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ARTICLE INFO ABSTRACT

Keywords: The built environment is already facing severe consequences related to climate change. Considering the dura-

Reinforced concrete structures bility of structures, the increase of carbon-dioxide (CO2) concentration and changes on temperature and relative

gor;oswn- humidity may accelerate carbonation-induced corrosion, thus affecting the service life of reinforced concrete
arbonation

structures. Several studies have assessed the potential effects of climate change on concrete carbonation for
specific locations, and this requires to convert climate databases, which come in various spatial resolutions, to
scales that are suitable for the purpose of the study. However, there is not a consistent methodology for using
climate projections databases at various spatial scales (e.g., city, district, region, country, etc.). Hence, the main
goal of this research is to propose an approach allowing for multi-region assessment of carbonation of reinforced
concrete structures, under changing climate. The proposed methodology is based on a carbonation model that
takes into account the effects of climate change over time. Moreover, procedures and recommendations are
provided to reduce errors in lifetime assessment, such as selection of climate change scenarios, choice of
simulation chains, and bias correction. The use of the proposed approach is illustrated by computing carbonation
depths for several places located in three districts in Portugal: Porto (north), Lisboa (Middle), and Faro (South).
The overall results allow to conclude that: (i) specific climate conditions inside a district, namely temperature
and relative humidity, modify the carbonation depths (e.g.: a variation of 19 % was obtained for the carbonation
depth in the district of Lisbon); (ii) bias-correction should be systematically carried out to avoid errors in the
assessments (for example, in the district of Faro, the time to initiate corrosion was over estimated by about 7
years without bias correction); and (iii) climate change could accelerate concrete carbonation of structures in the
different locations considered in Portugal (under the most pessimistic climate scenario, the time to corrosion
initiation was below 100 years for all locations).

CO,, concentration
Climate Change
Atmospheric Reanalysis

1. Introduction

As result of anthropic activities, COy concentration is largely
increasing at global scale, moving from about 315 ppm in Sixties up to
about 415 ppm registered in the last years in the Mauna Loa station. As
well known, the increase of atmospheric CO3 and other climate altering
gases induced an increase in global air temperature (about 1 °C
compared to the preindustrial era) [23], while the evolutions in atmo-
spheric humidity do not reveal clear trends, being heavily affected by
local conditions (sea distance, orography, urban environment). Climate
change is unequivocal, as clearly acknowledged by the United Nations
Intergovernmental Panel on Climate Change [23], and the built

environment is already facing severe consequences from these changes
[55,58,29,3].

Among the several investigated impacts, the forcing of global
warming (increase on carbon-dioxide concentration) and the resulting
changes on temperature and relative humidity under certain conditions
may accelerate carbonation-induced corrosion, thus affecting the dura-
bility and serviceability of reinforced concrete structures [60,9,28,53].

The precise extent of such impact is uncertain as the main environ-
mental drivers of carbonation-induced corrosion vary significantly from
place to place and over time. However, how to obtain reliable pro-
jections of such variables, with an appropriate resolution, over the next
100 years? Moreover, how do these spatial and temporal variabilities
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affect the carbonation mechanisms in reinforced concrete structures,
and reducing their service life? The answers to these questions are the
main levers of this research work.

Many research works have investigated to which extent the service
life of the reinforced concrete structures can be compromised in the
context of a changing climate. Stewart et al. [45] adopted a probabilistic
model to assess temporal and spatial variability of CO, concentrations
on carbonation of reinforced concrete structures. They concluded that
CO, concentration in urban environments was about 5 % to 10 % higher
than in rural environments; however, such increase had little influence
on the predicted carbonation depths (it is noted that a climate change
prediction of up to 450 ppm was considered for a service life up to 100
years). In a study carried out by Yoon et al. [60], it was concluded that
with increasing CO» concentrations, the progress of concrete carbon-
ation was faster for concretes with higher w/c ratios. The same
conclusion was corroborated by Farah et al. [16] and Ghanooni-Bagha
et al. [18]. Stewart et al. [46] predicted that by 2100, the damage due
carbonation would increase up to 400 % for inland and temperate cli-
mates in Australia. Talukdar et al. [50] conducted a study in Canada to
determine the influence of increasing temperature, duration of the hot
season and concentration of COy on the carbonation depth, obtaining
increments of 45 % when comparing the CO5 levels in year 2000 with
the strong increase expected not implementing mitigation strategies
(A1F1 scenario) by 2100. Talukdar and Banthia [49] analyzed the same
scenarios but in this case only considered the effect of varying temper-
ature at various locations, i.e., Mumbai, London, New York City, Sydney,
Toronto and Vancouver. They observed a large variation in the results,
obtaining increments of carbonation depths between 15 mm (27 %) and
35 mm (45 %). Saha and Eckelman [42] analysed carbonation in the
Boston metropolitan area considering increasing temperatures and CO5
concentrations. They observed an increment of the carbonation depths
of 40 % when comparing the two same scenarios. In Finland, Kolio et al.
[27] concluded that the durability properties according to Finnish
building codes were not enough to cope with future climate conditions.

In addition to temperature and CO, concentration, variable relative
humidity was introduced by Larrard et al. [28] in the assessment of
carbonation effects for different cities in France, under different climate
change scenarios. It was concluded that climate change and local rela-
tive humidity had a significant impact on the durability of reinforced
concrete structures. The variability of relative humidity was also
considered by Peng and Stewart [40] in a study about the carbonation
depths in China. They concluded increments of 45 % when compared the
CO4, levels in year 2000 and 2100 under an updated no mitigation sce-
nario (Representative Concentration Pathway, RCP8.5 scenario). Much
larger values were obtained by Chen et al [8] in three locations in China,
i.e., Qingdao, Harbin and Ningbo, when applying a new combined
carbonation model based on experimental results that includes variable
temperature, RH and CO, concentrations. The variation with time
assessed for these parameters is also considered by AL-Ameerietal [1] in
the London case, obtaining increments up to 88 % when compared
RCP8.5 scenario in 2100 in relation to the reference scenario of constant
CO4, levels of 400 ppm (comparable to the present value). In the most
vulnerable location, they estimated an increment of the carbonation
depth of 345 % under the RCP8.5 scenario in 2100 in relation to 2020.
Mizzi et al. [34] analysed the effect of using different concrete grades in
structures in Malta and compared the carbonation depths for the RCP2.6
(associated to the adoption of significant mitigation strategies at global
scale) and RCP8.5 scenarios between 2020 and 2070 with consideration
of increasing COy concentration and temperatures. The increment of
carbonation depths varied linearly from 18.5 mm to 9.3 mm associated
with concrete grades C15 to C45, respectively, and Ekolu [15]
concluded that the effect of carbonation was negligible for concrete with
strengths larger or equal than 40 MPa, whereas for lower quality con-
cretes, carbonation depth increase can reach 31 % by 2100 under
RCP8.5 compared to 2000. These conclusions were based on the appli-
cation of a natural carbonation prediction model that incorporates
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variable temperature and CO; concentrations in two cities of South Af-
rica, Johannesburg and Durban.

The above referred studies show that climate change will definitively
modify concrete carbonation patterns in the upcoming years. However,
it is noted that most works adopted a simplified approach for climate
projections. For instance, in some cases a time-invariant (constant) CO;
concentration is assumed (e.g.: [47]); in other cases, the CO, concen-
tration was assumed to increase linearly over the time span of 100 years
(e.g.: [17]), or a future CO2 concentration is assumed (e.g.: [45]).
Moreover, all reviewed works focused on modeling the potential impact
of climate change on carbonation-induced corrosion, rather than on the
method to obtain reliable projections over time of the main drivers of
such phenomenon, namely, atmospheric CO5 concentration, local tem-
perature and local relative humidity.

Currently, there is not a consistent and unified methodology to use
climate change projections when studying climate change at various
spatial scales (e.g., city, district, region, country, etc.), and this is of
utmost importance for accurate predictions of carbonation-induced
corrosion.

Within this context, the main goal of this research work is to provide
a consistent approach for multi-region reliable assessment of future
projections of climate forcing regulating the lifetime of concrete struc-
tures subjected to concrete carbonation.

In the proposed approach, climate projections will be performed
based on Global Climate Models (GCMs), which have usually horizontal
resolutions with a grid size of about 50-100 km. However, this resolu-
tion is not considered adequate in case of the estimation of climate
variability at the regional and/or local level [37]. In this case, down-
scaling is required to analyze the local consequences of the global
change. Downscaling can be performed by different methodologies but,
in the proposed approach, the adopted procedure relies on the exploi-
tation of Regional Climate Models (RCMs) obtained by dynamic down-
scaling, which have typically a horizontal resolution in the range of
10-25 km [56].

In spite of improved representation of atmospheric dynamics, data
provided from such simulation chains are affected by errors due to
spatial resolution, and prevent the adoption of raw outputs as forcing for
impact models. To cope with such biases and permitting the adoption of
the outputs of climate simulation chains as inputs to the impact models,
a statistical technique, usually known as bias correction, will be
adopted.

Hence, the proposed approach provides procedures and recommen-
dations to reduce errors in lifetime assessment: selection of climate
change scenarios, choice of simulation chains, and bias correction.
Furthermore, the approach is applied to a case study, which entails the
estimation of the carbonation depth of reinforced concrete structures in
three distinct regions in Portugal, based on historic climatic character-
istics and future climatic protections for such regions. It is noted that the
three different regions may be considered as representative of the
temperate climate in southern Europe.

In summary, the main novelties in this paper are:

e To provide a consistent approach for allowing to assess the regional

variability in atmospheric forcing induced variations in carbonation

depth, based on reliable climate projections over a period of 100

years;

To show the need to consider regional variability in the assessment of

the carbonation depth of reinforced concrete structures;

e To highlight the importance of using bias corrected climate data
instead of raw data;

e To determine the expected climatic trends for the future decades in
Portugal, and to show how they affect carbonation-induced corro-
sion of reinforced concrete structures in different locations.

Hence, the paper is organized as follows: the following section
(section 2) describes the approach for multi-regional climate
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projections; section 3 presents the process of carbonation-induced
corrosion, and the adopted model for the estimation of the carbon-
ation depth. The climate variables driving this deterioration process are
analyzed and discussed in section 4 in the present context of climate
change. The proposed approach is illustrated and discussed in section 5
to analyze the Portuguese case study. Finally, conclusions and further
work are drawn in section 6.

2. Approach for multi-region climate change assessment

Representative Concentration Pathways (RCPs) provide the expected
trends in Greenhouse Gases (GHG) concentration based on different
assumptions related to socio-economic, demographic, and technological
developments at global and regional scales. These are used as direct
forcing in climate models. Specifically, in the context of Coupled Model
Intercomparison Project 5 (CMIP5), four pathways are assumed as ref-
erences and named according to the expected consequent increase in
radiative forcing in the year 2100 relative to the pre-industrial era
(1765): +2.6, +4.5, +6.0 and + 8.5 W/m?. Then, RCP2.6 represents an
ambitious scenario in terms of climate mitigation policies (potentially,
the only one able to address the increase in global temperature lower
than 2 °C) while RCP8.5 is the worst-case scenario representing the 90th
percentile of no-policy baseline scenarios [57].

Forced by RCPs, Global Climate Models (GCMs) and/or the most
advanced and complex Earth System Models (ESMs with an explicit
representations of biogeochemical processes) permit the numerical
representation of the climate system in terms of physical, chemical, and
biological features and interactions. In recent decades, the considerable
progresses in climate modelling made possible by the increased
computing power permitted a much finer (up to 50-100 km) and better
representation of the global atmospheric dynamics [6,22]. However,
despite such improvements, these models are not adequate for assess-
ments at the local/regional level for which the features of the area
(distance from the sea, topography) play a key role (even with respect of
large-scale atmospheric circulation). Under such constraints, dynamical
downscaling by exploiting Regional Climate Models (RCMs) have been
widely adopted. RCMs are numerical climate models covering a limited
area at higher resolution (in the order of 10-25 km but with experiments
up to 1-2 km) and nested for the area of interest on the global model
from which they draw the boundary conditions. These allow a better
resolution of the orography and permit solving a substantial fraction of
the local atmospheric phenomena. A way to explore some of the main
sources of uncertainty [43,59] related to the imperfect knowledge of the
climate system (model uncertainty) and about the socio-economic and
technological developments (scenario uncertainty) is represented by the
adoption of multi-model ensembles (MME) defined as a set of simula-
tions from different models over a common domain with spatial reso-
lutions. They are usually considered “ensembles of opportunity” [52]
where the participation is related to the voluntary participation of the
different research institutions. In this regard, MMEs cannot sample the
uncertainties in systematic way and the spread of MME should be
viewed as “lower bound on response uncertainty” [39]. Despite the
substantial improvement in representation of regional atmospheric
patterns associated to the use of RCMs, biases of varying entities
depending on the area and the weather variables of interest, can hamper
the use of raw climate data as input for impact analysis. To overcome
this issue, different approaches, known as Bias Correction (BC) methods,
have been proposed in recent years [32,33]. They can be defined as “all
methods that calibrate an empirical transfer function between simulated
and observed distributional parameters and apply this transfer function
to output simulated by the considered model” [32].

Hence, the proposed approach aims at providing reliable databases
for comprehensive lifetime assessment of buildings and infrastructure
assets when considering their spatial distribution at different scales
(country, region, and sub-region). This approach will be applied to a
Portuguese case study, to assess the regional variability of concrete
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Table 1

Climate simulation chains considered for the study.
Driving GCM RCM Label
ICHEC-EC-EARTH SMHI-RCA4 (Sweden) ICHEC-RCA4
MPI-M-MPI-ESM-LR SMHI-RCA4 (Sweden) MPI-RCA4

carbonation under changing climate; however, it could be applied for
studying other deterioration processes and/or locations. It consists of
the following main steps:

e Define the scale of the analysis: the Portuguese case study considers
three main climate regions and several points (cities) in each region
(section 4).
Select the climate change scenarios: A multi-scenario analysis allows to
estimate the more optimistic and pessimistic assessment. In the
present paper three RCPs are considered: RCP2.6, RCP4.5 and
RCP8.5 that could be considered as optimistic, mid-way, and pessi-
mistic scenarios.
Define the simulation chains: This step allows to consider information
coming from several climate models. The spatial resolution of the
data is a key aspect to get reliable projections. Therefore, it is sug-
gested to consider downscaled data with a resolution close to 10 km
that could be able to retrieve the climate conditions for a local
context. Two climate simulation chains are selected herein among
those made available within the EURO-CORDEX initiative [10,25]
with a spatial resolution of 0.11° (Table 1). Of course, they cannot
provide comprehensive information about the spread associated to
the future trends of weather variables of interest over the selected
area, but they support the illustration of the proposed approach
providing first insights about how the findings could be influenced
by the climate simulation chains.

e Perform bias correction: Bias correction allows to refine the data
previously defined. The importance of this step will be illustrated in
the case study. The approach adopted for bias correction is Scaled
Distribution Mapping [48]; it is an explicitly trend-preserving
method. Monthly observed distribution is scaled by the variations
returned by the model between future and current reference distri-
butions and by the likelihood of the events. It requires defining a
priori a statistical distribution for the weather variable of interest (e.
g., Normal for temperature, Gamma for precipitation). Before
scaling, temperature values are detrended; after scaling, the bias
adjusted values are reordered and the trend is added again. Casa-
nueva et al. [7] displayed the good performances of the SDM
approach in preserving the trends returned by the original raw
climate simulation subject to bias correction for different indices and
variables considered (also not preserved by construction). In this
regard, it is intended that trend-preserving methods should be
preferred if there are no specific physical arguments justifying the
need for a modification [13].

3. Carbonation-induced corrosion

In presence of COs, the calcium-baring phases of concrete transform
into calcium carbonate, causing a decrease of concrete alkalinity.
Carbonation is measured in terms of the average distance from the
surface of the concrete affected by reduced alkalinity. When the so-
called carbonation-depth reaches the rebar level, the pH values below
the steel passivation threshold make steel vulnerable to corrosion. The
corrosion initiation stage, characterized by the carbonation penetration,
dominates the service life of reinforced concrete structures. Once that
the carbonation depth reaches the rebar level, the corrosion propagation
stage starts, leading to a rapid structural degradation. The rate of
carbonation depends on several variables: some external such as the
temperature, environmental humidity and CO; levels, other ones related
to the structural element such as the diffusion coefficient, cement
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Concrete carbonation models provide the evolution in time of the
carbonation depth x.(t) (in cm). Advanced numerical concrete carbon-
ation models are found in the literature [41,31]. Since this study focuses
on quality and regional variability of climate databases, we use the
concrete carbonation model described in this section that allows to
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Table 2
GHG emissions in different locations expressed in kton CO, equivalent [2].

Structures 45 (2022) 886-899

Vila Nova Gaia
(district of Porto)

Vila Franca Xira
(district of Lisbon)

Alcoutim
(district of Faro)

Sector 2015 2017 Diff 2015 2017 Diff 2015 2017 Diff
Industry & electricity 375 336 —39.7 1375 1361 -13.8 3 1 -1.7
Residential & Services 34 61 26.8 45 50 4.7 1 1 —0.1
Transports 601 626 25.8 275 289 13.8 2 2 -0.0
Waste 69 67 -1.4 139 121 —18.2 1 1 -0.1
Agriculture 3 3 0.0 33 32 -0.5 6 6 -0.3
Forest fires 0 5 4.3 - - - -
1082.7 1098.5 1.5% 1867.3 1853.3 -0.7 % 13.4 11.2 —16.6 %

where D; is the CO4 diffusion coefficient obtained at time ty = 1 year; ng
is the ageing factor for D;; Cco, is the mass concentration of COz in the
environment (1073 kg/m3); ny, is a factor to account for the exposure to
microclimatic wetting and drying cycles (n,, = 0 for sheltered outdoor
and n, = 0.12 for unsheltered outdoor); and a is estimated as
[14,46,60]:

Mco,

C,0

a=0.75C,C,Oay ()

where C, is the cement content (kg/mg); C,0 is the C,0 content in the
cement (~0.65); Mco, and Mc,o are respectively the molar masses of
CO5 (44 g/mol) and C,0 (56 g/mol); and ay is a degree of hydration that
could be estimated as a function of the water to cement ratio (w/c) [11]:

3

Stewart et al., [46] modified Equation (1) to account for the effects of
climate change as follows:

2k§‘il€Dl (t) o /f
a T

where kg is a factor that accounts for the potential increase of COy
concentration in urban or industrial areas; Co, (t) accounts for the time-
variant increase of CO; concertation for a given climate change scenario;
and fr(t) and fzu(t) are factors to account respectively for the effects of
time-variant temperature and relative humidity on the carbonation
process. The effect of a time-variant temperature (T(t) in K) is modelled
based on the Arrhenius law [14,60] for a reference temperature T.s =
20°C:

0 =eo(i |7~ 715 )

where E is the activation energy of the diffusion process (32 — 44.6 kJ/
mol for ordinary Portland cements [38] and R is the gas constant (8.314
x 1072 kJ/mol’K). The effects of temperature variations on fr are
illustrated in Fig. 1. It is noted that for several values of E the COy
diffusivity will increase for higher temperatures because fr multiplies
the CO, diffusion coefficient in Eq. (4) (Fig. 1a). Therefore, carbonation
rates will increase for higher temperatures. The effect is larger when E
increases.

The effect of a time-variant relative humidity, RH(t), is estimated
with respect to a reference relative humidity, RH,,s = 0.65, by using the
following equation [17,44,46]:

ay ~ 1 76—3.38»«»/6

% (0) (Ve (1) Ceo, (1)t (’70) )

(5)

0 If RH(t) < 0.25
Jin) =3 (1= RH( “
o (1) ﬂ Otherwise

1 — RH,

where f, and g, are parameters independent of exposure conditions and
were determined from curve fitting -i.e., f, = 2.5and g, = 5. In Fig. 1b
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is observer that larger carbonation rates could be expected when the
relative humidity is in the range [0.25, 0.65]. A decrease of the
carbonation rate is expected when the relative humidity is larger than
0.65. Therefore, climate change could increase/decrease carbonation
rates depending on future values for given scenarios and the initial
relative humidity.

4. Variables driven carbonation-induced corrosion and climate
change

4.1. Selected locations in Portugal

To assess the effects of the regional variability of climate parameters
in the estimation of the carbonation depth of reinforced concrete
structures, three different locations in Portugal were selected, as
described in the following paragraphs.

The climate in Portugal is greatly influenced by the latitude, by the
orography of the terrain and by the proximity to the Atlantic Ocean.
According to the Portuguese Institute of Sea and Atmosphere [24], in the
period 1961-90, the average annual temperature varied between 7 °C,
in the highlands of the northern and central interior regions, and about
18 °C, on the southern coast. Based on the same data, the average annual
precipitation had the highest value in northern coastal region and the
lowest value in the interior of the southern region.

For this study, three main areas were selected, as illustrated in Fig. 2,
with distinct climate characteristics: one in the northern area (Porto
district, Fig. 2b), one in the central part (Lisbon district, Fig. 2¢) and one
in the southern area of the country (Faro district, Fig. 2d).

For each district, different locations (grid points) were considered, as
indicated in Fig. 2b to 2d by the black stars. Hence, in the district of
Porto, 4 locations were considered: Matosinhos, P6voa do Varzim, Vila
Nova de Gaia and Amarante. In the district of Lisbon, 5 locations were
taken into account: Lisboa, Oeiras, Vila Franca de Xira, Azambuja and
Lourinha; and finally, in the district of Faro, 4 locations were considered:
Faro, Tunes, V.R.S. Antonio and Alcoutim. Moreover, in each district, a
reference location (reference grid point) was considered for comparison
with the other locations. The reference grid point in each district is
indicated by the character R next to the black star in Fig. 2b to 2d, and
those locations are Vila Nova de Gaia, Vila Franca de Xira and Alcoutim,
in the districts of Porto, Lisbon and Faro, respectively.

The three locations have also distinct characteristics in terms of main
economic activities and therefore, also in terms of respective emissions.
Hence, taking into account the emission of Green House Gases (GHG),
the emissions for the three reference grid points are provided in Table 2.
The main source of GHG emissions in Vila Nova de Gaia is the sector of
Transports, followed by the sector of Industry & electricity. In Vila
Franca de Xira, the main source of GHG is the sector Industry & elec-
tricity, followed by the sector of Transports. In Alcoutim, the main
source of GHG emissions is due to the sector of Agriculture. These
emissions show that the two former locations are mainly urban areas;
whereas, Alcoutim, is mainly a rural area. Therefore, different values of
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used to assess expected future changes.

ksie (Eq. (4)) are considered for each district to account for this speci-
ficity, as indicated in Table 2.

4.2. Historic and future climate conditions

The analysis of climatic conditions considers two different time
spans: historic/current period (1981-2020) and future periods since
1981 up to 2100. In both cases, the values provided in the following sub-
sections are relative to the reference grid point in each selected district
(see Fig. 2).

4.2.1. Data for the current period

For the present period, time series are provided by ERA5-land [35]
reanalysis with a spatial resolution of about 9 km (0.1°). In general
terms, a reanalysis “delivers a complete and consistent picture of the
past weather” (https://youtu.be/FAGobvUGI24) by exploiting a single
consistent numerical weather prediction model assimilating historical
observations provided by different sources (satellite, in situ, multiple
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variables) but not homogeneously distributed around the globe. While
weather prediction models use data assimilation only as initial condi-
tion, climate reanalysis can assimilate observations during the entire
period. In this regard, ERA5 [21,4] represents the fifth generation of
reanalysis developed by European Centre for Medium-Range Weather
Forecasts (ECMWF) with global coverage and a spatial resolution of
about 31 km; it covers the period since 1950 up to now with a latency of
5 days (outputs available at hourly scale). Compared to the previous
generation [12], it relies on a finer resolution (~31 vs ~80 km) and
substantial improvements in model physics, parametrization, Further-
more, in ERAS5 land, enhanced resolution reanalysis data are made
available over land by replaying the original land component of ERA5
with a version at the finer resolution of 9 km. ERAS5 land exploits at-
mospheric forcing (e.g., air temperature, air humidity and pressure)
from ERA5 atmospheric variables but accounting for the improved
representation of the orographic features (“lapse rate correction”).
Although the remarkable improvements in model physics and spatial
resolution, ERAS5 land should not be intended as a replacement of site-
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Fig. 4. Evolution of CO, concentration as monitored or assessed at global scale
(black line from 1765 to 2005); future scenarios under RCP2.6, RCP4.5 and
RCP8.5. Yearly values provided by Portuguese observation site (AZR) and
Valladolid (CIBA) are also provided.

specific weather station observations. However, it can provide area-
average data and an assessment of spatial variability whose reliability
is strictly related to the number and quality of observations that could be
assimilated on the area. It is worth recalling that ERA 5 land does not
adopt explicit parametrizations for urban environment; then, specific
dynamics (e.g. Urban Heat Island effect) could be not properly
reproduced.

In Fig. 3, mean monthly values of air temperature and relative hu-
midity over 1981-2020 for the three districts are reported. Specifically,
median value (continuous line), 10th and 90th percentiles (dashed lines)
are computed among all the grid points included in the three different
districts. Moreover, purple lines identify the reference grid points (R
with stars in Fig. 2).

For the three districts, the temperature patterns present the highest
values during the summer season (June-July-August, JJA) and the
lowest values during winter (December-January-February, DJF).
Consequently, relative humidity patterns display minimum values dur-
ing the Summer for the district of Porto, the median yearly value of
temperature is estimated about equal to 14 °C (13.7 °C). Within the
district (data not displayed), increasing temperature values can be
retrieved moving from internal areas to the coastal areas with a varia-
tion slightly larger than 3 °C between the “warmest” and the “coldest”
grid points. For what concerns relative humidity, at annual scale, the
median value is about equal to 0.76 while a weak increasing gradient is
recognized from internal areas to the coastal ones due to the influence of
the Atlantic Ocean (the difference between the “wettest” and the “driest”
grid points is about 0.03).

For what concerns the district of Lisbon, the median yearly value of
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air temperature is about 16 °C. Over the area, a clear decreasing trend
can be recognized moving from the internal, southernmost areas to the
coastal-northernmost ones (the difference, at annual scale, between the
warmest and coldest grid points is about 1.5 °C). In terms of relative
humidity, the median value is about 0.74 with increasing values moving
towards colder (North) and wetter (coastal) areas; in this case, the dif-
ference is about equal to 10 %. About the reference grid point for future
assessments, it is selected in the internal/southernmost areas which
justifies the returned trends.

Finally, for the district of Faro, the median yearly value of air tem-
perature slightly exceeds 17 °C. Over the area, higher values of tem-
perature are estimated in internal and southernmost areas (located on
the coast) while the lowest values are returned for the areas located on
Western coast (the spread between the warmest and coldest grid points
is about 1.7 °C). In terms of relative humidity, the median yearly value is
about 0.65 with clear increasing gradients moving from the internal to
the coastal areas. In this case, the reference grid point is positioned in the
internal/northernmost part of the investigated region. It justifies the
high values of temperatures and, at the same time, low relative humidity
values.

4.2.2. Data for future period and bias correction

The second set of analyses is aimed at providing assessments about
future trends of air temperature and relative humidity, using the
approach described in section 2.

The time series from the historic period (1981) to the end of the XXI
century are provided adopting a simulation chain widely consolidated in
the scientific literature. One of its key elements are Representative
Concentration Pathways (RCPs). The global trends in CO; for the his-
toric period as returned by global (up to 2005) monitoring networks and
for RCP-2.6, -4.5 and -8.5 scenarios up to 2100, as provided by Inte-
grated Assessment Models (IAMs) reported in Fig. 4. Furthermore,
yearly values provided by the reference Portuguese observation site
(1979-2020) located in Terceira Island (38.7660° N; 27.375° W), in
Azores, and by the observation site located nearest to the pilot areas in
Spain (2009-2020; Centro de Investigacion de la Baja Atmosfera;
41.8100° N; 4.93° West), are also provided in Fig. 4. For the National
observation sites, the years that were considered are only the ones
where, at least, 8 monthly values were provided.

Taking into account three RCPs (RCP2.6, RCP4.5 and RCP8.5) and
the two climate simulation chains indicated in Table 1, in the following
paragraphs, observed data is compared with raw and bias corrected
data. As already referred, the approach adopted for bias correction is
Scaled Distribution Mapping. Hence, in Fig. 5, for the Porto reference
grid point, the comparison between ERAS5 land data (assumed as refer-
ence), raw and bias corrected data for the two climate simulation chains

90 —
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month
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Fig. 5. For Porto reference grid point, comparison of monthly mean values between ERAS5 land (purple), ICHEC-EC-EARTH driven CSC raw (dashed thin blue) and
BC (dashed thick blue) and MPI-M-MPI-ESM-LR raw (continuous thin blue) and BC (continuous thick blue). Reference period 1981-2010.
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(CSCs) is displayed for temperature and relative humidity over the
period 1981-2010.

It is noted that the global climate models included in CMIP5 are
forced by using observed values of climate altering gases concentration
up to 2005. For the period 2006-2010, RCP8.5 is used as forcing.
Nevertheless, very slight differences can be retrieved among the three
scenarios in the first years (Fig. 6). The enhancement related to the
adoption of bias correction approach clearly arise; for ICHEC-RCA4, the
mean absolute error computes for the monthly values reduces from
about 1.7 °C to about 0.1 °C while, for MPI-RCAA4, bias adjusting permits
a reduction from about 1 °C to about 0.1 °C. The findings in terms of
relative humidity (%) are quite similar: the mean absolute error moves
from about 2 % (3.6 %) to about 0.1 % (0.3 %) for ICHEC-RCA4 (MPI-
RCA4). Similar results (data not displayed) are found for the other two
locations.

For Porto test case, Fig. 6 reports the anomalies returned by
comparing mean monthly temperature and relative humidity values for
the two CSCs (raw and after bias correction). The first element to stress is
the high capability of SDM method to preserve the trend evaluated by
raw models; satisfying results are found regardless of considered vari-
able, RCP or CSC. Moreover, in terms of temperature anomalies, an in-
crease is expected under all the RCPs; nonetheless, it results main
function of the RCP severity.

Considering bias-adjusted values, for ICHEC-RCA4, the mean yearly
temperature anomaly is about 0.8 °C (maximum 1.5 °C in July), 1.6 °C
(maximum 2.4 °C in July) and about 3 °C (maximum 4 °C in June)
respectively under RCP-2.6, —4.5 and —8.5 scenarios. On the other side,
for MPI-RCA4, the mean increase does not exceed 0.5 °C (maximum 1.1°
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in February) under RCP2.6; 1.2 °C (max 1.8 °C in November) under
RCP4.5 and 2.6 °C (maximum 3.3 °C in August) for RCP8.5. For what
concern relative humidity, less clear and significant trends can be
identified; for example, adopting ICHEC-RCA4, the mean yearly varia-
tion is about 0.6 % with values ranging between —2.6 % and 2.6 % under
RCP2.6. Under RCP4.5, the net variation is about equal to zero at yearly
scale with variations between —3.3 % and 3 %. Finally, under RCP8.5,
the expected yearly decrease does not exceed 1 % with larger decreases
in the summer season probably associated to the higher temperature
increases (about —6%). When MPI-RCA4 bias corrected values are
considered, similar anomalies are returned: under RCP2.6 the increase is
about 0.5 %, under RCP4.5 a decrease of similar magnitude is assessed
(-0.6 %); finally, under RCP8.5, the decrease slightly exceeds 1 % with a
maximum decrease in October (about 7 % under an increase in tem-
perature of about 3.2 °C).

Similar bias corrections were carried out for Lisbon and Faro. The
detailed results given in Appendix A also highlight the importance of
performing bias corrections.

5. Carbonation effects under a changing climate
5.1. Parameters adopted for the analysis

This section provides the calculation of carbonation depths of rein-
forced concrete structures in Portugal for two distinct periods: the
period 1981-2018, based on the historic climate data described in the
previous section, is used as reference; the period 1981-2100 is used to
provide assessments about future evolutions under the potential impact
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Table 3

Parameters used in the calculation of carbonation depth.
Parameter Value and observations References
Dy 6 x 10 cm?/s [50]
Ksite 1.14 (urban exposure, Porto and Lisbon districts) [40]

1.05 (rural exposure, Faro district)

to 1 year [50]
ng 0.24 [60]
N, 0 (sheltered outdoor exposure) [14]
E 40 kJ/mol [26]
w/c 0.5 -
C. 300 kg/m® -
Leonst 1981 -

of climate change. Of course, as the climate simulation chains has been
bias-adjusted over the reanalysis data for the time span 1981-2010
(Section 4), in this period the two evaluations tend to be overlapped in
terms of average value but not in terms of month-by-month evolution.
The assessment is conducted for several locations geographically
distributed in the three different districts illustrated in Fig. 2. The main
outcome of the computations is the carbonation depth and is based on
the model described in Section 3, Eq. (4), considering the conditions
described in Section 4, and the parameters listed in Table 3. Since the
study will mainly focus on assessing the effects of external environ-
mental actions on carbonation depths, only one ordinary concrete
fabricated with Portland cement was considered.

5.2. Assessment of carbonation depth for the historic/current period

The carbonation depth over the current period (1981-2018) is pro-
vided in the following paragraphs, for a concrete structure assumed to be
built in 1981. The assessment of the carbonation depth over time for the
district of Porto is illustrated in Fig. 7a, for the 4 locations shown in

(a) Porto district

Structures 45 (2022) 886-899

Fig. 2b. For each one, the closest grid point extracted from ERA5-land
grid is assumed as the best proxy. As observed from Fig. 7a, the varia-
tion of the carbonation depth, over the current period, is almost negli-
gible for the 4 locations. Although the value obtained for V.N. Gaia is
slightly higher than the other values. This small variation indicates that
the environmental exposure conditions are quite similar for all 4 loca-
tions. The findings could be partly due, as reported before, by the
adoption of ERA5-land that could underestimate intra-urban variations.

For the district of Lisbon, the assessment of the carbonation depth
over time is illustrated in Fig. 7b, for the 5 grid points identified in
Fig. 2c. In this case, the carbonation depth, over the current period,
varies from a minimum value of 1.67 cm, in Lourinha, to a maximum
value of 1.98 cm, in V.F. Xira. In all cases, the values are referring to year
2018. Fig. 7c illustrates the assessment of the carbonation depth over
time for the district of Faro, for the 4 grid points identified in Fig. 2d. In
this district, the carbonation depth varies from a minimum value of 2.10
cm, in Faro, to a maximum value of 2.29 c¢m, in Alcoutim. Likewise, in all
cases, the values are referring to year 2018. The results on Fig. 7 illus-
trate about importance of considering specific exposure conditions at
different scales. While the variations are almost negligible for the lo-
cations in the Porto district, they could have a great impact on durability
assessments for Lisbon and Faro districts.

To better understand how the carbonation depths are influenced by
time-dependent external variations of CO5 concentration, temperature,
and relative humidity, Fig. 8 provides the carbonation depths for 5
carbonation models and for 3 places:

e The first model (blue lines) considers that CO5 concentration in the
air is constant and neglects effects of temperature and RH variations
(Eq. (1)).

e The second one (orange lines) supposes that CO2 concentration in the
air increases, as shown in Fig. 4, but neglects effects of temperature

(b) Lisbon district
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Fig. 7. Variation of carbonation depths in the districts of (a) Porto, (b) Lisbon, and (c) Faro.
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Vila Nova de Gaia (Porto district)
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Fig. 8. Carbonation depths when considering time-dependency of CO, concentration, temperature, and relative humidity for the districts of Porto, Lisbon, and Faro.

and RH variations. Hence, the integral inside Eq. (4) becomes
J Ceo, (t)dt.

The third one (green lines) accounts for variations of CO, concen-
tration in the air and temperature. Therefore, the integral inside Eq.
(4) becomes [ fr(t)Cco, (t)dt.

The four one (red lines) considers variations of CO, concentration in
the air and RH. Then, the integral inside Eq. (4) is [ fru(t)Cco, (t)dt.
The last one (purple lines) accounts for time-dependency of all fac-
tors (Eq. (4)).

It is observed that the predictions of the two first models give the
same results because they neglect environmental variations that are
specific for each place. Larger carbonation depths are expected for the
second model because it accounts for the increase of CO5 concentration
due to climate change. The lower carbonation depths are observed for
the locations in the districts of Porto and Lisbon when considering all
environmental effects (Eq. (4)). This is explained by the fact that average
temperatures are lower than T, =20 °C and relative humidity are
larger than 0.65 for both places (Fig. 3). Therefore, the factors fr(t) and
fru(t) will be mostly lower than one (Fig. 1) by reducing the CO,
diffusion coefficient. These environmental effects are larger for the
location in the Porto district. A different behavior is observed for the
district of Faro that is characterized by a relative humidity that is within
the range of values where carbonation is accelerated [0.25, 0.65]
(Fig. 1). The average annual temperature is a little bit lower than T,
(Fig. 3); this counteracts the effects of relative humidity. These results
stress the necessity of considering environmental inputs at a correct
scale in the lifetime assessment.

The mean value of the carbonation depth, over time, for each district
is illustrated in Fig. 9. The carbonation depth in the south of the country
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Fig. 9. Mean variation of carbonation depth in the three districts.

is higher (about 32 %) than in the northern part of the country. This was
already expected from results in Figs. 7 and 8, as the RH in the southern
part of the country is lower than in the northern part. In general terms, it
is important to highlight that inter-district variability in atmospheric
patterns could be underestimated by using ERA5land with a horizontal
resolution of 9 km.

5.3. Raw versus bias corrected climate data
The carbonation depths represented in Figs. 7 to 9 are based on

observed data over the historic period (ERA5-L). To show the impor-
tance of bias correction of climate data, the carbonation depth was
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Fig. 11. Carbonation depths and relative difference for both climate simulation chains using bias corrected data.

calculated for the same period, based on raw data (Fig. 10a) and bias
corrected data (Fig. 10b). The two climate simulation chains indicated in
Table 1 are considered in this analysis: ICHEC-EC-EARTH and MPI-M-
MPI-ESM-LR. When comparing the results obtained by using raw data,
it is observed that there are significant errors with respect to the
carbonation depths computed using the reference values (ERA5-L). This
could lead, for example, to an over estimation of ~ 7 years of the time to
corrosion initiation for Faro, if the steel bar is placed at 2 cm. In contrast,
Fig. 10b shows that the errors between the results obtained with ERA5-L
and bias corrected data are significantly reduced. Therefore, bias
correction becomes essential when assessing the long-term performance
of infrastructure assets under a changing climate.
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5.4. Assessment of carbonation depth considering climate projections

In this case, the carbonation depths are estimated for the period 1981
— 2100, considering RCP2.6, RCP4.5 and RCP8.5 scenarios. Climate
projections for the different locations were collected and bias corrected
according to the procedure described in section 4. The calculation is
performed for the two climate simulation chains indicated in Table 1:
ICHEC-RCA4 and MPI-RCA4.

Fig. 11 illustrates the carbonation depths for the ICHEC-RCA4 and
MPI-RCA4 CSCs and the three reference grid points indicated in Fig. 2:
district of Porto (north), district of Lisbon (middle), and district of Faro
(south). As already observed from the previous calculations, the
carbonation depths in the southern part of the country (Faro) remain
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Fig. 12. Carbonation depths for both climate simulation chains and raw data.
Table 4
Times to corrosion initiation for a concrete cover of 3 cm.
Simulation chain (only bias corrected) Porto Faro Lisboa
RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5
MPI-RCA4 >2100 >2100 2091 2048 2050 2047 2078 2073 2066
ICHEC-RCA4 >2100 >2100 2085 2051 2050 2050 2080 2071 2067

higher than in the northern part for long-term assessment. In this case,
the difference for the year 2100 is about: (i) +35 % for RCP 8.5 and +38
% for RCP 2.6 (ICHEC-RCA4) and (ii) +37 % for RCP 8.5 and +41 % for
RCP 2.6 (MPI-RCA4).

Carbonation depths values in Fig. 11 for both simulation chains are
very close and the trends for each place and climate change scenario are
in overall consistent. This result is expected because each simulation
chain considers specific driving methods to generate the data e.g.,
ensemble, data source, Institution, Jet stream, influence, aerosols,
forcing, initial state of run, etc. [20]. The relative differences between
ICHEC-RCA4 and MPI-RCA4 estimated by taking as reference the MPI-
RCA4 simulation chain are also provided in Fig. 11 (bottom). It is
observed that the relative differences are mostly positive indicating that
the carbonation depths provided by the climate model MPI-RCA4 are
slightly higher than those given by ICHEC-RCAA4. It is usually hard to
identify the reasons for such variations; indeed, also if the climate
simulation chains share the same regional climate models, the differ-
ences cannot be due only to GCM because parameters, the choice of
specific parametrizations or the tuning process play a significant role.
Nevertheless, in general terms, ECS for MPI-M-MPI-ESM-LR acting as
GCM in the second case is slightly higher than that for ICHEC (3.6° vs
3.3°) probably entailing higher increase in temperature and then higher
values of carbonation depth.

In the following, the same calculations are performed but using raw
data. In this case, the results are presented in Fig. 12, for climate models
ICHEC-RCA4 and MPI-RCA4, respectively. The general carbonation
trends for the three locations do not change. In accordance with the
results presented in Section 5.2, it is observed that, for long term pro-
jections, the values of the carbonation depths obtained when using raw
data are always underestimating, for all locations and for all RCPs.

The times to corrosion initiation, computed by considering a con-
crete cover of 3 cm, are provided in Table 4. All locations and scenarios
were considered in the analysis. Both simulation chains and bias-
corrected data were used in the simulations. In accordance with the
carbonation depths depicted in Fig. 11, it was found that corrosion
initiation starts first in Faro, followed by Lisboa and Porto. For most part
of locations, corrosion starts earlier for the more pessimistic scenario
(RCP 8.5). This trend was not clearly observed for Faro because for this
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location the main effects of climate change start in by 2050 where the
carbonation depth is very close to the concrete cover (Fig. 11).

As further observed from Table 4, there are also some differences in
the time to corrosion initiation between both simulation chains.
Therefore, it is important to include several simulation chains to account
also for the uncertainties related with climate predictions. The pre-
dictions could be also improved by using a probabilistic approach to
consider all sources of uncertainty in the problem.

6. Conclusions and further work

This paper presented an approach for multi-regional assessment of
concrete carbonation under changing climate. Depending on the scale of
the analysis (e.g., European, National, regional, etc.), the approach
provides the main procedures to reduce durability assessment errors:
selection of climate change scenarios, simulation chains, and bias
correction. The approach was applied for short and long-term estimation
of carbonation depths of reinforced concrete structures located in three
Portuguese regions (districts of Porto, Lisboa and Faro). The main con-
clusions of this study are summarized as follows:

e The analysis of historic and future climate conditions allows to
identify specific environments that would affect in a different way
the durability of reinforced concrete structures. This analysis
allowed for example to identify that, even without climate change,
the range of variation of relative humidity for Faro increased
carbonation rates in comparison with the other two districts. This
kind of observation for a particular place was very similar. This
highlights the consistency between the main driving methods for
both simulation chains when predicting future climate conditions.
The results of carbonation depths cannot be generalized at a district
scale. The carbonation depths for the Porto district were very close
for all locations; therefore, it could be wrongly assumed, based on
this finding, that the results for one reference point could be used at
the district scale. The results for the other two districts show that
microclimate conditions could significantly affect lifetime
assessments.
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e Bias correction is essential to reduce errors in lifetime assessments. In
the short term (1981-2018) it was possible to assess that raw data
results on wrong estimations in comparison with representative
climate conditions provided by ERA5-L. These differences were also
observed in long term (1981-2100) assessments where using raw
data conducted to relative errors from 5 to 14 %. In this study, raw
data conducted to over estimations of the carbonation depth; how-
ever, other behaviours could be observed for other locations.
Climate change will shorten the time to corrosion initiation. The
effects differ for each location but in overall are remarkable after
2050 and are larger for the more pessimistic scenario (RCP 8.5).
Consequently, a regional assessment as the proposed on this study
would be helpful to identify the most affected places and to plan
inspection and maintenance actions.

Further work is this area should be addressed to:

Consider more advanced carbonation models, and/or the interaction
between chloride ingress and carbonation [19], to improve corrosion
initiation assessment.

e Assess and study the carbonation under a changing climate when

using more sustainable cementitious materials [30,5,36].

Study the effect of repair/retrofit reinforced concrete structures [54]

as well as the computation of the cost-effectiveness of these actions

under a changing climate [3].

e Apply the approach to study other deterioration mechanisms as
chloride induced corrosion or corrosion propagation in concrete or to
consider other construction materials.

e Consider more simulation chains and the different sources of un-

certainty of the problem using a full probabilistic approach.
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