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A B S T R A C T

This work is part of the DURACON project, which seeks to characterize the durability of concrete exposed to
environmental conditions prevailing in Ibero-America and is based on the exposure of unreinforced and rein-
forced concrete specimens in marine and urban environments in each participating Ibero-American country. This
research presents the results obtained from exposing unreinforced and steel-reinforced concrete specimens to
prevailing environmental conditions in twelve natural exposure sites in Mexico during an exposure period of
approximately 20 years to determine an empirical model that allows predicting the value of the carbonation rate,
k′CO2, as a function of the nth-root of time (NRT) for the concretes evaluated. The concrete specimens, plain and
reinforced, exposed to the elements in these cities were manufactured with two types of concrete, one with a w/c
ratio = 0.65 and the other with a w/c ratio = 0.45. The tests mainly focused on measuring the concrete
carbonation front depth during the ~ 20 years of exposure and the measurement of environmental parameters at
the exposure sites, such as temperature, relative humidity, rainfall, and atmospheric CO2 concentration. The
electrochemical parameters of the reinforcing steel (half-cell potential, Ecorr, and current density, icorr) in the
reinforced specimens were also obtained after ~ 20 years of exposure to corroborate which sites showed lower or
higher corrosion activity. This model to obtain k′CO2 as a function of the environmental parameters of the
Mexican exposure sites and the physical properties of the concretes was compared with the value of kCO2 ob-
tained from the square root of time (SRT) model. It was found that the k′CO2 values were 30% higher on average
than the kCO2 obtained with the empirical SRT equation. However, it should be noted that k′CO2 must be linked to
the corresponding nth-root of time, whereas the value of n to obtain kCO2 is constant and equal to ½. An
agreement was also obtained between the probability of activation of the reinforcing steel, using the corrosion
parameters (Ecorr and icorr), and the probability of eCO2 ≤ 15mm (lowest concrete cover used in this study).
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1. Introduction

Corrosion of reinforcing steel is one of the most common causes of
reinforced concrete structures deterioration, leading to high repair and
maintenance costs, along with the concern that this entails for the ad-
ministrations that are the owners of public works and the individuals
whose homes suffer premature deterioration.

Research on reinforcing steel corrosion has been extensive in the last
forty years, but it has been primarily focused on 1) the study of the
causes and mechanisms of deterioration, 2) the development of elec-
trochemical evaluation and control techniques (both in the laboratory
and in situ), and 3) the use of protection methods against deterioration
caused by corrosion [1,2]. More recently, the need to quantify the ser-
vice life of structures affected by corrosion has been raised, so in recent
years, the focus has been on the development of models that predict the
remaining life of structures in service, or that estimate the future service
life in the case of the design of new structures, influencing the project
phase [3–5].

The physical characteristics of the concrete cover for the reinforcing
steel are related to the structure of the pore network, which is generated
due to the excess water that is necessary to use in concrete mixing to
make it sufficiently workable. The total porosity of concrete is made up
of both closed or occluded pores and a network of pores, whose sizes
range from a few μm between < 0.5 nm – 10 nm (gel pores), between
10 nm and 10 μm (capillary pores), up to the order of mm, which are the
so-called air pores or large pores [6]. All those that are interconnected
are related to the concept of permeability or penetrability, which is the
fundamental characteristic that controls the arrival of aggressive agents
to the reinforcing steel bar. The permeability of concrete of a specific
substance does not depend only on the size and number of pores, as in
the case of inert porous materials, but is also influenced by absorption
phenomena, the chemical reactions that can occur, the necessary bal-
ance of electrical charges during these chemical reactions, etc. [6].

When the ambient humidity is sufficient, these concrete pores are
filled with an aqueous liquid consisting mainly of OH- ions (high alka-
linity with a pH between 12 and 13.5), Ca2+, Na+, K+ and SO4

2- [1,2,7].
The relative amount of each of them basically depends on the type and
proportion of cement used and the water/cement ratio. Furthermore,
this composition varies with the age of the concrete, having been shown
that after 28 days of age, the Ca2+ ion practically disappears from the
solution, which becomes almost entirely made up of NaOH and KOH. At
this high alkalinity and with the normal O2 content in buried or sub-
merged structures, the reinforcing steel is covered with a very adherent,
compact, and invisible layer of oxides (passivating) that preserves it
indefinitely from any sign of corrosion if the concrete is of good quality,
is not cracked and does not change its physical or chemical character-
istics due to external aggressions [1,2,7].

When the service conditions change and the concrete is altered, or
aggressive substances such as chlorides in marine environments or
carbon dioxide or sulphur in urban/industrial environments penetrate
through it, reinforcement corrosion is triggered with a triple conse-
quence: a) the steel decreases its section or even completely turns into
rust; b) the concrete can crack or disintegrate due to the pressures
exerted by the accumulating rust; and, c) the steel-concrete bond de-
creases or disappears [8].

In urban, urban/industrial, or urban/marine environments, concrete
carbonation is a problem that is currently affecting many structures in
our countries due to the diversity of climates that exist. Although on a
smaller scale than the problem caused by chloride ions, concrete
carbonation has more complex conditions for its prediction [4]. This is
because it does not only involve a diffusion process, but the chemical
reaction between the aggressive agent CO2 and the cement hydration
products in concrete is more significant than with chloride ions. Thus,
these problems are directly related to the chemical characteristics of

concrete and the weather parameters of the environment to which the
structures are exposed [3–5].

Different definitions have been given to the concept of service life
concerning the durability of a concrete structure [1,2,7]. From the point
of view of reinforcement corrosion, a simple model has been proposed
by Torres-Acosta and Martinez-Madrid attempting to define all the pa-
rameters that could allow an estimate of the service life or durability of a
given structure under service conditions with an adequate structural
capacity safety coefficient [9]. Together with the results of the
physical-chemical and electrochemical evaluation of the different
specimens exposed to natural environments in tropical countries, these
models will allow us to define a better way to design durable concrete
structures and adequately repair existing ones that exhibit this problem
[3–5].

Previous research has investigated concrete carbonation, mainly in
controlled environments, most of them under accelerated conditions
using special chambers that control humidity and temperature, and in-
side which, a concentration of CO2 of 10–100 times more than in a
natural environment is added [10]. Results of studies on concrete
carbonation in specimens exposed to natural exposure environments
have also been presented by the DURACON International Project [4].
This previous investigation correlates the physical/chemical character-
istics of the concrete used with the meteorological parameters of the
urban and urban/marine exposure sites and with the concrete carbon-
ation depth [4]. The International group also generated a neural
network simulation with the data collected from the test sites from all
countries involved in the project for the initial 5-year exposure period
[11]. However, the information previously presented from the DURA-
CON Project in references [4] and [11] corresponded to an exposure of
less than 5 years and 10 years, respectively, so it is necessary to
corroborate this information obtained with results from exposures to
urban or urban/marine environments at longer exposure periods.

This is the motivation for presenting the results of the DURACON
Project for the twelve Mexican sites, which have reached an exposure
time of ⁓ 20 years. Likewise, empirical equations were obtained to
determine the most critical parameter in the concrete carbonation
phenomenon called carbonation coefficient (kCO2) based on the phys-
ical/chemical characteristics of the concrete and the environmental
parameters of the twelve sites of the DURACON Project in Mexico.

2. Research significance

There has been an increase on the research groups working on topics
related to reinforced concrete durability. Many of the groups have pre-
sented short-term (< 2 years) experimental information to reach some
results and conclusions on concrete durability that may not be
completely certain for long term performance. Also, ambient tempera-
ture and humidity in laboratory regularly is controlled, and no rainfall
affects the performance of the specimens. Durability performance in-
formation obtained from reinforced concrete structures, or structural
elements, are scarce because need several years to have interesting in-
formation. This investigation presents natural exposure outside
controlled environments for a period of ~ 10 years, therefore, different
climate exposure is analyzed based on the experimental results observed
during this period of time, which in turn is the most important contri-
bution of the present investigation.

3. Methodology

3.1. Materials

All concrete specimens were manufactured with Portland cement
type I (corresponding to a CPO according to Mexican cement nomen-
clature [12]). Table 1 shows the physical/chemical characteristics of the
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cement used to manufacture the concrete in this research. With this
information, the clinker phases were estimated using Bogue calculation
[6], resulting in the following percentage contents: C3S of 54.0; C2S of
20.5; C3A of 13.8; and C4AF of 3.5.

Two water/cement (w/c) ratios of 0.45 and 0.65 were specified in
the concrete used to manufacture the specimens to be exposed in the
natural exposure sites. The aggregates used for the manufacture of
concrete were silica sand as fine aggregate (with a fineness modulus< 3)
and gravel as coarse aggregate (with a maximum aggregate size of
13mm). Both aggregates met the grading limits established by ASTM C-
136 [13]. Table 2 shows the proportions for both types of manufactured
concrete.

A total of 12 prismatic concrete specimens measuring 15x15x30 cm
were manufactured for each of the test sites. Six of the specimens were
plain concrete without reinforcement, and six were reinforced with
reinforcing steel. Six reinforcing steel bars of 10mm in diameter were
used in the reinforced concrete specimens, with concrete covers of 15,
20, and 30mm for each pair. Fig. 1 illustrates the arrangement of the
reinforcing bars in each of the prisms. For example, Fig. 2 shows the
exposed prisms at the sites in Queretaro (QRO), Morelia (MOR), Mexico
City (CDMX), and Toluca (TOL), Mexico. Fig. 3 shows a map of Mexico
with the locations of the fifteen exposure sites that were initially set up
for the DURACON Mexico project. This investigation presents results of
only twelve test sites, from the original fifteen test sites initially.

The concretes were characterized after 28 or 90 days of curing in a
curing chamber at a temperature of 22±2℃ and a controlled humidity
>95 %. The mechanical characterization of these concretes included: 1)
the compressive strength using the standardized ASTM CC-39 procedure
at 28 and 90 days curing (the cylinders were kept saturated until the test
date) [14]; 2) indirect tensile strength at 28 days curing using the
standardized procedure of ASTM C-496 [15]; and, 3) the elastic modulus
at 28 days curing using the standardized method ASTM C-469 [16]. The
physical characterization consisted of obtaining the transport properties
of the concrete at ages older than 90 days and included the following: 1)
total absorption using the standardized method ASTM C-642 [17]; 2)
total porosity using the ASTM C-642 method [16]; 3) effective porosity,
using the method described by Fagerlund [1,18]; and, 4) saturated
electrical resistivity of the concrete, following the standardized pro-
cedure of ASTM C-1876 [19].

3.2. Environmental monitoring

To obtain the environmental parameters, the exposure sites were
located near meteorological stations run by the institution responsible
for the exposure site or near a meteorological station that could provide
the ambient data for that specific site. Fig. 4 shows the weather station of
the city of Queretaro (QRO), Mexico. The main climatic-environmental
parameters that were recorded were the ambient relative humidity
(RH), the wind speed (WS), the daily rainfall (RF), the temperature at
intervals of 15 minutes (T), and the CO2 concentration (one measure-
ment per year).

It should be noted that of the fifteen exposure sites initially set up in
Mexico, three were in operation for a period between 7 and 10 years,
after which the specimens were lost due to reasons unrelated to the
project. These sites were those located in Mexicali (MEX, urban),
Chihuahua (CHI, urban), and Tampico (TAM, urban/marine). This is
why the information collected (meteorological data, concrete carbon-
ation front depth, and electrochemical measurements of the

reinforcement) was only obtained between years one and five.

3.3. Tests to determine the depth of carbonation

The unreinforced concrete specimens were cut into slices using a
special guillotine-type machine designed to make transversal cuts to the
prismatic concrete specimens. These sections were sprayed with a pH
indicator solution based on phenolphthalein, alcohol, and distilled
water in a proportion of 1 g: 850 ml: 150 ml [1–4,7,10]. The depths
from the external surface of the specimen to the boundary of color
change were measured at a minimum of four different points on each
edge of the square perimeter of the cut slice. The carbonation depth was
estimated as the average value of the measurements from the four faces
of the three specimens of each type of concrete.

3.4. Physical/chemical characterization of concrete

Once the carbonation depth measurements were completed, the sli-
ces were cut to proceed with the physical/chemical evaluation of the
concrete after the exposure time and to determine the possible changes
that the concrete might have undergone due to the exposure environ-
ment (Fig. 5). The cuts for each slice’s physical/chemical characteriza-
tion depended on whether the slices evaluated came from an urban or
urban/marine site.

The cuts of the slices obtained from the urban site specimens are
shown in Figs. 5a and 5b for the concrete with a w/c ratio of 0.45 and
0.65, respectively. The cuts of the slices obtained from the urban/marine
site specimens are shown in Figs. 5c and 5d for the concrete with a w/c
ratio of 0.45 and 0.65, respectively. These cuts were defined based on
the physical/chemical information to be collected in each of the cuts
made.

Since the concretes with a w/c ratio of 0.45 did not have a significant
carbonation depth after⁓20 years of exposure, the slices from the urban
sites were divided in such a way to obtain cuts with a cube (cuts 2–1,
2–2, and 2–3) and a prismatic (cuts 1 and 3) geometry to determine the
saturated electrical resistivity (ρS) of the concrete (Fig. 5a). The average
ρS of the slice was determined as the average of the values obtained from
the five cut specimens.

The concretes with a w/c ratio of 0.65 did present considerable
carbonation after ⁓20 years of exposure, so the slice cuts were made to
obtain concrete samples without carbonation (cuts 2–2, 3–2, 3–3, 3–4,
and 4–2) and with carbonated concrete (cuts 1, 2–1, 2–3, 3–1, 3–5, 4–1,
4–3, and 5). In this way, the measurements of ρS could be differentiated
depending on whether the concrete was carbonated (Fig. 5b).

For the slices of the specimens from the urban/marine sites, the
cutting diagrams were different from those made in the slices from the
urban sites, giving greater importance to the penetration of chlorides
rather than to the ρS of the concrete. More samples were thus cut from
these slices to obtain a more detailed chloride penetration profile

Table 1
Physical/chemical characterization of Portland cement type CPO.

SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) Na2O (%) K2O (%) SO3 (%) Total Alkali Insoluble Ignition Loss (%) Free Lime (%)

Residue

21,38 4,22 4,54 63,37 1,51 0,16 0,53 2,32 0.51 0.54 2.92 0.66

Table 2
Concrete mixture proportions.

MIXTURE Proportions (kg/m3)

Cement Water Coarse Sand Additive*

w/c: 0.65 285 185 1033 812 2
w/c: 0.45 411 185 1010 731 4

* Water reducer
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Fig. 1. Geometric details of reinforced concrete prismatic specimen.

Fig. 2. Monitoring sites in (a) Queretaro (QRO) Mexico; (b) Morelia (MOR) Mexico; (c) Mexico City (CDMX); and (d) Toluca (TOL), Mexico.
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(Figs. 5c and 5d). The corner cuts of each slice (cuts 1–1, 1–2, 3–1, 3–2,
2–1, 2–2, 4–1, and 4–2) were used to measure ρS.

As already mentioned, the first physical property measured in the
concrete of the specimens exposed at the Mexican sites after ⁓20 years
was the ρS. Once the concrete samples were cut from the slices, they
were weighed to obtain their original mass and then placed in a sealed

container with humidity > 90 %. The mass change (due to moisture
absorption) and the electrical resistivity in semi-saturation (ρ) were
monitored for each concrete sample. The measurement of ρ was carried
out by the volumetric method according to ASTM C-1876 [19]. Once the
sample had reached a constant mass and ρ (constant mass is defined
when the difference between two successive measurements is less than

Fig. 3. Natural exposure sites of DURACON-México project: 9 urban sites and 6 urban/marine sites. The urban/marine exposure sites are denoted with a solid
black circle.

Fig. 4. Monitoring weather site in the city of Querétaro, Mexico.
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0.5 %), the value of ρ was recorded as ρS.
The following physical property determined was the percentage of

total voids (%TV) using the samples used to determine ρS. The stan-
dardized procedure in ASTM C-642 [17] was followed to determine %
TV, starting with obtaining the saturated mass (mS), which was the last
mass measurement of the procedure to obtain ρS. Immediately after-
wards, the submerged saturated mass (mSS) was measured with the same
sample, using a hydrostatic balance. Once the mSS values were obtained,
the specimens were placed inside an oven to dry at a temperature of 50
±2℃ until constant mass. These values are defined as the dry mass (mD).
Once these three mass values (mS, mSS and mD) are obtained, the %TV is
estimated from:

%TV = 100 x (mS – mD) / (mS – mSS) (1)

The chemical property obtained from the slices cut from the concrete
specimens was the concentration of free (water-soluble) and total (acid-
soluble) chlorides, using the other cuts shown in Figs. 5c and 5d (con-
crete with w/c of 0.45: cuts 1–1, 1–2, 2–1, 2–2, 2–3, 2–4, 2–5, 2–6, 2–7,
3–1, and 3–2; concrete with w/c of 0.65: cuts 1–1, 1–2, 2–1, 2–2, 3–1,
3–2, 3–2, 3–4, 3–5, 3–6, 3–7, 4–1, 4–1, and 5–1). The results of the
chemical analyses to determine the chloride profiles in these slices from
the urban/marine sites are not part of this investigation and will be
presented in a subsequent publication.

3.5. Electrochemical monitoring of reinforcing steel

The reinforcing steel in the reinforced prismatic specimens was used
to perform the electrochemical monitoring through the measurement of
the half-cell potential (or corrosion potential, Ecorr) and the corrosion
current density (icorr) using the procedures in references [1,7,20] and [1,
7], respectively. The equipment used to carry out these measurements
was field equipment that used the guard ring technique to confine the
signal to obtain a result as accurately as possible [1,7]. At the beginning
of the project, this monitoring was carried out with a frequency of
1–4 months, obtaining between 3 and 12 electrochemical measurements
per year. The last measurements were carried out after ⁓20 years of
exposure and are the only results presented herein. The values obtained
from the equipment were the corrosion potential (Ecorr), the current
density or corrosion rate (icorr), and the electrical resistance of the
concrete (RS, more specifically, of the specimen concrete cover).

4. Results

4.1. Concrete properties

Table 3 shows the values of the physical/mechanical properties of
the concretes manufactured in this study at 28- and 90-day age. As can

Fig. 5. Slice cuts to obtain samples to determine the physical/chemical properties of the evaluated concretes taken from MOR, Mexico, test site.
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be seen in Table 3, the concrete with a w/c ratio of 0.65 had physical
properties that correspond to concretes with better performance than
those obtained from the so-called conventional concrete since its
compressive strength at 28 days of age was above 30 MPa and its total
porosity < 16 %.

The physical/mechanical properties of the concrete with a w/c ratio
of 0.45 reached higher performance values, as intended when selecting
the mix design proportions, to achieve one concrete of superior perfor-
mance to the conventional one (the one with w/c of 0.65) and another
with a relatively high performance (the one with w/c of 0.45).

4.2. Environmental monitoring of exposure sites

Because, in total, there is information from twelve exposure sites for
⁓20 years, Fig. 6 shows the monitoring of four meteorological variables
(wind speed, WS, temperature, T, relative humidity, RH, and rainfall,
RF) for only one test site: Toluca. These meteorological measurements,
collected every 30 minutes, were averaged daily, and then a monthly
average was obtained. These monthly average values are those shown in
Fig. 6 for the site mentioned in the respective figure.

4.3. Carbonation depth measurements

Figs. 7 and 8 show the average carbonation depth eCO2 measured in
the prismatic unreinforced specimens for the concretes with w/c ratio of
0.45 and 0.65, respectively, which were obtained on the slice cutting
dates and using the method described with the pH indicator (phenol-
phthalein); the average values were obtained from three slices with
12–16 measurements per specimen, giving a total of measurements
between 36 and 48 per type of concrete and cutting date.

4.4. Physical properties of concrete after ambient exposure

Once the slices were cut to determine the eCO2 values for each con-
crete and each site, the next step was to cut the slices into cubes or
prisms of the same material to determine the physical/chemical prop-
erties of the concrete after ⁓20 years of exposure. These physical/
chemical properties included the determination of ρS, %TV, and the
concrete’s chloride concentration profiles (the latter’s results are not
included in the present study).

The values obtained for ρS and %TV are shown in Figs. 9 and 10,
where the typical results obtained from only two sites (TOL and QRO)
are presented as an example since data from all sites would extend the
content of this publication if they were all shown, like the photographs
of the arrangement of the specimens at the site in Fig. 2 and the mete-
orological data presented for TOL test sites in Fig. 6.

Using a cumulative statistical curve, the ρS and %TV results are
presented graphically as a cumulative fraction. This graph is obtained
from each measurement obtained on each specimen used for said mea-
surement (cube or prism cut from the slices), ordered from lowest to
highest values on the abscissa axis (X-axis). The number of

measurements varied from 10 to 15 data points, depending on the
number of prisms or cubes obtained from the slices cut on each prism
exposed at the sites. For each of these ordered values, the ordinate axis
(Y-axis) value is estimated from the order number 1/n, where n is the
number of measurements in that set. For example, if the number of %TV
values for the Toluca site were 10 for the concrete with a w/c ratio of
0.45, the smallest value of %TVwould have a value on the Y axis of 1 /10
= 0.1, the second smallest %TV value would have a Y-axis value of 2/10
= 0.2, and so on.

4.5. Electrochemical measurements on reinforcing steel

Electrochemical measurements were carried out at all sites using the
prismatic specimens reinforced with six bars each and the equipment
mentioned above. Since much data were collected from the 12 operating
test sites, electrochemical measurements are presented using the same
type of graph used to represent ρS (Fig. 9) and %TV (Fig. 10) in the
previous section, called representation diagrams. In this case, the pa-
rameters represented are the Ecorr and icorr of the reinforcing steel and
the RS of the concrete, as illustrated in Fig. 11.

5. Discussion

5.1. Effect of meteorological parameters at exposure sites

The information was collected by those responsible for the moni-
toring sites or through information from government meteorological
stations close to the exposure sites of the concrete specimens. These data
were obtained at intervals that could be minutes or hours and analyzed
to give average monthly values and, finally, average annual values
during the ⁓20 years of exposure.

The meteorological data were further analyzed to develop empirical
models that correlate these values with concrete parameters and con-
crete carbonation, presented later in this publication. These values were
averaged at each site, such that an annual average of the monthly av-
erages was obtained, and the annual average of the meteorological re-
sults was averaged for each site. The average values of each site,
corresponding to the average of the years in which this meteorological
information was captured for each environmental variable, are listed in
Table 4. The values of the MEX, CHI, and TAM test sites correspond to
the first five operating years of exposure before closing those test sites
due to reasons unrelated to the project.

5.2. Effects of natural exposure on concrete carbonation

The experimental eCO2 results obtained at the twelve test sites show a
marked increase in eCO2 after ⁓20 years of natural exposure in the
concrete with a w/c ratio of 0.65. The advancement of the carbonation
front in the concrete with a w/c ratio of 0.45 showed a similar increase
as the concrete with a w/c ratio of 0.65 in the first 4–5 years of exposure;
however, the carbonation front depth eCO2 for the concrete with a w/c
ratio of 0.45 remained almost constant between the value obtained after
4–5 years of exposure and the value obtained after ⁓20 years of
exposure.

Fig. 8 shows that the eCO2 in the concrete with a w/c ratio of 0.65
increases throughout the ⁓20 years of exposure, with an appreciable
decrease in the carbonation rate at the end of the exposure. On the other
hand, the carbonation performance of the concrete with a w/c ratio of
0.45 (Fig. 7) was modified once the eCO2 value apparently reached a
limit depth that prevented CO2 (gas) from advancing into the concrete,
since eCO2 between 4 and 5 years and ~ 20 years was almost the same.
As it is well known [21,22], concrete carbonation further decreases
concrete’s permeability, controlling its subsequent carbonation (Figs. 7
and 8), especially in good quality concrete where the capillary porosity
is very small. Another important effect observed in the
DURACON-Mexico project is the movement of alkalis in some sites,

Table 3
Physical/mechanical properties of concrete.

PROPERTIES MIXTURE

w/c: 0.65 w/c: 0.45

Fresh concrete unit weight (kg/m3) 2316 2329
Compressive strength (MPa) 28 days 31.0 51.5

90 days 41.6 67.9
Indirect tensile strength at 28 days (MPa) 1.2 3.6
Modulus of elasticity at 28 days (GPa) 18.1 22.5
Total absorption (%) 7.55 6.3
Total porosity (%) 16.5 14.0
Effective porosity, Fagerlund’s method (%) 11.3 8.7
Saturated electrical resistivity at 90 days, ρS (kΩ⋅cm) 23 39
Rapid chloride permeability at 56 days (Coulombs) 1140 710
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mainly Ca(OH)2, towards the carbonated zone, re-alkalinizing part of it
and reducing the carbonation depth. The re-alkalinization delays the
carbonation front from reaching the reinforcement and thus triggering
corrosion when only CO2 and water are the only environmental hazards.
This re-alkalinization performance was only noticed when the concrete
specimens were exposed to a natural environment without being pro-
tected from environmental changes, mainly rain, relative humidity, and
temperature in the exposure locations.

Although there are concrete carbonation studies under normal out-
door exposure conditions [23–30], there have also been many research
projects that evaluate concrete carbonation under sheltered locations
(inside the laboratory with regularly controlled temperature and hu-
midity), thus avoiding contact of the specimens with a changing envi-
ronment due to rain, humidity, or temperature cycles. If the
experimental program for exposing the specimens, however, uses
accelerated carbonation chambers, the interior of these chambers
(where the concrete specimens are placed) is maintained at an even
more controlled temperature and humidity regime than in a natural
exposure inside the laboratory (without accelerating CO2 exposure).
This is why the natural exposure sites selected in this research (most sites
were selected in between the tropics, with a higher temperature regime
than in septentrional countries in North America, Europe, and some
Asian regions) could have generated modifications to the carbonation
process in the concrete with a w/c ratio of 0.45, which is the one with
the highest cement content and the lowest porosity of the two evaluated
concretes, as shown in the concrete properties presented in Table 3.

After observing a constant eCO2 between 5 and ⁓20 years of expo-
sure for the concrete with a w/c ratio of 0.45, it is hypothesized that
changes in rainfall, humidity, and temperature on the surface of the
concrete specimens may have led to a process of re-alkalinization during
the ⁓20 years of natural exposure. It seems that during this period of
long exposure, the CO2 penetrated the concrete when its porosity had
free space for the CO2 gas to enter and initiate the reaction with the
capillary water and the hydrated products of the cement, which are
necessary for the chemical reactions of concrete carbonation to occur.
Once the concrete was carbonated, the humidity of the environment
could have increased at the exposure site, either because solar radiation
becomes null at night or because it rains, and the exposed specimens get

wet. This would cause the concrete to absorb this excess moisture or
water into the specimen, and this moisture could enter to a greater depth
than the depth of the already carbonated concrete. When the specimen is
saturated inside to a depth greater than the carbonated depth, it can dry
out because of solar radiation the next day, for example, and together
with an increase in the exposure temperature during midday, the
absorbed water can evaporate and move outward bringing alkaline
products with it and leading to re-alkalization of the concrete to a
certain depth.

This process of cyclic wetting and drying over several years could
have generated this phenomenon and, therefore, halted the gradual and
constant carbonation process inside the concrete, a situation that is
observed after ⁓20 years of exposure of the specimens in this investi-
gation, where the eCO2 values did not change between 5 and ⁓20 years
of exposure. On the other hand, concrete specimens with a w/c ratio of
0.65 did not show this stagnation in eCO2 values, and the concrete
continued to carbonate with increasing exposure time. This difference in
the carbonation of these concretes, compared to those with a w/c ratio
of 0.45, could have been because the concretes with a w/c ratio of 0.65
did not have enough alkaline matter inside to generate this re-
alkalinization process. In addition, these concretes have a greater
porosity that allows the passage of more CO2 inside the specimens, and
thus, the concrete carbonates faster than it can be re-alkalized. This
hypothesis must be corroborated in the future by having more experi-
mental information reproducing these wetting-drying cycles and tem-
perature changes; it is expected to have this information soon.

Another distinction observed in Figs. 7 and 8 is the difference in
carbonation depth between specimens exposed to urban and urban/
marine sites; specimens exposed to urban sites were carbonated more
than the ones in the urban/marine sites for both types of concrete. This is
why separate graphs were generated for the eCO2 values obtained in the
urban sites (Figs. 7a and 8a) and the urban/marine sites (Figs. 7b and
8b). This difference is because the concrete specimens in the urban/
marine sites have considerable internal chloride contamination, shown
in a previous publication wherein the chloride concentrations inside the
concrete specimens exposed to these environments were reported [3].

The chlorides inside the concrete make it more hygroscopic,
increasing the internal humidity of the specimens. This, coupled with

Fig. 6. A sample of meteorological data obtained from the natural exposure site in the city of TOL, Mexico (urban).
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the fact that the relative humidity and temperature are higher at these
test sites (see Table 4), hinders the entry of CO2 gas into the interior of
the concrete, as its pores are more saturated than those in the concretes
exposed to urban sites located in the interior of the country and far from
the coast [4,5]. Again, this information must be corroborated with more
data obtained from future research.

Another reason that could have slowed down the carbonation

reactions in the concrete is the transformation of the cement hydration
products into calcium carbonate (CaCO3) in the region of the carbonated
material itself. The chemical process of transforming the cement hy-
dration products into CaCO3 decreases the porosity of the concrete since
more solids are produced, reducing the empty spaces left as capillary
porosity in the carbonated concrete [4]. This phenomenon is observed in
Figs. 9 and 10, which show the physical properties ρS and%TVmeasured

Fig. 7. Carbonation depth (eCO2) of concrete with w/c of 0.45: a) urban sites; (b) urban/marine sites.
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in both concretes with a w/c ratio of 0.45 and 0.65, respectively. For
concretes with a w/c ratio of 0.65, the carbonated and non-carbonated
regions could be separated by mechanical means, allowing ρS and %TV
to be measured in these two areas. The concrete specimens with a w/c
ratio of 0.45 had very small eCO2 (< 5 mm) to separate both regions, so

the measured value is almost that of uncarbonated concrete.
It can be seen from Figs. 9 and 10 that a layer of greater electrical

resistivity and lower porosity is created in the concrete that is carbon-
ated, so the diffusion of both CO2 and the water necessary for the
chemical reaction between CO2 and cement hydration products is

Fig. 8. Carbonation depth (eCO2) of concrete with w/c of 0.65: a) urban sites; (b) urban/marine sites.
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slowed down. This is why the concrete with a w/c ratio of 0.65 also
showed a reduction in the slope of the eCO2 values obtained between⁓5
and ⁓20 years, as seen in Fig. 8.

5.3. Concrete carbonation coefficient kCO2 after ⁓20 years of natural
exposure

Previous research has defined that the concrete carbonation depth
eCO2 follows a relation similar to the square root of time (SRT) equation:
eCO2 = kCO2⋅t½, where kCO2 is known as the concrete carbonation coef-
ficient or rate (in mm/year½) and t is time (in years) [1,2,4,7,10]. Using
the eCO2 values obtained (Figs. 7 and 8), the discretized kCO2 values were
estimated for all monitoring sites on each date when the eCO2 value was
measured.

Figs. 12 and 13 show how the kCO2 values change over time,
observing an almost constant increase in the first ⁓2 years of contin-
uous monitoring [27,28], a reduction in this value in the last eCO2
measurement at > 2 years of exposure, continuing this decrease at ⁓20
years. This implies that certain precautions must be taken in estimating
kCO2 if the exposure time is < 5 years since this value could be over-
estimated. These results indicate that the concrete carbonation process
is not constant over time and follows an equation as simple as the SRT’s.

The following analysis carried out with the experimental data ob-
tained is the estimation of ktSCO2, which corresponds to the slope of eCO2
vs t½ at time t (here t = 5 or 20 years), assuming that the approximation
of the SRT equation is valid for all types of concrete and exposure
environment. This value is known as the concrete carbonation coeffi-
cient measured with the slope of the experimental data between eCO2 vs
t½. Fig. 14 shows, as an example, the plots of eCO2 vs t½ for the MOR
(Fig. 14a), TOL (Fig. 14b), CDMX (Fig. 14c), and QRO (Fig. 14d) test
sites.

The analysis was carried out using Excel, where the values of eCO2 vs
t½ were plotted. The software was asked to provide the trendline of the
data in linear form, the equation of this trendline (eCO2 = kSCO2⋅t½ + b),
and the correlation coefficient R2 of the estimate for the data presented
in previous publications [27,28] and this research. Fig. 14 shows the two
trendlines (at t between 1 and 5 years with continuous line; and t be-
tween 1 and ⁓20 years with discontinuous line) and their respective
equations and R2 for the same four test sites previously taken as exam-
ples (MOR, TOL, QRO, and CDMX). Table 5 lists the results for all 12
sites and w/c ratios wherein values after ⁓5 and⁓20 years of exposure
are tabulated separately. It is observed from this table that the k5SCO2
values from previously published results at the time of measurements
between 2007 and 2008 [28] are greater than k20SCO2 estimated with the

Fig. 9. Cumulative values of ρS and %TV for the non-carbonated concretes with w/c of 0.45 (○) and 0.65 (◊) and for the carbonated concrete with w/c of 0.65 (×)
from the TOL, Mexico, test site.

Fig. 10. Cumulative values of ρS and %TV for the non-carbonated concretes with w/c of 0.45 (○) and 0.65 (◊) and for the carbonated concrete with w/c of 0.65 (×)
from the QRO, Mexico, test site.

A.A. Torres-Acosta et al. Construction and Building Materials 450 (2024) 138511 

11 



eCO2 data at ⁓20 years of exposure.
Fig. 15a plots the values of k20SCO2 against k5SCO2. As can be seen from the

figure, the vast majority (22 of 24 data) of the slopes for t < 5 years
(k5SCO2) of reference [28] were higher than the slopes estimated with all

the values obtained over the experimentation period of ⁓20 years. This
indicates that the carbonation process shifted from the performance
observed in the first ⁓5 years of natural exposure, which again cor-
roborates the hypothesis that the natural exposure of the concrete
specimens, without these being protected from changes in temperature
and humidity over ⁓20 years, is affecting what the empirical SRT
equation would predict in the first few years of exposure. This would
produce an overestimation, which may be very high, of the eCO2 values if
the k5SCO2 value were used to predict the depth of carbonation eCO2 at
older ages (for example, ⁓20 years, which is the time frame for this
research).

Fig. 15b plots the values of k20SCO2 (Table 5) against the values of kCO2
at ⁓20 years of exposure (Figs. 12 and 13). As can be seen from the
figure, the k20SCO2 values are approximately 34 % lower compared to the
results obtained for kCO2 at⁓20 years of natural exposure. However, the
approximation between these two parameters, kCO2 at ⁓20 years and
k20SCO2, is closer than between k5SCO2 and k20SCO2 analyzed above. It can also be
observed that the values obtained from the urban sites (○ symbols) are
the furthest from the equality line shown in the figure. In contrast, the
data from the urban/marine sites seem to estimate the carbonation
constant indistinctly, whether it is obtained at a point in time or using
the slope of the eCO2 vs t½ data.

Fig. 15b also shows the abbreviated names (JAL, TOL, CDMX) of the
sites that showed a performance very far from the equality line. It is
observed that these sites are the highest above sea level of all the
Mexican sites. This would imply that the site’s altitude would generate
these differences between the results of kCO2 and k20SCO2; therefore, this
must be corroborated with a larger number of data to consider this other
geographical parameter.

Fig. 11. Cumulative values of electrochemical parameters a) Ecorr, b) icorr of the reinforcement, and c) RS of the concrete from seven (out of 12) natural exposure sites
of the project.

Table 4
Meteorological parameters in each monitoring site from 2003 until 2017.

Urban
Site

T
(◦C)

HR
(%)

TW*
(fraction)

RF (mm) CO2 (mg/
l)

MOR 19.1 63.6 0.37 1002.6 0.76
Toluca (TOL) 8.3 69.9 0.51 1487.4 0.71
Queretaro (QRO) 16.1 60.6 0.25 621.4 0.7
Mexico City
(CDMX)

17.4 44.7 0.17 1076.3 0.77

Jalapa (JAL) 20.7 70.1 0.41 1245.7 0.56
Oaxaca (OAX) 22.3 65.9 0.36 861.1 0.65
Merida (MID) 25.5 65.9 0.41 987.4 0.68
Urban/Marine
Site

T
(◦C)

HR
(%)

TW
(fraction)

RF
(mm)

CO2 (mg/
l)

Veracruz (VER) 25.4 75.2 0.5 898.4 0.76
Camp SMN 27.7 71.5 0.11 997.6 0.51
Camp ITC 27.7 71.5 0.11 997.6 0.56
Camp CRIP 27.7 71.5 0.11 997.6 0.53
Progreso (PRO) 26.9 76.0 0.46 152 0.74

* T = average annual temperature; HR = average annual relative humidity;
TW = average annual wetting time (defined as the yearly time fraction during
which T> 0 ◦C and HR> 80 %); RF= average annual cumulative rainfall; CO2=

ambient CO2 concentration (averages were obtained with point measurements
at the time of the visit to the sites, between 3 and 20 measurements during the
period between 2003 and 2017).
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5.4. Empirical equation to Obtain kCO2 as a function of environmental
parameters and concrete type

Next, the kCO2 values at the exposure time of ⁓20 years are used to
obtain an empirical equation that helps obtain the approximate value of

kCO2 based on the meteorological parameters for each site evaluated in
this research.

This empirical equation was obtained using the multiple linear
regression tool provided by Excel. The procedure used the average
meteorological data between 2003 and 2017 from each site, which are

Fig. 12. Estimated values of kCO2 for each date that slice cutting was carried out to measure eCO2 for concretes with a w/c of 0.45: a) urban sites; (b) urban/ma-
rine sites.
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Fig. 13. Estimated values of kCO2 for each date that slice cutting was carried out to measure eCO2 for concretes with a w/c of 0.65: a) urban sites; (b) urban/ma-
rine sites.
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listed in Table 4, along with the kCO2 values for each type of concrete and
each exposure site found in Figs. 12 and 13. Being a linear regression
tool, the base-ten logarithms of the experimental values were estimated
to perform this regression using this equation:

Log kCO2 = A Log (T)+ B Log (HR) + C Log (TW)+ D Log (CO2)+ E Log
(ρS) + const (2)

Once the values of constants A-E of each parameter used as a variable
were obtained, the empirical equation was obtained by transforming it
into a series of multipliers whose sign would define whether they were
placed in the numerator or denominator of the equation.

The regression generated the following linear equation (rounded to
three decimal places):

Log kCO2 = -0.067 Log (T) – 0.981 Log (HR) + 0.324 Log (TW) + 0.660
Log (CO2) – 2.930 Log (ρS) + 6.668 (3)

The factors of this empirical equation are ordered using the rule of
logarithms, giving the following equation:

kCO2 =
4.7 • 106 • TW0.32 • CO2

0.66

ρS
2.93 • T0.07 • HR

(4)

Fig. 16 compares the experimental value of kCO2 at ⁓20 years with
the one estimated using Eq. (1). The same figure shows the correlation
equation between both values and the corresponding correlation coef-
ficient R2. As can be seen, the R2 coefficient was relatively high (0.8136).

Fig. 14. Correlations obtained between eCO2 and t1/2 for each natural exposure site and type of concrete (w/c of 0.45 and 0.65): a) MOR; (b) TOL; (c) CDMX; and
(d) QRO.

Table 5
Values of kSCO2, constant b, and regression coefficient R2 of the empirical equations obtained from the slopes of eCO2 against time at 5 [21] and ~20 years for each
evaluated site and concrete type.

Urban Site 0.45 0.65 0.45 0.65

k5SCO2 (mm/
year½)

b5 * R52 k5SCO2 (mm/
year½)

b5 R5
2 k20SCO2 (mm/

year½)
b20 R202 k20SCO2 (mm/

year½)
b20 R20

2

MOR 4.759 3.74 0.928 7.777 2.48 0.947 0.882 2.06 0.4 4.206 2.86 0.400
TOL 2.943 1.05 0.937 4.249 1.40 0.646 0.564 2.68 0.531 1.932 5.04 0.848
QRO 2.642 2.12 0.891 3.196 2.58 0.83 0.661 1.06 0.567 2.53 3.65 0.974
CDMX 4.544 3.81 0.841 6.25 1.88 0.808 0.793 2.26 0.435 1.66 5.54 0.667
JAL 0.882 1.37 1.000 0.405 5.91 1.000 0.244 2.22 0.909 1.095 4.99 0.994
OAX 2.413 1.46 0.894 5.491 2.82 0.952 0.779 0.67 0.619 4.523 1.56 0.987
MID 2.172 1.47 1.000 2.295 2.31 1.000 0.703 0.47 0.836 3.987 0.07 0.992
Urban/Marine
Site

0.45 0.65 0.45 0.65
k5SCO2 (mm/
year½)

b5 R52 k5SCO2 (mm/
year½)

b5 R5
2 k20SCO2 (mm/

year½)
b20 R202 k20SCO2 (mm/

year½)
b20 R20

2

VER 1.95 1.17 0.824 6.49 3.86 0.949 0.477 1.07 0.539 2.246 2.60 0.79
Camp SMN 0.826 0.58 0.636 3.889 1.19 0.923 0.25 0.35 0.494 2.975 0.20 0.982
Camp ITC 1.012 0.94 0.934 5.611 3.31 0.962 0.247 0.23 0.528 2.584 1.30 0.886
Camp CRIP 1.012 0.94 0.934 5.611 3.31 0.962 0.247 0.23 0.528 1.922 2.31 0.75
PRO 3.502 2.66 0.682 4.724 0.57 0.751 0.666 1.12 0.477 2.884 1.88 0.957

* Dimensionless values.
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The values that deviated from the equality line (indicated in Fig. 16 with
the abbreviations of the sites’ names) were those corresponding to the
concrete with a w/c ratio of 0.65, observing an overestimation of the
kCO2 carbonation coefficient for the urban sites and an underestimation
for two of the urban/marine test sites located in Campeche.

5.5. Carbonation coefficient based on the empirical equation of the form
eCO2 = ḱCO2⋅tn

The carbonation coefficient kCO2 was estimated previously using the
empirical equation of the SRT. In this section, an empirical equation is
obtained to approximate better the values of eCO2 and tn, where n is not a
fixed exponent equal to ½, but a parameter determined by multiple
regression analysis. The proposed empirical equation has an exponential
form as follows: eCO2 = k′CO2⋅tn, where n is the time power that is

estimated from multiple regression analysis of the data obtained
experimentally at each site. The eCO2 and t values obtained at each site,
for both concretes with w/c ratios of 0.45 and 0.65, were entered into an
Excel spreadsheet to estimate the k′CO2 and n values by multiple
regression for each site and type of concrete, as well as their corre-
sponding correlation coefficients.

As an example, Fig. 17 shows the graphs of the results of the four test
sites that have been included in this research: MOR (Fig. 17a), TOL
(Fig. 17b), CDMX (Fig. 17c), and QRO (Fig. 17d). This figure shows the
experimental eCO2 data obtained as points on the graph at the different
slice-cutting times at the four mentioned sites. In addition, the correla-
tion exponential trendlines can also be seen in the figures, along with the
trend equations eCO2= k′CO2⋅tn and the correlation coefficients R2. These
lines and correlation equations were obtained using the spreadsheet for
each site (the three sites that stopped operating after ⁓5 years of this
investigation are not included in the analysis).

The results of these correlation analyses are shown in Table 6 for
each site and concrete type. Noting that the correlation equation ob-
tained is of the form eCO2 = k′CO2⋅tn, Table 6 shows the values of k′CO2
and n for each site and concrete type, separating these results by type of
site: urban or urban/marine. The field sites used to obtain the values in
Table 6 include all the sites except those three that stopped operating
⁓5 years after starting the project (MEX, CHI, and TAM).

From the values of the exponential equation used as an approxima-
tion for the data obtained from eCO2 vs t for each site and type of con-
crete (listed in Table 6), better correlation coefficients R2 are observed
for the concrete data with a w/c of 0.65 (between 0.806 and 0.969)
compared to the concrete with a w/c ratio of 0.45 (between 0.426 and
0.829). This may be due to this re-alkalization effect that drastically
reduces the final carbonation front depth of the concrete element after
⁓20 years.

It is worth mentioning that the values of the exponent n vary be-
tween 0.11 and 0.73 for the concrete with a w/c ratio of 0.45 and be-
tween 0.17 and 0.67 for the concrete with a w/c ratio of 0.65. Only three
out of 24 possible values of n are in the range n=0.5±0.05, which would
correspond to the exponent of the SRT (t½) for both concretes, i.e., only
12.5 % of the total sites evaluated are within a range close to the n value
of ½ corresponding to the empirical SRT equation that has been used for
many years to simulate concrete carbonation.

Fig. 18 compares the values of kCO2 and k′CO2 for each site and type of
concrete, showing there is an important difference between the

Fig. 15. Correlations between a) the values of k5SCO2 and k20SCO2 corresponding to the ~5-year and ~20-year slopes, respectively, of the eCO2 versus t1/2; b) the estimated
values of ~20-year kCO2 and k20SCO2 for each urban (○) and urban/marine (◊) site.

Fig. 16. Experimental values of kCO2 against those estimated with Eq. (1).
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carbonation coefficients obtained based on the empirical equation eCO2
= kCO2⋅t½ (SRT) and the empirical equation eCO2= ḱCO2⋅tn. The values of
kCO2 are lower than those of k′CO2 by approximately 37 %. However, the
carbonation front eCO2 no longer depends on the value of k′CO2 alone but
also on the exponent n of the empirical equation. This is the reason to
continue estimating the empirical equation to obtain k′CO2 and n based
on the environmental parameters and type of concrete.

5.6. Empirical equation of k′CO2 as a function of environmental
parameters and concrete type

As previously explained, this new empirical equation was obtained
following the same procedure to obtain kCO2 using Excel’s multiple

linear regression tool. The regression generated the following linear
equation for ḱCO2 (rounding to three decimal places):

Log ḱCO2 = -0.514 Log(T) – 2.063 Log(HR)+ 0.713 Log(TW) - 0.410 Log
(CO2) – 2.909 Log(ρS) + 9.380 (5)

The factors of this empirical equation are ordered using the rule of
logarithms, giving the following equation:

Fig. 17. Correlations obtained between eCO2 and t for each natural exposure site and type of concrete with w/c of 0.45 (◊) and 0.65 (○): a) MOR; (b) TOL; (c) CDMX;
and (d) QRO.

Table 6
Values of ḱCO2, exponent n, and regression coefficient R2 of the empirical
equations (exponential type) of eCO2 against time for each evaluated site and
concrete type.

Urban Site 0.45 0.65

ḱCO2 (mm/
yearn)

nCO2
(*)

R2 ḱCO2 (mm/
yearn)

nCO2 R2

MOR 1.883 0.49 0.494 6.161 0.44 0.909
TOL 2.831 0.22 0.593 6.223 0.27 0.806
QRO 1.2112 0.45 0.553 5.740 0.32 0.965
CDMX 2.280 0.35 0.454 6.188 0.26 0.657
JAL 2.385 0.11 0.941 5.882 0.17 0.971
OAX 1.015 0.57 0.738 2.853 0.67 0.942
MID 0.893 0.50 0.829 4.257 0.47 0.976
Urban/
Marine
Site

0.45 0.65
ḱCO2 (mm/
yearn)

nCO2 R2 ḱCO2 (mm/
yearn)

nCO2 R2

VER 1.210 0.36 0.583 4.162 0.39 0.844
Camp SMN 0.279 0.69 0.464 2.977 0.51 0.969
Camp ITC 0.225 0.73 0.563 3.234 0.49 0.882
Camp CRIP 0.225 0.73 0.563 3.402 0.43 0.798
PRO 1.047 0.53 0.426 4.356 0.42 0.901

* Dimensionless value.

Fig. 18. Correlation between the estimated values of kCO2 at ~20 years and
k′CO2 for each urban (○) and urban/marine (◊) site.
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k ´CO2 =
2.24 • 109 • TW0.713

ρS
2.93 • T0.514 • CO2

0.41 • HR2.063 (6)

The linear equation obtained for n is given by:

Log n = 0.446 Log(T) + 1.692 Log(HR) - 0.668 Log(TW) + 2.354 Log
(CO2) + 0.219 Log(ρS) - 4.338 (7)

The factors of this empirical equation are ordered using the rule of
logarithms, giving the following equation:

n =
5.102 • 10− 5 • T0.446 • HR1.692 • CO2

2.354 • ρS
0.219

TW0.668

(8)

Fig. 19 compares the experimental values of k′CO2 and n with those
estimated using Eqs. (6) and (8), as well as the correlation equations and
the corresponding correlation coefficients R2 of experimental and esti-
mated values. As seen in this figure, the correlation coefficient between
the experimental and estimated values for the variable k′CO2 is quite
good (0.8127); however, the R2 coefficient is 0.2018 for the variable n,
which suggests that Eq. (8) does sufficiently approximate n to be applied
at this time. The exponent n must be evaluated with more experimental
data obtained in the same way with concrete specimens exposed to a
natural environment and without being sheltered from inclement
weather.

Fig. 20 presents the empirical correlations between ḱCO2 and n for w/
c=0.45 (◊: dark symbol for urban and white symbol for urban/marine)
and w/c= 0.65 (○: dark symbol for urban and white symbol for urban/
marine) concretes. As observed in this figure, both data groups and their
correlation coefficients were quite different, showing an almost linear
relationship between ḱCO2 and n for 0.65 w/c ratio concrete data, and
SRT relation for 0.45 w/c ratio concrete data. This must be corroborated
with a larger number of data to consider a possible trend with these two
empirical parameters, ḱCO2 and n.

5.7. Electrochemical behavior of reinforcing steel after ⁓20 years of
exposure

The results of the electrochemical monitoring after ⁓20 years of
exposure are shown in Fig. 11 (for monitoring results from previous
years, see reference [27]). This figure includes the cumulative values of
the three parameters that the measuring equipment collects in each test:
Ecorr, icorr, and RS. Fig. 11a shows that the measured values of Ecorr in
specimens from the CDMX site were the most active, with the most
negative half-cell potential recorded from all the field sites. Of these

measurements, 20 % of the values corresponded to a 95 % probability of
corrosion activation (< − 350 mV vs CSC) according to ASTM C-876
[20]; 50 % in the range of 50 % probability of corrosion (between − 250
and − 350 mV vs CSC) [20]; and only 30 % in the range of values of 20 %
probability of corrosion [20]. The values obtained at the VER and OAX
sites follow these half-cell potential measurements. The field sites that
showed the most passive values of Ecorr were those of QRO and MOR.

By reviewing the values of icorr in Fig. 11b, it is noted that the most
active values were measured at the VER, CDMX, and TOL sites in that
order. The results indicate that the reinforcing steels in the specimens at
the VER site were more active than those at CDMX, even though more
negative values of Ecorr were measured at CDMX compared to VER. This
is possibly because the concretes in VER are more contaminated by
chloride ions than those in CDMX, generating greater corrosion activa-
tion in the VER site. The lowest icorr values (more passive) were those
obtained at the QRO site, corroborating what was seen with the results
obtained from Ecorr.

Finally, the RS values measured at the seven sites and shown in
Fig. 11c follow an inverse pattern to that found with the icorr values: the
concretes with the highest electrical resistance were those of the QRO
site, followed by OAX, VER, and lastly CDMX. This agrees with previous
observations, wherein icorr is inversely proportional to concretés RS.

Fig. 19. Correlation between experimental values of ḱCO2 and n against those calculated using Eqs. (2) and (3) for each urban (○) and urban/marine (◊) site.

Fig. 20. Correlation between ḱCO2 and n for each urban (○) and urban/marine
(◊) test sites. Filled symbols correspond to urban test sites, and unfilled symbols
for urban/marine test sites.
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Fig. 21 plots all the electrochemical data to determine possible corre-
lations between these values: Ecorr vs icorr and RS vs icorr. Also shown in
Fig. 21a are red dotted lines that delimit the evaluation criteria defined
in reference [20] Standard for half-cell potential Ecorr and current in-
tensity icorr evaluation criteria defined in references [1] and [7], to
determine whether the reinforcing steel is active or passive due to
corrosion.

From Fig. 21a, the following is observed:

1. Only 0.7 % of the measurements fall in the range of Ecorr < − 350 mV
vs CSC [20], and icorr > 0.2 μA/cm2 [1,7]: 95 % probability due to
active corrosion.

2. 3.7 % of the measurements fall in the range of Ecorr > − 350 mV vs
CSC [20], and icorr > 0.2 μA/cm2 [1,7]: 50 % probability due to
active corrosion.

3. 3.2 % of the measurements fall in the range of Ecorr < − 350 mV vs
CSC [20], and icorr < 0.2 μA/cm2 [1,7]: 50 % probability due to
active corrosion.

4. 7.4 % of the measurements fall in the range of − 250 < Ecorr <

− 350 mV vs CSC [20], and icorr< 0.2 μA/cm2 [1,7]: 50 % probability
due to active corrosion.

5. 85 % of the measurements fall in the range of Ecorr < − 250 mV vs
CSC [20], and icorr < 0.2 μA/cm2 [1,7]: the reinforcing steel is
passive.

This corroborates what was obtained with the eCO2 measurements;
three of the 12 sites presented carbonation fronts deeper than 15 mm for
the concretes with a w/c ratio of 0.65. This implies that 12.5 % of the
concrete specimens should present activation by corrosion in the rein-
forcing steel, which agrees with the 15 % activated obtained from direct

Fig. 21. Electrochemical parameters in seven of the exposure sites of the project: (a) Ecorr vs icorr and (b) RS vs icorr.
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electrochemical measurements.
Fig. 21b shows the correlation between the values of icorr and RS. A

distinct trend is observed in which RS is inversely proportional to icorr, a
relation previously observed between the values of electrical resistivity
of concrete (ρ) and icorr [29,30]. It is worth mentioning that the
measuring equipment gave the obtained RS values that correspond to the
electrical resistance of the concrete cover to the passage of the polari-
zation current at the time of performing the electrochemical measure-
ment. This electrical resistance depends not only on the thickness of the
cover (the same for all the specimens evaluated) but also on the internal
humidity of the pores of the concrete itself. The variation between the
values may be because the measurements were carried out at different
times of the year, at which the RS values of the concrete specimens could
have been influenced by the degree of ambient humidity that prevailed
at the time of measurement.

The electrochemical values (Ecorr and icorr) measured at the QRO site
are the least active due to corrosion. Also, the measurements of RS are
the highest of all the field sites, being congruent with the meteorological
parameters at the site, as the city of QRO was the one that showed the
lowest RH and RF of all the Mexican test sites, and it had an atmospheric
CO2 concentration between intermediate and high. This would imply
that this city is the least aggressive due to carbonation compared to the
rest.

On the other hand, the cities that showed the most significant ac-
tivity due to reinforcement corrosion were CDMX and VER, with the
highest icorr values, the most negative values of Ecorr, and the lowest
values of RS. The case of CDMX is not surprising, as it is one of the cities
with the highest population density in the world and a large number of
industrial areas in the country, making it an environment with a high
concentration of aggressive agents such as CO2 that can react with the
concrete by carbonating it and with enough ambient humidity to

activate the reinforcing steel, as observed from the low RS values of the
concrete.

Active values of Ecorr and icorr were also observed in the city of VER;
however, the measured values of the concrete RS lie in an intermediate
zone in Fig. 21b compared to those measured at the CDMX site, which lie
on the bottom region of Fig. 21b. This implies that chloride contami-
nation in the VER site’s concrete specimens was insufficient to reduce
the concrete RS as occurred at the CDMX site. Although the icorr values
measured at the VER site were among the highest, chloride ions had not
yet managed to completely activate the reinforcing steel of these spec-
imens due to the electrical resistivity of the concrete, which was still in
an intermediate range. Longer exposure time would be necessary for
concrete specimens at the VER site to become more contaminated by
environmental chloride ions, decreasing the concrete RS and leading to
more negative values of Ecorr, thus allowing a higher degree of corrosion.

It is important to note that of all the specimens placed in all the field
test sites in Mexico, only those located at the VER site, which was an
urban/marine site, showed concrete cracking due to corrosion of the
reinforcing steel. Concrete specimens located in the other urban/marine
sites (SMN, TEC, CRIP, and PRO) showed no signs of corrosion-induced
cracking on their surface. Fig. 22 shows the pictures taken of the three
concrete specimens with a w/c ratio of 0.65 that showed reinforcement
corrosion-induced cracks along three of their six reinforcing bars with a
cover of 15 mm. The reinforcing bars with 20- and 30-mm covers did not
show corrosion-induced cracks at the time of the evaluation (⁓20
years). It is worth mentioning that several marine sites of the Ibero-
American DURACON Project are already active due to corrosion [3],
and the case of the urban/marine sites in Mexico is particular as they are
located far from the coast, and there are possible barrier effects that
prevented a high-chloride airborne concentration, so the fact that these
Mexican test sites have specimens that are still passive must be taken

Fig. 22. Reinforcement corrosion-induced cracking in specimens at the VER exposure site. Cracks appeared only in concrete specimens with a w/c of 0.65 and the
lowest concrete cover of 15 mm.
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with great care.
It was expected that marine sites would display signs of deterioration

due to corrosion earlier since these specimens were exposed not only to
the ambient CO2 of the place but also to chloride ions, making the en-
vironments of these sites more aggressive. However, in the case of the
Campeches marine sites (SMN, TEC, and CRIP), it was observed that the
wind direction was from land to sea, opposite to what it was believed the
specimens would be exposed to. This reduced possible chloride
contamination in the concrete as the main winds were in the opposite
direction to what was supposed: from sea to land.

In the case of the PRO urban/marine site, similarly, its location did
not help the exposure environment to be as aggressive as that of the VER
site; since it is located 1.5 km from the coast, the exposure to chloride
ions was not so aggressive. Likewise, the site is in a mangrove forest,
protecting the specimens from the winds that could carry airborne
chlorides. This means only the VER site showed signs of deterioration
due to reinforcement corrosion in the concrete with a high w/c ratio
(0.65) after an exposure period of ⁓20 year.

6. Conclusions

1. It was observed that, after ⁓20 years of exposure, the concretes
presented a significant carbonation state, mainly those with a w/c
ratio of 0.65 corresponding to the concrete with the highest porosity.
The carbonation of the concretes with a w/c ratio of 0.45 was much
lower, and this could have been due to exposure to wetting and
drying cycles since the specimens were not protected from the rain
and cyclical changes in humidity between day and night, which
might have prevented CO2 from diffusing inside this concrete type.
The hypothesis of self-re-alkalinization could be also involved in the
carbonation process in 0.45 w/c ratio concrete but was not fully
demonstrated with the experimental program used in this
investigation.

2. The depths of the carbonation front in specimens at the urban sites
were higher than the values measured in the urban/marine sites.
This could be due to the hygroscopic nature of the chloride ions
present in the latter, increasing the internal humidity of the concrete,
thus reducing the transport of CO2 in its pores. However, this hy-
pothesis needs to be demonstrated in the near future with additional
experimentation.

3. In this study, it was observed that the climatological parameters that
most affected concrete carbonation were the relative humidity of the
environment and the direct exposure to wetting and drying cycles
due to the humidity itself and/or rainfall. This reduced the carbon-
ation rates in the concretes to such a degree in those with a low w/c
ratio (0.45) that the carbonation process apparently halted and did
not follow the typical empirical relationship of the square root of
time (SRT) that is regularly used to estimate the depth of carbonation
(eCO2).

4. It was determined that if the approximation of the slope of the
carbonation depth (eCO2) versus t½ is used according to the empirical
SRT equation for an exposure < 5 years, the eCO2 values at older ages
would be overestimated by almost double the actual value. This
would happen if the concrete specimen were exposed to an envi-
ronment that presents variations in temperature and humidity and is
directly exposed to rain throughout the exposure time.

5. This condition of natural exposure without protection from changes
in temperature, humidity, and rain produced a significant reduction
in the carbonation of the concretes with a w/c ratio of 0.45 and a
minor reduction in the concretes with a w/c ratio of 0.65. It is hy-
pothesized that this reduction was due to a re-alkalinization process
of the concrete when it is subjected to absorption/desorption of
water because of rain or humidity cycles between day and night.
Alkaline products at a greater depth than the carbonation front of the
concrete itself could be transported out of the concrete specimen
when it dries due to solar radiation or dry seasons.

6. Since the results obtained did not follow the carbonation process
proposed by the empirical equation of the SRT, a new empirical
equation of the form eCO2 = k′CO2⋅tn was proposed, and the param-
eters k′CO2 and n were estimated through multiple regression for each
site of the project. The results showed that only 3 values of n of 24
(12.5 %) were close to ½, corresponding to the empirical SRT
equation. This suggests that using the SRT equation should be
questioned when the concrete is exposed to natural environments
with wetting and drying cycles and variable temperatures.

7. This research has proposed two empirical equations to respectively
obtain the parameters k′CO2 and n as a function of the environmental
temperature (T), relative humidity (RH), time of wetness (TW), and
CO2 concentration, as well as the saturated electrical resistivity (ρS)
of the concrete. Using the logarithms of these environmental vari-
ables, the equation obtained from multiple linear regression gener-
ated approximations of k′CO2 very close to those obtained from the
experimental values with a correlation coefficient R2 of 0.8127,
making it an approximation that could be applied to multiple natural
environments.
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