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Abstract Reinforcement corrosion is a main dura-
bility issue for reinforced concrete structures in the
marine environment. Environmental actions on the
corrosion rate have been documented by several
researchers on actively corroding reinforced concrete
structures. Therefore, considering the influences of
ambient temperature and relative humidity is very
important for prospective studies of corroding struc-
tures. In this paper, active corrosion of concrete
members in the marine environment was observed for
4.8 years, and a relationship between the corrosion
rate and ambient temperature and relative humidity is
modeled. This very simple proposal is presented as a
complementary tool to experimental measurements
when assessing the deterioration rate of concrete
structures in the marine environment.
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Ag Variation due to seasonal effects (mV)
b Coefficient for sine function (mV)

B The Tafel slope (mV)
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BPC Blended portland cement

c Increasing coefficient for icop,
[uA/(cmzmonth)]

CSE Cu/CuSO, electrode

Ecorr.est Estimated half-cell potential (mV)

Average half-cell potential of the
whole exposure period (mV)

Ecorr,mean

Loon Corrosion current (LA)

Icomr Corrosion rate (uA/cmz)

icorr,0 Balanced initial corrosion rate
(uA/cmZ)

r Scaling coefficient for b
[LA/(cm*mV)]

RH Relative humidity

R Polarization resistance (kQ)

t Exposure time (months)

to Time displacement (months)

TRH Temperature multiplied by RH
[°C- %]

1 Introduction

The marine environment is highly aggressive to
reinforced concrete. A main aggressive action is
caused by the presence of salt in the atmosphere,
which leads to corrosion of steel in concrete. Though
steel forms a passive layer when embedded in sound
concrete, a critical chloride content causes pitting in
the passive layer, and steels starts corroding actively.
This is known as the chloride threshold content.
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The marine atmosphere is one of the zones of
exposure that can be defined in the marine environ-
ment, where concrete is never in direct contact with
seawater but with a marine aerosol [1]. Other marine
zones are the splash and the submerged zones. Each
zone differs from the others on the mechanisms of
chloride ingress into concrete and the saturation
degree of concrete. Concrete in any of these zones is
affected by ambient temperature, but ambient relative
humidity (RH) has greater impact on concrete when in
the marine atmosphere than when in the other
exposure zones.

The corrosion process develops through anodic and
cathodic zones, leading to corrosion cells with a
certain open circuit cell voltage. The half-cell
potential corresponding to the working electrode, i.e.
the reinforcing steel, is assessed by voltage measure-
ments against a reference electrode (e.g., versus Cu/
CuSOy electrode, CSE).

In the field, the interpretation of the value of the
half-cell potential may be done according to ASTM
C876 (ASTM C876 2009) [2]. These limits were
devised empirically from salt induced corrosion of
cast-in-place bridge decks in the USA [3]. Other
criteria have also been established to define a corro-
sion risk on the basis of the half-cell potential
(Table 1). Half-cell potential measurements are indic-
ative of the corrosion risk of steel in concrete, but
prospecting is not simple.

Besides, the kinetics of corrosion may be assessed
by electrochemical measurements of the polarization
resistance (Rp). The value of R, is inversely propor-
tional to the corrosion current (I.o;) (Eq. 1), and its
equivalent per unit area, corrosion rate (i¢o). Where B
is the Tafel slope (equal to 26 or 52 mV in the passive
or active states, respectively). The polarization

Table 1 Corrosion risk according to E.q

Vs. CSE Corrosion risk
E. o (mV) Stratfull (bridge decks) ASTM (ASTM
[4] (%) C876 2009) [2] (%)
—200 0 10
—240
-275 5
-350 50 90
—450 95
—500 100

resistance can be measured by implementing potential
signals on reinforced concrete and registering the
current response (potentiostatic method) [5]

B
Leorr = — 1
corr Rp ( )

The corrosion rate refers to the rate of volumetric
growth of corrosion products, and it is therefore
indicative of the propagation period. Its practical use
includes the estimation of the period after which
particular pathologic manifestations in the structure
can be expected (Table 2). However, its value is not
constant, and prospective techniques must account for
the influence of the environment.

Saturated concrete is characterized by low resistiv-
ity and slow oxygen diffusion. Therefore, the cathodic
process controls the corrosion rate. With increasing
saturation degree, the corrosion rate is limited by
oxygen availability and rust reduction. In unsaturated
conditions, the corrosion rate of active embedded steel
is governed by concrete resistivity, in direct connec-
tion with its moisture content [6]. Therefore, the
saturation degree of cover concrete is a key factor
when studying reinforcement corrosion.

In this sense, the moisture content of concrete is one
of the most influencing parameters in the value of the
half-cell potential in reinforced concrete structures [7,
4]. Lack of oxygen in the saturated state can lead to
very negative values of the half-cell potential [3].
Whereas the potential may be near +100 mV versus
CSE in aerated concrete, values of —400 and
—900 mV versus CSE are possible when concrete is

Table 2 Expectable periods for damage

Icorr Ref. [8] Ref. [9]
(pA/cmz) Corrosion rate Structure evaluation
Negligible No expectable damage
0.1
Low
0.2
Expectable damage
05 in 10-15 years
Moderate
1.0
High Expectable damage
10.0 in 2-10 years

Expectable damage
before 2 years
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saturated or there is a total absence of oxygen,
respectively [6].

Concrete in the marine atmosphere is subjected to
climatic variations in temperature and RH. These two
parameters affect the corrosion rate of active rein-
forcement, especially by affecting the moisture con-
tent in concrete. Lopez and Gonzalez [10] linked the
degree of pore saturation of concrete with the corro-
sion kinetics of steel in the active state. They obtained
quantitative relations between the corrosion rate of
reinforcement and the degree of pore saturation and
resistivity of mortars. A critical practical pore satura-
tion value was identified, below which the corrosion
rate was too small to pose any durability problem.

Enevoldsen et al. [11] performed simultaneous
measurements of corrosion rate, electrical resistivity
and internal RH on concrete specimens. The corrosion
rate was found to be strongly dependent on the
electrical resistivity of the mortar or cover concrete.
The electrical resistivity is, in turn, determined by the
RH and the concentration of chlorides in the pore
solution. They also suggest the existence of a threshold
limit of the RH below which a significant corrosion
current cannot be supported. The relationship between
ambient RH and internal RH of concrete is shown as
an important analysis tool.

Andrade et al. [12] studied the influences of humidity
and temperature on the corrosion rate of reinforcement
in mortar. They found a multiple simultaneous effect of
the variation of temperature on different parameters
(oxygen content, pH, chloride content) which may
counter-balance each other. They recommend resistiv-
ity to be the best descriptor of the relationship between
the corrosion rate and humidity in concrete.

It is therefore very important to state a methodology
to assess the influence of climate when analyzing the
value of the half-cell potential and the corrosion rate in
a reinforced concrete structure.

The methodology proposed in the present paper for
the analysis of electrochemical corrosion parameters
is based on the quantification of the influences of the
ambient temperature and RH on the deterioration rate.
Climatic actions may be considered in two orders:
daily variations and seasonal variations. In regard to
their effect on reinforcement corrosion, the last are
more important to be concerned with due to the period
of the cycle involved. Daily variations cycles are not
expected to show major practical effects, and only
mean daily values are considered in this first approach.

This improved prospection tool for actively cor-
roding structures includes a variable deterioration rate
in connection with climate exposure conditions, and it
supposes increased accuracy in comparison with a
constant deterioration rate. Moreover, the use of this
methodology may allow reducing the number of in situ
measurements that are required to pursue the deteri-
oration rate of a concrete structure in the marine
environment.

2 Experimental

Five reinforced concrete members of 150 x 150 x
500 mm were studied. They were reinforced with four
bars of 12 mm diameter in each edge and stirrups of
4.2 mm diameter spaced at 140 mm. Cover concrete
was of low depth (<5 mm) in order to reach fast
depassivation. Thus, all presented data correspond to
the propagation period of corrosion.

Cylindrical compressive strength at 28 days of
concrete was 26 MPa, with a water-to-cementitius-
material ratio of 0.60 and a unitary cement content of
280 kg/m3. A blended Portland cement (BPC)
admixed with limestone filler [17 % of cement weight
(c.w.)] and slag (12 % of c.w.), was used. The
properties of BPC are listed in Table 3.

Reinforced steel was used with minimal rust, but no
special surface treatment was applied prior to con-
creting. This was intended to obtain representative
data of real reinforced concrete structures, in which

Table 3 Chemical and physical properties of BPC

Properties BPC
Blaine specific surface (mzlkg) 338
Density 3.03
Chemical analysis (%)

Loss on ignition 3.00
Insoluble residue 2.70
SO; 1.87
MgO 0.95
Si0, 19.00
Fe,03 3.88
Al,O4 7.37
CaO 60.95
Chloride 0.011
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the surface of steel is usually not completely free of
rusting.

Reinforced concrete members were cast in the
direction of their main axis. Therefore, capillary pores
orientation was parallel to the longest dimension, and
it should not be expected differences due to the casting
direction between results from each of the four long
sides of the specimens. Concrete elements were cured
in a fog room for 28 days and then exposed to a marine
environment.

The exposure site was at about 50 m from the
coastline in a rural area near Mar del Plata city,
Argentina (Figs. 1, 2). Long axis of the specimens was
set perpendicularly to the coastline. Thus, a top side
(A), two lateral sides (B and D), and a bottom side
(C) were set up for each concrete member.

Fig. 1 Exposed reinforced concrete members

Fig. 2 Exposure zone

-

Half-cell potentials and corrosion rates were regu-
larly measured during 4.8 years of exposure. Corro-
sion rate was assessed by the use of a corrosimetre
device with a guard ring, which operates the polari-
zation resistance method previously described. Three
measurements (in the middle and at both ends) were
performed on each of the four long faces of the
elements. This amounts to 60 individual values for
each measurement time.

3 Results

Mean values and standard deviations for half-cell
potential and corrosion rate measurements performed
for exposure periods of 0, 12.4, 17.5, 26, 33.4,42.1 and
57.8 months are shown in Fig. 3. Exposure started on
14 June. Therefore, + = 0.23 months agrees with the
beginning of the winter season (21 June).

In Fig. 4, it can be seen that the dispersion of values
decreases with the value of the mean half-cell
potential. The oxygen availability at the steel surface,
and thus the moisture content of concrete, primarily
defines the electrochemical potential of the steel. If
concrete is saturated, oxygen diffusivity through pore
liquid will be decisive on the deterioration rate.
Otherwise, the protection that the cover as resistive
material may offer to steel acquires relevance. Being
this the case, heterogeneities in the concrete member
are highlighted by a wider range of values for the half-
cell potential when concrete is dry.

Figure 5 shows the exposure periods of 17.5 and
42.1 months as those in which the most positive values
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Fig. 3 Time evolutions of half-cell potential and corrosion rate
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Fig. 5 Cumulative frequencies for the half-cell potential at
different exposure periods

for the half-cell potential were obtained. In this two
periods, 50 % of the measurements were more
positive than —350 mV versus CSE, limit below
which high corrosion risk is indicated in ASTM C876
(ASTM C876 2009) [2]. The values in the rest of
exposure periods are mostly or completely below this
limit. Accordingly, it is clear that steel remained active
during the whole exposure period despite some values
indicating intermediate risk levels. In the case of the
corrosion rate, Fig. 6 shows that about 60 % of values
for r = 0 are below 0.2 pA/cm?. The rest of the initial
measurements showed active values. This is related
with the condition in which reinforcing steel was used.
If any surface treatment would have been applied, fast
passivation of steel would be expected. However,
under the experimental conditions, the time required
for steel to passivate seemed to be longer, correspond-
ing to some instance between 0 < ¢ < 12.4 months.
Unfortunately, this instance could not be completely
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Fig. 6 Cumulative frequencies for the corrosion rate at
different exposure periods

registered (it was detected only for 60 % of measure-
ments) because depassivation occurred very early,
before t = 12.4 months.

From Fig. 3 it can be seen that the average
corrosion rate increases consistently with time. The
highest values were at the latter exposure periods, with
the highest individual measurements near 10 pA/cm?,
limit that is attributed to corrosion in the marine
atmosphere [8].

The dispersion for the corrosion rate (Fig. 6) differs
from that for the half-cell potential (Fig. 5). As well, in
Fig. 3 it is noted that half-cell potential showed
consistently annual cyclic values. The corrosion rate,
in contrast, increased in value and dispersion along time.

4 Discussion

Ambient temperature and RH have simultaneous
effects on the moisture content in concrete. Thus, it
is convenient to consider their influence simulta-
neously and, therefore, the use of temperature multi-
plied by the RH (TRH), expressed in °C and %,
respectively, seems practical. There are many other
parameters that may be included in a very complex
and detailed description, but then discrete weather
events need to be considered, and they are hard to be
included (and predicted) in a continuous formula.

If the half-cell potential is compared to TRH, a
strong linear relationship is derived (Fig. 7). Thus, the
value of the half-cell potential may be approximated
with a linear relationship with 7RH, and this simple
parameter seems capable of empirically describe the
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Fig. 7 Half-cell potential versus TRH

influence of climatic exposure conditions. In addition,
the annual variation of TRH is periodic, and can be
modeled with a sine function. The proportionality
between E.,, and TRH means that their evolutions in
time replicate with a scaling difference.

Equation 2 offers a sine approach to the half-cell
potential considering these two aspects. Where E oy e
is the estimated half-cell potential, Ecormean 1S the
average half-cell potential of the whole exposure
period (equal to —411 mV for the collected data) and
Ag is the variation due to seasonal effects calculated
by Eq. 3. Where b is a coefficient reflecting the
amplitude of the sine function (equal to 65 mV for the
collected data), ¢, is a value referring the time
displacement of the sine function, and ¢ is the exposure
time (in months). The complete cycle is 12 months,
starting on 5 November (middle of springtime), and
with the maximum and minimum values for TRH at 3
and 9 months after this date. If the exposure starts on
this date, 7, = 0. Considering the date for the starting
of exposure, #, = 7.28 months (from 5 November to
14 June). The highest value of TRH may not neces-
sarily imply the lowest value for E;qy s, due to a spare
time that may be required for moisture to diffuse into
concrete up to the reinforcement depth. This time is a
function of the cover depth and its pore structure. For
the presented data, this spare time was not taken into
account considering that the low cover depth and high
w/c of concrete allowed an early hygroscopic equilib-
rium between cover concrete and the environment.
The presented data was collected while cover concrete
remained sound, and Eq. 2 may need further modifi-
cations to be applied to cracked or delaminated
reinforced concrete elements.
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Fig. 8 Time evolution of the TRH parameter and the half-cell
potential, and fit based on Eq. 2

ECOIT.GSI = Ecorr,mean + Ast (2)

(2 +0) G)

Figure 8 shows the evolution of the half-cell
potential with time considered as a sine function of
time with an annual period. Here, TRH,,.. refers to the
TRH value on the day of the experimental measure-
ment of E.,. Similarly to TRH, the more negative
values for E.,, are those during the winter season,
whereas the less negative occur in summer. Humidity
in concrete pores is permanently towards equilibrium
with the RH in the atmosphere, which determines the
saturation degree of concrete. Concrete is drier during
summer than winter, mainly due to high levels of
sunshine and temperature. The seasonal variation of
the half-cell potential is directly related to the moisture
content of concrete. In Fig. 8, the initial measurement
for E_,, does not fit into the sine evolution due to
laboratory conditions, and a certain time of exposure
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Fig. 9 Time evolution of the corrosion rate and fit based on
Eq. 4
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Fig. 10 Cracking patterns
and rusting on reinforced
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was necessary to have some environmental influence, temperature and humidity seems very exciting. How-
mainly as regards moisture content. ever, it is the corrosion rate evolution what matters in
The relationship presented to predict future values order to verify the loss of working section of
for the half-cell potential on the basis of ambient reinforcement and the deterioration rate. For this
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reason, this sine evolution is transposed to the
variation of the corrosion rate.

However, the case of i.,, requires including an
additional increasing term due to the progressive
depassivation of a larger proportion of the steel surface
with the increasing chloride content near the rein-
forcement. Therefore, the evolution of i with time is
analyzed by the time function in Eq. 4, consisting in
the addition of three terms: an initial corrosion rate, an
increasing term and a sine term (Fig. 9). Where ion 0
is the balanced initial corrosion rate, ¢ an increasing
coefficient (0.1219 uA/(cmz-month) for the collected
data), and r a scaling coefficient for b (72 pA/
(cm*>mV)). The sine term attains the highest (most
positive) value in summer and the lowest (most
negative) value in winter. This contrasts with E ., in
the sense that higher values for i, may be expected
for more negative values of E,,. Concrete reaches a
higher saturation degree in winter, which decreases the
availability of oxygen. As well, corrosion rate dimin-
ishes with lowering temperatures. Therefore, concrete
is drier in summer than in winter, and the lower
moisture content of concrete implies less negative
values for E., but not lower values for i,

lcorrest = icorr,O +c-t+ % (4)

Cover concrete remained sound during the first
3 years of marine exposure. After that, oxide patterns
in coincidence with reinforcement bars began being
noticed. This period coincides with the stabilization of
the corrosion rate near 38 months of exposure (Fig. 9).
From this moment, the increasing term in Eq. 4 was
disregarded, and the value of i, o was replaced by
the stabilized value of the corrosion rate, .oy =
4.7 pAlem?.

The values for the parameters used in the model
(Egs. 2—4) are not appropriate to concrete properties
and/or exposure conditions different from those pre-
sented in this paper. However, the proper values may
be obtained from previous data of corrosion and
climate parameters in the same structure under study
or other under equivalent circumstances.

At the exposure period of 57.8 months, a detailed
examination of cracks (lines) and oxide patterns
(shaded zones) was performed (Fig. 10). It should be
remembered that the faces named ‘A’ were at the top
during exposition, ‘C’ faces were at the bottom, and
‘B’ and ‘D’ faces were lateral. Corrosion-induced

cracking of concrete involves two major stages. At the
beginning of the active corrosion process, a layer of
corrosion products is formed at the interlayer between
concrete and steel. This causes disbondment at the
interface. When the disbondment stage is advanced,
cracks and/or spalls of cover concrete are formed. The
visual inspection of concrete members allows assert-
ing that the volume of corrosion products was larger
enough to cause major failings in spite of the relatively
short exposure term of 57.8 months (in comparison
with the service life of a real structure).

The external signs of corrosion do not necessarily
reflect the total extent of damage. If concrete contains
a substantial volume of interconnected pores and
voids, they may act as repositories for corrosion
products and increase the time for cracking or avoid
any cracking at all. The concrete used was of low
quality, and a corresponding hiding of damage may be
reasonably assumed.

5 Conclusions

Environmental actions on the corrosion rate of active
steel in concrete made with BPC exposed in a marine
environment were experimentally assessed. An expo-
sure period of 4.8 years was analyzed, and a direct
relationship between the corrosion rate and ambient
temperature and RH was derived.

Variations of ambient humidity and temperature
affected both the half-cell potential and the corrosion
rate of reinforcement. Cyclic sine variation of the half-
cell potential was found. This variation is mainly
attributed to the varying moisture content of concrete
due to environmental actions. On the other hand,
corrosion rate progressed with time, but a season effect
on the extent of the increase was also considered.
Conceptually opposite seasonal effects on the half-
cell potential and the corrosion rate of active steel
embedded in concrete were found.

The parameter temperature multiplied by the RH is
proposed as a quantifier for the environmental actions
on the half-cell potential and the corrosion rate. This
proposal fit consistently to the obtained results.
Therefore, a direct link between the climatic actions
and the deterioration rate was quantitatively
established.

For each exposure period, both half-cell potential
and corrosion rate showed variations in their values
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due to concrete heterogeneity and orientation of the
concrete surface. This affectation was higher for the
corrosion rate than for the half-cell potential.
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