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Abstract

Corrosion behavior of mild steel plain bar embedded in concrete with 28 days compressive strength of 40 N/mm? exposed to natural marine
environment at a location in the Gulf of Mannar was studied. This paper reports the results of 1-year study conducted on the reinforced concrete
specimens exposed to three different levels. The performance of three different types of corrosion protection by specialty coatings to rebars, namely
cement polymer composite, interpenetrating polymer network coating and epoxy coating was also evaluated periodically by measuring open circuit
potential measurements and the results are discussed. Biofouling was predominant on completion of 3 months immersion.
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1. Introduction

The corrosion of the reinforcement bar (rebar) is the main
cause of damage and early failure of reinforced concrete struc-
tures especially those located in aggressive marine and industrial
environment. The reinforcement in all the structures provides a
constructional security. Steel embedded in good quality concrete
is protected by the high alkalinity of pore water, which in the
presence of oxygen, passivates the steel. The loss of alkalinity
due to carbonation of the concrete and the penetration of chloride
ions to steel can destroy the passive film [1-4].

It is believed that reinforced concrete structures are durable
and maintenance-free for the whole of its design life, approx-
imately more than 60 years [5-7]. However, the corrosion of
reinforcing steel in concrete exposed to aggressive environment
affects the life of the concrete and thus has rapidly become a seri-
ous problem throughout the world. Parking structures, bridges,
buildings, and other reinforced concrete structures exposed to
marine and industrial environments are being severely damaged
due to corrosion of reinforcing steel within periods as short as
10-20 years [8,9].
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Organic coatings are a cost-effective way to protect met-
als. However, at defects or sites of damage in the coating, a
local corrosion cell develops leading to coating breakdown [10].
Alkali generated at the cathode tends to inhibit anodic attack
in these areas, but reduces the adhesion between coating and
metal to zero, resulting in disbonding around the defect [11]
or blisters near the defect [12]. The controlling factors in coat-
ing delamination have been extensively studied [13—16]. These
experiments show the same reversal of polarity seen previously
[17-19].

On the basis of the data, Asthana concluded that the
IPN-coated reinforcing rebars have acceptable bond strength
with concrete, and have better corrosion resistance than other
commercially available treatment used for similar applica-
tions [20]. The economics of the treatment is quite attrac-
tive since treatment costs about 15-20% of the cost of
steel. Hence it may be said that IPN-coated reinforcing steel
bars fulfill the minimum requirements laid down in various
standard specifications. Asthana concludes from the studies
that the IPN-coated steel reinforcement rebars would have
a more extended life in comparison to uncoated reinforce-
ment.

The pH may become lowered if the concrete contains chlo-
rides, sulphates, and other deleterious chemicals. These chem-
icals diffuse through the concrete and lower the pH value of
the water in the pores of concrete. As a result, protective oxide
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film is pierced by these chemicals, which will then attack the
reinforcement [21,22].

Alblas and Van London [23] reviewed the literature con-
cerning the effect of chloride contamination on the corrosion
of coated steel surfaces. Appleman [24], Heivig [25], Weldon
et al. [26] and Flores and Starr [27] showed various correla-
tions between level of chloride and premature coating failures.
These investigators applied the contaminant (chloride) in known
quantities to the steel surface and applied the coating shortly
thereafter. Neaj and Whitehurst [28] used chloride contamina-
tion that remained in the micropits after sand blasting of steel
surface for studying FBE coating performance. They found
that in the presence of a pitted surface, chloride contamina-
tion could cause serious loss of performance in FBE coatings
in hot cathodic disbonding and hot water tests. For underground
coatings and other immersion coatings in critical applications,
a maximum chloride level of 2 ppm was suggested [29].

It is generally assumed for steels without surface coatings
that chloride-induced corrosion results from the breakdown of
the passive film. In the presence of a passive film, it is believed
that the corrosion process results from the electrostatic attraction
between the positively charged metal surface and the negatively
charged chloride ions [30]. It is believed that chloride ions react
at areas where the passive film is discontinuous, damaged, or
at heterogeneous sites on the steel surface. After initiation, the
chloride ions are used as a catalyst for the liberation of iron ions,
resulting in further corrosion.

The corrosion performance of steel reinforcement embedded
in cementitious materials exposed to chlorides is a function of
both the concrete and steel characteristics.

In this paper the corrosion behavior of mild steel reinforced
plain rods and with three different types of coatings exposed to
natural marine environment over a period of 1 year is presented.

2. Materials and methods

Mild steel plain rebar of diameter 16mm and length
200mm was used. The initial weight of the mild steel
rebar specimens was recorded for gravimetric studies. 7/20
gauge wires were soldered to the MS rods for electro-
chemical studies. The reinforcement concrete specimens of
dimensions 150 mm x 150 mm x 300 mm containing one con-
trol (uncoated) and three coated mild steel rebar rod were cast.
The concrete mix proportion was 1:1.2:2.4. Ordinary Portland
cement with river sand as fine aggregate and 20 mm stones and
coarse aggregate were used. The water cement ratio used was
0.45. Identical specimens without reinforcing rods were cast and
tested in the universal compression testing machine for obtaining
compressive strength. Three coatings cement polymer compos-
ite coating (CPCC), interpenetrating polymer network coating
(IPN) and epoxy coating (EC) was applied for a an average
thickness of 150 £ 25 pm.

For gravimetric methods, the concrete cubes were broken
open after the specified time period and after immersing the
rebar’s in pickling acid for sufficient period, the weight of the
reinforcement steel rods was taken and the corrosion rate was

estimated using the relationship:

87.6W
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where W is the weight loss in milligrams, D the density of the
material in gm/cm?, A the surface area of the specimen in cm?,
and T is the time of exposure in hours.

For open circuit potential measurements a saturated calomel
electrode having a wetted cotton tip was placed over the concrete
surface and the potential was measured periodically between the
reinforcement rod and the reference electrode using a multime-
ter.

The water-soluble chloride was estimated by volumetric
method by preparing cement extract. The test solution was neu-
tralized with diluted sulphuric acid (H>SO4) then titrated against
standard silver nitrate (AgNO3) using potassium chromate as
indicator.

ey

corrosion rate (mmpy) =

3. Exposure details

For the study of the reinforced concrete specimens in natural
marine environment the unique facility available at the Offshore
Platform and Marine Electrochemistry Centre (OPMEC), an unit
of Central Electrochemical Research Institute (CSIR) situated at
a distance of 2 km from seashore located in Gulf of Mannar at
New Harbor, Tuticorin, India was made use of. The reinforced
concrete specimens were tied using polypropylene wire and sus-
pended from the platform of OPMEC unit. The specimens were
positioned at three different levels identified as atmospheric,
high tide and seafloor.

3.1. Atmospheric level (AL)

The reinforcement concrete specimens were positioned at the
platform and exposed to typical natural marine atmosphere.

3.2. High tide level (HL)

High tide level refers to the depth at which the reinforcement
concrete specimen was subjected to severe wave action of the
sea. Due to this, the specimens were subjected alternate wet and
dry conditions.

3.3. Seafloor level (SFL)

Seafloor level corresponds to the level where the submersed
reinforcement concrete specimens were placed on the seafloor
under the sea. This refers to a depth of approximately 9 m from
the platform.

4. Results and discussions
4.1. Open circuit potential
4.1.1. Atmospheric level

The open circuit potential measured for the control (mild
steel) as well as coated rods exposed to the atmospheric level as
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Fig. 1. Open circuit potentials of mild steel embedded in concrete exposed to
atmospheric level.

described earlier is monitored periodically and the results for a
period of 1 year is shown in Fig. 1. All the potentials are negative
and shifts to the active side but within the threshold value of
—270mV versus SCE as per the ASTM C 876(3). The potential
of mild steel plain bar and epoxy coated bar, at the instant of
157th day crossed the threshold value of —270 mV versus SCE
CPCC coated steel performed better than all other systems and
the order of performance is given as below: after completion
of 157 days, CPCC > IP net > epoxy > plain; after completion of
362 days, CPCC > IP net> plain > EC.

4.1.2. High tide level

Fig. 2 depicts the open circuit potential data collected for a
period of 1 year in high tide level. All the coated and control rebar
crossed the threshold potential limit of —270mV versus SCE
within 44 days of exposure indicating 5% probability of active
corrosion of the reinforcement rods. Even though the control
plain bar shows more active potentials than all the coated rebar
at the initial time intervals, the control tends to have more active
potential after 300 days of immersion and the overall trend of
the potentials of all the rebar remains the same with steep fall in
potential, i.e. more active at initial stages followed by a small rate
of change of potential. CPCC coated steel performed better than
all other systems and the order of performance is given as below:
after completion of 44 days, plain > IP net > CPCC > epoxy; after
completion of 362 days, CPCC >IP net > epoxy and plain.
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Fig. 2. Open circuit potentials of mild steel embedded in concrete exposed to
high tide level.
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Fig. 3. Open circuit potentials of mild steel embedded in concrete immersed in
seafloor level.

4.1.3. Seafloor level (SFL)

Fig. 3 shows the corrosion behavior of mild steel reinforced
concrete without and with CPCC, IP net and epoxy coating in the
seafloor level as observed by the open circuit potential measure-
ments. As inferred from the figure, CPCC coated rebar specimen
performs better than the other three specimens. Interestingly
the biofouling studies have shown the absence of iron bacterial
attachments in this level with only heterotrophic and manganese-
depositing bacteria of almost equal populations (3.1 x 10? and
2.6 x 102), which remain unaffected, even after 8 months of
exposure. Biofouling was predominant.

4.2. Weight loss (gravimetric) method

Table 1 shows the corrosion rate based on weight loss method
for mild steel rebar control after completion of 1 year at vari-
ous levels. At atmospheric level no corrosion, at high tide level
the corrosion rate was 0.0087 mmpy and at seafloor level the
corrosion rate was 0.0090 mmpy.

4.3. Linear polarization method

Table 2 shows the corrosion rate based on Linear polarization
method for mild steel plain rebar, CPCC coated rebar, IP net
coated bar and epoxy coated bar after completion of 1 year at
various levels.

4.4. ac impedance method

Table 3 shows the corrosion rate based on ac impedance
method for mild steel plain rebar, CPCC coated rebar, IP net
coated bar and epoxy coated bar after completion of 1 year at
various levels.

Table 1
Corrosion rate for mild steel rebar based on weight loss method

Level Corrosion rate (mmpy)
Atmospheric level 0

High tide level 0.0087

Seafloor level 0.0090
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Table 2

Corrosion rate (mmpy) based on linear polarization method

Level Mild steel plain (control) bar CPCC coated bar IP net coated bar Epoxy coated bar
Atmospheric 0.0001 0.000 0.0008 0.0013

High tide 0.0281 0.0066 0.0088 0.0101

Seafloor 0.0201 0.0011 0.0021 0.0033

Table 3

Corrosion rate (mmpy) based on ac impedance method

Level Mild steel plain bar CPCC coated bar IP net coated bar Epoxy coated bar
Atmospheric level 0.0130 0.0004 0.0007 0.0008

High tide level 0.0126 0.0008 0.0022 0.0011

Seafloor level 0.0196 0.0009 0.0021 0.0014

Table 4
pH and water-soluble chloride values

Level pH value (initial Chloride (ppm) (initial
value 13.2) value < 100 ppm)

Atmospheric 11.07 1340.12

High tide 11.01 3254.58

Seafloor 11.06 2488.80

Table 5

Fouling community distribution pattern

Depth (m) Community Population intensity
Surface of the sea Oyster Dense
Barnacle Dense
Ascidians Sparse
Seafloor (7 m from the surface) Ascidians Dense
Barnacle Sparse
Bryozoans Scattered
Mollusk Scattered
Table 6
Biomass on concrete specimen
Depth (m) Wet weight (g/dm?)
Surface of the sea 40.40
Seafloor (7 m from the surface) 43.11

4.5. pH value and chloride content

Table 4 shows pH and water-soluble chloride value of the con-
crete specimens after 1-year exposure and immersion to natural
marine environment.

4.6. Biofouling

Table 5 shows the pattern of distribution of fouling commu-
nity on concrete specimens immersed in sea at various depths.

Table 6 shows the biomass on concrete specimen after com-
pletion of 8 months immersion, the concrete specimen immersed
in bottom of the sea (7 m from the surface) registered relatively

higher biomass of 43.11 g/dm? (wet weight) while surface sam-
ple shows lower biomass of 40.4 g/dm? (wet weight).

5. Conclusion
5.1. Atmospheric level

5.1.1. ac impedance method

Atatmospheric level CPCC coated rebar relatively performed
well by giving less corrosion rate by impedance method after
completion of 362 days exposure to natural marine environment.
The order of performance is given as below:

CPCC > IP net > epoxy > control

The results of linear polarization method and open circuit
potential technique followed the similar trend.

5.1.2. Gravimetric method

The corrosion rate mild steel plain bar was zero after 362
days of exposure to natural marine environment based on weight
loss method. Visual inspection on coated rebar revealed that the
CPCC, IP net and epoxy coating gave full protection during this
period exposure/immersion.

5.2. High tide level

5.2.1. ac impedance method

At high tide level CPCC coated rebar performed relatively
well by giving less corrosion rate by impedance method after
completion of 362 days exposure to natural marine environment.
The order of performance is given as below:

CPCC > epoxy > IP net > control

The results of linear polarization method and open circuit
potential technique followed the similar trend.

5.2.2. Gravimetric method

Mild steel plain bar shown the corrosion rate of 0.0087 mmpy
after 362 days of exposure to natural marine environment
based on weight loss method. Visual inspection on coated rebar
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revealed that the CPCC, IP net and epoxy coating were not dam-
aged during this period exposure/immersion.

5.3. Seafloor level

5.3.1. Impedance method

At seafloor level CPCC coated rebar performed relatively
well by giving less corrosion rate by impedance method after
completion of 362 days exposure to natural marine environment.
The order of performance is given as below:

CPCC > epoxy > IP net > control

The results of linear polarization method, open circuit poten-
tial technique followed the similar trend.

5.3.2. Gravimetric method

Mild steel plain bar shown the greater corrosion rate of
0.0090 mmpy at seafloor level after 362 days of exposure to nat-
ural marine environment based on weight loss method. Visual
inspection on coated rebar revealed that the CPCC, IP net and
epoxy coating were not damaged.
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