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Prediction of concrete structure behavior is complicated by diverse factors, including interaction between elements and concrete
compounds, chlorides diffusion through concrete, and compounds formed by corrosion of steel reinforcement. These factors were
evaluated in concrete test cylinders exposed to a tropical marine environment since 1993 (during 126 months). Electrochemical,
chlorides profile, scanning electron microscope, and energy-dispersive X-ray spectrophotometry analyses were done and results
compared. This suite of analytical methods accurately characterized reinforced concrete condition and generated data useful in

developing prediction models of corrosion in concrete structures.

1. Introduction

Beginning in the 1980s, service life in reinforced concrete
has been classified into two stages: initiation and propagation
[1]. However, during the last thirty years, new, more complex
materials have been incorporated into concrete, and environ-
mental conditions have changed. These, among other factors,
have led to development of new systems dividing concrete
service life into stages [2] that more specifically address the
phenomena in each stage and adjust them to the changing
circumstances affecting reinforced concrete.

Corrosion is more pronounced and common in marine
environments and very cold places where salt is used for
deicing. The main causes of steel corrosion are carbonation
and chloride ions [3]. Steel reinforcement in concrete is pro-
tected against corrosion by a passive film that forms on its
surface in response to the concrete’s high alkalinity (pH =12.5
to13.5) [4]. If concrete pH falls below 9, or if chlorides content
exceeds a certain critical value (i.e., the chlorides threshold),
the steel’s passive film is lost and with it any protection against

corrosion. Under these conditions, corrosion products are
formed with an approximate volume five times that of the
reinforcing steel, producing internal tensions that cause the
concrete covering to fracture and fail.

An extensive literature addresses corrosion products on
steel exposed to the environment [5-14]. The main corro-
sion components of these products are iron oxyhydroxides
[FeOOH], iron oxides [Fe,O;], and magnetite [Fe;O,]. On
exposed steel, the corrosion process differs from that of
embedded steel reinforcement. Scanning electron micro-
scope (SEM) studies of the paste-steel interphase in steel
reinforcement have identified iron oxide and oxychloride as
reaction products [15]. A base chloride [3Fe(OH),-FeCl,] of
iron forms and then decomposes to produce akaganeite [f3-
FeOOH] and iron hydroxide [FeOOH] [16]. Final corrosion
products in other studies have included magnetite [Fe;O,]
and akaganeite [3-FeOOH]. Presence of akaganeite in the
corrosion products is caused by the presence of chloride ions
in the concrete [17].



FIGURE 1: Concrete cylinders exposed to a tropical marine environ-
ment 100 m from the coast at Progreso, Yucatan, México (21°18' N,
89°39' W).

The objective of this paper was to identify the chemical
elements present in the paste-steel interphase and the con-
crete paste itself in response to chloride ion ingress through
the concrete’s pore network, the interaction between them,
their effect on structure service life, and the correlation
between the characterization tests and electrochemical tests,
using samples exposed to a tropical environment during 126
months.

2. Experimental Methodology

Samples for this study were taken from simple and rein-
forced concrete specimens exposed since 1993 in a tropical
marine environment at Progreso, Yucatan, Mexico (21°18' N,
89°39' W); all of them were exposed for 126 months in order
to obtain data since the first time of the exposure until
the detection of reinforcement corrosion [18]. The cylindrical
specimens were located 100 m from the coast, in a verti-
cal position (Figure 1). Concrete in the test cylinders was
designed to have a resistance of 30 MPa and was made with a
0.50 water/cement (w/c) ratio and a one-day set. Steel rein-
forcement in the test cylinders is 3/8" (9.5mm) diameter
black steel rebar. The superior and inferior surfaces of each
test cylinder are covered with epoxy to limit chloride action
to the radial surface (Figure 2).

2.1. Chemical Tests. Before the test cylinders were placed in
the marine environment and during 126 months of exposure,
tests have been done for chlorides and carbonation depth.
For chlorides, dust samples were taken at seven depths
(2, 5, 10, 15, 20, 25, and 30 mm, exterior to interior) and
chlorides were extracted using the acid extraction technique
following established norms (ASTM C 114 and UNE 217-91).
Chlorides concentration was quantified using the selective
ion technique and reference electrodes (Orion, models 9417-
00 and 9002-00, resp.). Carbonation depth was measured
with the traditional technique of phenolphthalein indicator
[19, 20]. Briefly, rounds are cut from the test cylinder, dust is
immediately removed from the cut surface with a brush, and
phenolphthalein is applied to it. After application, appearance
of a violet color indicates concrete pH higher than 9, and lack
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FIGURE 2: Schematic image of a concrete test cylinder: 30 MPa com-
pression resistance, w/c = 0.50, one-day set.

of carbonation, while absence of any color means pH is lower
than 9 and the concrete is carbonated.

2.2. Electrochemical Tests. In the reinforced test cylinders,
steel reinforcement corrosion potential and rate were evalu-
ated with the polarization resistance technique (Rp) following
norm ASTM C-876 [21]. A potentiostat/galvanostat (PC3
ZRA) was used with the steel reinforcement as the working
electrode and a titanium internal electrode, previously cal-
ibrated with a calomel-saturated electrode, as the reference
electrode [22].

2.3. Characterization Tests

2.3.1. Corrosion Product Analysis. Steel reinforcement corro-
sion products were evaluated with SEM (Phillips XL30S) and
EDX to identify the elements present on the steel surface
and in the paste-steel interphase. The same analyses were
also done of the concrete paste at different depths to identify
which elements were present and their concentration. For
these tests, rounds were cut from the center of the test cyl-
inder and samples cut from these rounds at the depths men-
tioned above (Figure 3).

3. Results

The chemical and electrochemical tests of the concrete sam-
ples identified the time at which steel reinforcement depas-
sivation, and corrosion initiation, occurred. This point also
marks the end of the initiation stage and the beginning of the
propagation stage.

Baseline chlorides content data at the depths mentioned
above were collected before the test cylinders were exposed.
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FIGURE 3: Test cylinder section profile. Samples were taken at dif-
ferent depths for SEM and EDX analyses.

TaBLE I: Chloride concentration as a percent (%) of concrete weight
during the study period.

w/c  Depth (mm) Months
24 45 78 126
2 0.09 0.23 0.18 0.06 0.23
0.07 0.23 0.19 0.11 0.22
10 0.09 0.46 0.30 0.22 0.37
0.5 15 0.09 0.44 0.57 0.19 0.24
20 0.09 0.46 0.43 0.26 0.26
25 0.08 0.24 0.45 0.21 0.62
30 0.14 0.22 0.20 0.17 0.41

This initial pattern was compared to the patterns measured at
the same depths at different exposure times.

The free chlorides threshold required to depassivate steel
reinforcement and begin its corrosion is reported to be
between 0.39 and 1.16% of concrete weight [23]. Chloride con-
centration per concrete weight in the present data (Table 1)
shows that chloride concentration increased over time and
from the concrete surface towards its interior. Maximum con-
centration was 0.40% at 126 months and 32 mm depth. This
is the depth of the steel surface, suggesting that the steel was
depassivated. The chloride concentration profile over time
(Figure 4) agrees with those reported in the literature [24].

After 126 months of exposure, carbonation had reached
20 mm depth. Consequently, pH had dropped below 9, allow-
ing the chlorides to diffuse through the concrete paste. This
is confirmed in the chloride concentration profiles.

Electrochemical tests were run to corroborate the chem-
ical tests. Polarization resistance (Rp) was used to measure
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FIGURE 5: Corrosion potential over time; values below —200 mV
indicate probable steel corrosion.

potentials and calculate corrosion rates. Using a copper/cop-
per sulfate electrode, potentials between —200 and —400 mV
are known to indicate possible corrosion of steel (ASTM
C-876). The fluctuations in corrosion potential over time
showed that at 60 and 126 months steel corrosion potential
was between these values (Figure 5). However, they then
recover and become more positive, highlighting the need to
confirm these results with corrosion current measurement in
pA/cm?® to determine if corrosion was present on the steel.
In this method, corrosion is known to exist on steel when
corrosion current density exceeds 0.1 uA/cm” [25, 26].

Data for corrosion rate over time (i.,,) indicated that cur-
rent density surpassed 0.1 A/cm® beginning at 126 months
(Figure 6). Corrosion had therefore begun previously and
corrosion products are probably present at the interphase. At
this time the test cylinders exhibited plainly visible micro-
fractures, indicating that corrosion had begun.

The EDX analysis showed the amount of elements present
and their proportions (based on peak size) at different depths
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FIGURE 7: EDX analysis showing elements in the interphase and
their proportions based on peak size.

TABLE 2: Amount of elements (% of weight) as determined by SEM-
EDX.

a’ﬁ? Fe Ca Al Si O Mg S C C
0 19 515 17 72 35 0 0 0 0
2 46 331 30 164 412 08 05 0 0
5 29 346 25 162 407 20 06 0 0
10 71 318 48 142 398 20 0 0 0
15 55 430 29 100 356 07 12 07 0
20 21 392 70 62 329 09 06 06 0
25 48 355 28 98 353 08 06 04 96
30 27 38 20 105 346 07 07 07 99

(2, 5,10, 15, 20, 25, and 30 mm); the concrete interphase is at
30 mm (Figure 7, Table 2).

4. Discussion

The present data indicate that during exposure chloride ions
diffuse from the exterior inwards through the concrete’s pore
network. This produces ruptures in the passive layer, allowing
steel corrosion to begin. Products such as oxychlorides and
iron hydroxides form which release iron ions and other
elements such as aluminum and silicon. These mix with other
elements to form compounds which also diffuse through
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the concrete paste from the steel reinforcement towards the
exterior.

It is important to mention that at 20 mm depth and 126
months of exposure, when signs of corrosion were visible,
total chlorides concentration began to decrease while iron
and aluminum concentrations at the same depth began to
increase (Figure 4, Table 2). A possible explanation for these
results is that as the chlorides advance through the concrete
bulk they mix with other elements, such as iron and alu-
minum, from corrosion products. In contrast, these diffuse
outwards from the center, remaining isolated or mixing little
with other elements.

Silicon levels decreased with depth up to 20 mm and then
increased (Table 2), behavior in good agreement with the
carbonation observed beginning at 20 mm in the chemical
analyses. This element forms part of the hydrated calcium
silicates (HCS) in the concrete. It is therefore probably dis-
solving due to carbonation and then combining with port-
landite [Ca(OH),] to form calcium carbonate [CaCO;] since
calcium also decreases at this point (Table 2).

Unlike silicon, chloride concentration at 126 months and
25 mm depth exhibited a maximum peak; indeed it was the
highest concentration in a test cylinder (Figure 4, Table 2).
At the same depth, elements such as iron and aluminum
decreased. Silicon concentrations also increased, which
agrees with a lack of carbonation at this depth.

The data produced to date with this experiment suggest
strong correlations between chemical and electrochemical
phenomena and the behavior of elements and compounds
in the reinforced concrete. Further research will be needed
to corroborate these findings over longer time periods and
in different qualities of concrete. The results also confirm
that characterization tests are vital to determining concrete
durability and that improvements can be made to an overall
service life prediction model based solely on chloride diffu-
sion. Stage-based models can help to make predictions more
accurate.

5. Conclusions

Any conclusions drawn from the present study apply largely
to the study conditions and can only be carefully extrapolated
to broader contexts. Tools such as SEM and EDX clearly
provide valuable data for comparing chemical and electro-
chemical findings.

The chloride ions diffusion from the exterior inwards
through the concrete’s pore network produces ruptures in the
passive layer, allowing steel corrosion to begin. This phe-
nomenon can be detected through the joint analyses of
chemical, electrochemical, and characterization tests. This in
turn creates greater accuracy in service life prediction models,
particularly those divided into various stages.

Collecting data from test cylinders exposed for long peri-
ods in marine environments helps to establish trustworthy
durability parameters that can be compared to real structures
under service conditions, with the additional consideration
of factors not included in the present study, such as load
conditions.
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