evaluating the spatial distribution of the chloride deposition
rate, given an exposure time window equal to 100 years. The probability of exceedance is 2%, whereas cement
content and water-to-cement ratio are equal to 406 kg/ m? and 0.50, respectively.

considered. Figure 10 thus serves at quantifying the scattering about the estimates of
the corrosion current density due to the use of alternative approaches for the evalua-
tion of the spatial distribution of the chloride deposition rate. The relative difference
between the data-driven and the model-based approach for the spatial reconstruction
of the chloride deposition rate is less than 30% for about 60% of the nodes within
the mesh adopted to plot the maps. It can be inferred from Figure 10 that the data-
driven and the model-based approach for estimating the spatial distribution of the
chloride deposition rate lead to fairly similar predictions of the corrosion hazard in
most of the windward areas close to the shoreline (with the possible exception of some
narrow zones), and also in most part of the central area of the island, despite the
qualitative and quantitative differences between the two approaches. The maximum
difference between the two approaches is found on leeward. Here, the corrosion current
density values calculated by means of the data-driven prediction of the spatial distri-
bution of the chloride deposition rate are found larger than those estimated using the
model-based approach. The large difference on leeward between the two approaches is
attributable to the fact that the exposure conditions here deviates significantly from
the hypotheses underlying the model-based approach adopted for estimating the spa-
tial distribution of the chloride deposition rate. It should be also considered that the
data-driven approach is expected to be less accurate in reconstructing the chloride
deposition rate on leeward, given the low number of testing sites in this part of the
island.
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Figure 11. Distribution of the corrosion current density values estimated at the concrete bridge sites for
different exposure time windows and concrete mixtures given a probability of exceedance equal to 2%.

6. Sensitivity analysis and correlations

6.1. Sensitivity analysis for conerete mixture and diffusion zone
thickness

Figure 11 shows the distribution of the corrosion current density values estimated at
concrete bridge sites reported into Sub-section 4.1 (see Figure 2) for different exposure
time windows and concrete mixtures, given the probability of exceedance equal to 2%
(the data-driven approach is herein employed to estimate the spatial distribution of
the chloride deposition rate). The curves in Figure 11 highlight the role of the concrete
mixture in ruling the corrosion hazard level, since a low cement content and a large
water-to-cement ratio facilitates the corrosion of steel reinforcement. For instance,
Figure 11 shows that a moderate corrosion hazard level is predicted in about 3% of
the concrete bridge sites (i.e., almost 20 bridge sites) for an exposure time window
equal to 100 years considering cement content and water-to-cement ratio equal to 406
kg/m® and 0.50, respectively. If cement content and water-to-cement ratio are assumed
equal to 320 kg/m® and 0.65, respectively, then the concrete bridge sites that exhibit
a moderate corrosion hazard level grows up to about 8% (i.e., almost 50 bridge sites).

The influence of the diffusion zone thickness is investigated into Figure 12. A time
window equal to 100 years is assumed for this sensitivity analysis, and two mean values
of the diffusion zone thickness are considered (namely, 20 mm and 40 mm) while
neither the coefficient of variation nor probabilistic distribution have been changed
(the data-driven approach is employed once again to estimate the spatial distribution
of the chloride deposition rate). Figure 12 shows that the cumulative distribution of
the corrosion intensity measure at the concrete bridge sites for a cement content of
406 kg/m® and water-to-cement of 0.50 after 100 years is close to that estimated for a
cement content of 320 kg/m® and water-to-cement of 0.65 if the corresponding mean
values of the diffusion zone thickness are equal to 20 mm and 40 mm. respectively.
The comparison between Figure 12 and Figure 11 especially highlights the impact
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Figure 12. Distribution of the corrosion current density values estimated at the concrete bridge sites for dif-
ferent diffusion zone thicknesses and concrete mixtures given a probability of exceedance equal to 2% (exposure
time equal to 100 years).

of the diffusion zone thickness on the corrosion hazard level and, in turn, on bridges
management. While a moderate corrosion hazard level has been estimated in about
3% of the concrete bridge sites (i.e., almost 20 bridge sites) for a mean diffusion zone
thickness equal to 25 mm considering cement content and water-to-cement ratio equal
to 406 kg/m® and 0.50, respectively, it turns out to be always low (i.e., corrosion
current density less than 0.5 gA/cm? given a probability of exceedance equal to 2%
and an exposure time of 100 years) if the mean diffusion zone thickness is increased
up to 40 mm.

6.2. Correlation between corrosion hazard and actual bridges condition
rating

Finally, it is worthy examining how the estimated corrosion hazard correlates with
actual bridges condition reported into the National Bridge Inventory for Hawaii (as
of December, 2020). The motivation for this correlation analysis is in line with the
aim of previous studies by Alogdianakis et al. (2020, 2022), who attempted to deduce
impact and existence of patterns between the actual bridges condition and some ex-
planatory variables (including geographical, geometrical, structural and environmental
parameters).

The present correlation analysis relies on the simplifying assumptions that corrosion
phenomena are mostly responsible for the bridges condition and the lack of previous
interventions on them. The corrosion current density is considered to quantify the
severity of the corrosion hazard while typical corrosion-induced deterioration phenom-
ena (i.e., section loss, deterioration, cracking, spalling) are taken into account to eval-
uate the bridges condition. With this premise, Figure 13 illustrates the distribution of
the corrosion current density values estimated at concrete bridges sites reported into
Sub-section 4.1 (see Figure 2) for a probability of exceedance equal to 50%, in such
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Figure 13. Median distribution of the corrosion current density values estimated at the concrete bridges
site (probability of exceedance equal to 50%, 58-years exposure time window), together with actual condition
rating.

a way to investigate the correlation between the corrosion levels and actual bridges
condition in terms of median value of the corrosion current density (the data-driven
approach is herein considered to estimate the spatial distribution of the chloride de-
position rate). Since most concrete bridges were built around 60-70ies, a constant
exposure time window equal to the average age of concrete bridges is assumed, which
is 58 years (referred to 2020). It is considered the concrete mixture with cement con-
tent and water-to-cement ratio equal to 406 kg/m? and 0.50, respectively, because this
composition should be more representative of the actual building material employed
in bridges construction than the other mixture considered in the present study. While
the study by Alogdianakis et al. (2020) over all United States bridges has required
the segmentation of bridges stock data, a much smaller study area is here analyzed,
and thus it is reasonable to take into account the entire bridges stock without a pre-
liminary disaggregation. In light of the motivations of the present analysis as well as
the uncertainty level, such simplifications and approximations are deemed acceptable
to understand whether a correlation exists between the corrosion levels estimated at
large scale and the actual bridges condition. In this sense, Figure 13 also shows the
actual condition rating for bridge components and sub-assemblies as per the National
Bridge Inventory for Hawaii.

According to the present analysis, the corrosion hazard level is null (i.e., corrosion
current density less than 0.1 pA /em?) or low (i.e., corrosion current density between
0.1 pA/em? and 0.5 pA/em?) at the bridges site. This seems in agreement with the
actual rating since the number of bridges ranked with serious conditions (i.e., serious
loss of section, deterioration or spalling) is almost null and there are no bridges ranked
with critical condition (i.e., advanced deterioration) or imminent failure condition. In
detail, about 67% of the decks are ranked with poor conditions (i.e., section loss, dete-
rioration or spalling), fair conditions (i.e., minor section loss, cracking or spalling), and
satisfactory conditions (i.e., minor deterioration). This evidence seems in satisfactory
agreement with the low corrosion level predicted by the present analysis for about
63% of the bridges site. Furthermore, about 33% of the decks are ranked with good,
very good or excellent conditions (i.e., minor general problems or none). This evidence
fairly well matches with the null corrosion level predicted by the present analysis for

24



about 37% of the bridges site. A similar correlation can be found if the condition
rating of bridge superstructures and substructures are considered. Therefore, despite
the inherent limitations and the rather large (aleatory and epistemic) uncertainties
involved this analysis, a significant correlation has been found, on average, between
the corrosion hazard levels and actual bridges condition.

7. Conclusions

Coastal areas are one of the most urbanized zones on the planet. To figure out their
relevance, it is useful to highlight that coastal shoreline counties in United States
occupy less than 10% of the whole land, but 39% of the whole population lived in as
per 2010, with a 2020 projected population density almost equal to 200 persons/km?
(excluding Alaska) (NOAA, 2013). Because of the large urbanization of the coastal
areas, suitable strategies must be thus implemented to quantify and mitigate the risk
at territorial scale in such zones.

Within this framework, the original contribution of the present paper deals with a
holistic probabilistic procedure to analyze and map the corrosion hazard at regional
scale for reinforced concrete infrastructure in coastal areas exposed to marine atmo-
sphere, with special attention to bridges. It is known that risk management requires
information about hazard, exposure, and vulnerability. In this perspective, probabilis-
tic corrosion hazard maps can be a valuable tool for assessing the risk of existing
reinforced concrete bridges at territorial scale in coastal regions, and they can be a
meaningful decision-making support for planning the interventions required to enhance
the resilience of transportation networks in such areas.

The proposed methodology has been applied to estimate the corrosion hazard for
reinforced concrete bridges at Oahu Island (Hawaii, United States). Herein, a possible
correlation has been found between the predicted corrosion hazard level and available
evidences about the actual bridge conditions. Particularly, the predicted current cor-
rosion hazard levels agree with the fair-to-good conditions observed for most of the
existing bridges. Considering the current trend of extending the infrastructure lifetime,
however, a non negligible number of bridges requires proper attention since they might
be subjected to a moderate corrosion hazard in the mid-long term.

It is too evident that the accuracy of the final corrosion hazard estimates depends
on the quality of all data and models needed for the simulations. In this regard,
the presented procedure can be further improved in such a way to incorporate new
data when available, for instance by means of Bayesian updating techniques. The
elaboration of different scenarios by taking into account alternative models is also of
utmost importance. This is helpful to recognize the influence of models and data on the
final hazard estimates. Ultimately, this would also allow to better reflect the existing
uncertainties about materials and environmental conditions.

Finally, it is pointed out that the implemented methodology can be adapted for the
probabilistic corrosion hazard assessment of reinforced concrete structures located in
other coastal regions. The main challenge is related to the availability of data. In fact,
data about sea waves, wind, temperature, humidity and rainfall are often available for
industrialized countries whereas those about chloride deposition rate are usually few.
A model-based approach can be adopted to predict the chloride deposition rate over
the considered study area when data are scarce or missing, possibly in combination
with corrective factors to account for the elements on the ground that can hinder or
facilitate the penetration of chlorides inland.
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Appendix

Table 1 provides a summary of the input variables adopted to elaborate the proba-
bilistic corrosion hazard maps.

Table 1. Overview of the input variables adopted to elaborate the probabilistic corrosion hazard maps.

Tariable Type Note Sources/References
e Spatial For model-based reconstruction of the RA“I,S FISA Cllmat.e HICBINE,
speed. and variable chloride deposition rate Hatignal Kosaai: and
direction ) p Atmospheric Administration
Average annual Spatial
surface 2R (Giambelluca et al., 2014)
variable
temperature
Ave}rage annual 2 7
relative bpf"tml (Giambelluca et al., 2014)
pi variable
humidity
S e o T o Sk e aberton, 2011
Chloride Spatial P ' y knging
deposition rate variable h-'Ioclel-ba,s:ad reconsjur.uct.lon of the (Meira et al., 2008)
chloride deposition rate
Cement content equal to 406 kg/m?,
water-to-cement ratio equal to 0.50
(reference mix)
h et Scal p 3
¢ on-:l:. i e Cement content equal to 320 kg/ m?, (Meira et al., 2010)
composition variable ]
water-to-cement ratio equal to 0.65
(for sensitivity analysis)
Normal random variable with mean
and coeflicient of variation equal to 25
. o mm and 0.205, respectively
Thickness of the
SN (truncated between 15 mm and 45
i Scalar mm, reference value)
up to the - A : (Dizaj et al., 2021)
: variable = ; ; ’
reinforcement Normal random variables with mean
level values equal to 20 mm or 40 mm and
coefficient of variation equal to 0.205
(truncated between 15 mm and 45
min, for sensitivity analysis)
Normal random variable with mean
Crack width Scalar and coefficient of variation equal to (Koneény & Lehner, 2017; Park
srack wict variable 0.3 mm and 0.17, respectively et al., 2012; Zhang et al., 2011)
(truncated up to 0.4 mm)
Normal random variable with mean
o Scalar and coefficient of variation equal to (Andrade et al., 2011; X. Wang
Aging factor A = ;
variable 0.275 and 0.15, respectively et al., 2012)
(truncated between 0.04 and 0.65)
Diffusion Lognormal random variable with
coefficient at Scalar empirical model-based calculation of (Shafei et al., 2012; Zhu et al.,
reference variable the mean value and coefficient of 2019)
conditions variation equal to 0.20
. . ) Lo.gr.lormal random variable v:nth . (Lu et al., 2019;
Corrosion Scalar empirical model-based calculation of Pilenstantisa teShinogiia
current density variable the mean and coefficient of variation P ; i Sl

equal to 0.34

2013)
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