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ABSTRACT

Corrosion of reinforcement is an important durability concern for the structures exposed to coastal regions.
Since corrosion of reinforcement involves long periods of time, impressed current technique is usually used to
accelerate the corrosion of reinforcement in laboratories. Characterization of impressed current technique was
the main focus of this research,which involved determination of optimum chloride content and minimum
immersion time of specimens for which the application of Faraday’s law could be efficient. To obtain optimum
chloride content, the electrolytes in the corrosion cell were prepared similar to that of concrete pore solutions.
Concrete prisms of 200 mm by 200 mm by 300 mm were used to determine the minimum immersion time for
saturation. It was found that the optimum chloride content was 35 gm/L and the minimum immersion time for
saturation was 140 hours. Accounting the results, a modified expression based on Faraday’s law was proposed
to calculate weight loss due to corrosion.
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1. INTRODUCTION

The focus of this research was to study the impressed current technique to model the accelerated corrosion test
in laboratory. Though the impressed current technique has been extensively used by several researchers (Allan
and Cherry, 1992; Andrade ef al., 1993; Andrade et al., 1990; Austin et al., 2004; Car¢ et al., 2008; Maaddawy
and Soudki, 2003; He et al., 2016; Kassir and Ghosn, 2002; Nossoni and Harichandran, 2012; Tran et al., 2011;
Val et al., 2009; Shakib and Morshed, 2016, 2018), literatures describing its appropriateness are very scarce. In
particular, suitability of Faraday’s law for computing the loss of reinforcement due to corrosion in different test
conditions, e.g. immersing water with variable chloride concentrations, immersion time before starting the test
to saturate the concrete pores, current density applied during test, techniques applied to ensure sufficient water
and oxygen in concrete and etc., were not investigated in detail in the past. In this research, two test conditions
were investigated - a) different chloride concentrations in synthesized solution similar to that of concrete pore
solution, b) time to saturate the concrete. Generally, a DC power supply with constant voltage is used to
accelerate the corrosion process. The corrosion current amount flowing through the circuit is very much
dependent on the chloride content in the electrolytes. It increases with the chloride content till the optimum is
attained. So that the time required to obtain chloride saturation in the concrete is important to attain a steady
current flow. Moreover, in chloride-induced corrosion, prediction of mass loss is also dependent on the chloride
content present in the electrolytes (Nossoni and Harichandran, 2012; Tran et al., 2011; Shakib and Morshed,
2016, 2018). However, so far, there are no specific guidelines regarding the amount of chloride content and
immersion time before starting the test to attain saturated chloride content (in terms of time to attain a steady
current flow) for reinforced concrete specimen in any codes of standard.Thus, application of Faraday’s Law in
different testing environments may end up with different test results. Focusing on this issue, a favorable testing
environment for applying the Faraday’s Law was investigated in this research. Testing environment was
evaluated in terms of efficiency of currenton the basis of gravimetric loss method.

1.1 Electrochemical Concepts and Principle of Faraday’s Law

Reinforcing steel remains in stable passive state at very high pH as shown in Figure 1. Since the pH of concrete
pore solutions is very high (Austin ef al., 2004; Nossoni and Harichandran, 2012; Shakib and Morshed, 2020,
Shakib and Morshed, 2018), concretes give a good protection against corrosion (Bazant, 1979; Broomfield,
2006; Maaddawy and Soudki, 2003). On the other hand, a passive layer is formed due to hydration of cement on
the steel surface, which also protects it from corrosion. But if any corrosive agent, like chloride ions, incorporate
into the concrete, passive layer is destroyed and corrosion progresses (Bazant, 1979). The passive zone of the
steel becomes a pitting zone as shown in Figure 2 and the zone expands to high pH with the increase in chloride
concentrations.

To model this chloride induced corrosion in the laboratory, impressed current technique is used, where the steel
corrodes electrochemically. In accelerated corrosion test, a constant DC power supply is used to apply current
through the steel rebar as shown in Figure 3. In this methodology, presence of chloride ions, water and oxygen
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are obligatory. Considering this obligation, the concrete samples need to be immersed into the water containing
chlorides. Faraday’s Law is employed to evaluate the overall weight loss of the anodic bar which is directly
related to current and time.
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Figure 3: Schematic Diagram of Accelerated Corrosion Test Setup
The estimated corrosion-induced loss of steel using Faraday’s law
_ MIt _ MicoretA |

F ™ 2F zF
Where, My = the weight loss of steel bars (gm), M = atomic weight of metal (For Fe, M = 56 gm/mole), [ =
current (amperes), icorr = % = current density, 4 = corroding surface area of the rebar, ¢ = time (seconds), z =

ionic charge (for Fe, z =2), F = Faraday’s constant = 96,500 coulombs/mole.
The ratio of the estimated loss of steel to the actual loss found by gravimetric loss method is defined as current
efficiency,
=Ma 2
Mp

Where, Ma = actual weight loss (gm).
2. EXPERIMENTAL PROCESS

2.1 Materials and Specimens

Corrosion of reinforcement progresses through consecutive oxidation reduction reaction. The anodic and
cathodic reactions are difficult to examine when the electrodes are embedded into the concrete. So, the
experimentation was first performed in synthesized solutions. Bertolini ez al. (2013) studied on the chemical
composition and properties of concrete pore solutions. From which three different chemical compositions were
considered in this study for simulatinga concrete environment. Pallets of NaOH, Ca(OH),, and KOH were used
to prepare the synthesized solutions as shown in Table 1. The pH of prepared solutions was 13.7, 13.9, and 13.5
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respectively. The high pH solutions were similar to that of concrete pore solution (Bertolini et al., 2013;
Nossoni and Harichandran, 2012). Two 10mm-@ deformed mild steel bars were used as both anode and cathode
for the test in synthesized solutions. The length of each bar was 76 mm. The bars were cleaned by steel wire
brush. The effect of chloride ions was investigated through this experimentation. The optimum chloride
concentration obtained from this investigation was used to simulate the corrosion in concrete prisms.

Table 1: Solution Properties (Bertolini ef al., 2013)

[OH] [Na'] [K*] [Ca®"] Calculated
(mMol/L) (mMol/L) (mMol/L) (mMol/L) pH
Solution-1 470 130 380 1.0 13.7
Solution-2 834 271 629 1.0 13.9
Solution-3 288 85 228 0 13.5

The concrete used in the prisms was made with ordinary Portland cement with w/c of 0.45. The mix was
designed according to the ACI 211.1 for a C30 grade concrete considering the requirements for corrosion
protection of reinforcements in concrete exposed to corrosive environment. 19 mm downgrade stone chips was
used as coarse aggregate and river sand with fineness modulus of 2.8 was used as fine aggregate in concrete.
The mix proportion is shown in Table 2.Two different thicknesses of clear cover were used in this study- 19 mm
and 40 mm. A 12 mm-@ plain mild steel bar was embedded in the concrete prisms and a 4 mm-©@ mild steel
wire used to act as an anode and cathode, respectively. A detail of specimens is shown in Figure 4.
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Figure 4: Details of prismatic specimens

A DC (converted from AC current) power supply was used to supply current through the circuit. The input AC
voltage was 200-220V 50/60Hz switchable. Output DC voltage was variable (3-30 V). A resistor of 4.7Q was
used in the circuit and a multimeter was used to measure the voltage drop across the resistor, from which the
current flowing through the circuit was calculated by Ohm's Law (I=V/R), where I is the current (A), V is the
Voltage drop (V) across a fixed resistor, R (€2). The schematic diagram of test setup is shown in Figure 5.

Table 2: Mix Proportions for the Concrete

Materials (kg/m?) w/c
Water Cement Fine Aggregate Coarse Aggregate Fresh density  ratio
190 422 677 1056 2345 0.45

2.2 Test in Synthesized Solution

In an impressed current technique, there are two electrodes- an anode and a cathode. The anode is connected to
the positive pole of the power supply and the cathode is connected to the negative pole. The electrodes are
placed in an electrolyte through which the ions transfer from one electrode to another. For the tests performed in
synthesized solutions, three different solutions were prepared and used, as shown in Table 1. The amount of
chloride was varied from 0 gm/L to 58 gm/L. The anode bar was cleaned by steel wire brush before and after the
test. A new solution and anode bar were used for each trial. A constant 12V current was applied across the
circuit. The test setup is shown in Figure 5(a). The distance between the anode and cathode was kept constant
(20 mm) throughout the test. Each test was continued for 18 hours. The actual weight loss was measured from
the difference between the weights recorded before and after the test. The actual weight loss was then compared
with the theoretical weight loss following Faraday’s law and the current efficiency was calculated as well.
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Figure 5: Schematic diagram of test setup (a) Synthesized Solution and (b) Concrete Prisms

2.3 Test in Concrete Prisms

A 200 mm by 200 mm by 300 mm concrete prism was used to perform the accelerated corrosion test in concrete
environment. The corrosion setup is shown in Figure 5(b). In impressed current technique, an artificial supply of
chloride ions is needed to increase the conductivity of concrete. On the other hand, a certain amount of chlorides
(optimum chloride content) are required at the rebar surfacefor efficient use of the supplied current.The
optimum chloride content adjacent to the steel concrete interface can be obtained by saturating the concrete with
chlorides.For this reason,the specimens areneeded to immerse in chloride solutionsfor a certain period of time
before starting the tests. There are no certain guidelines regarding this. In this context, the optimum chloride
content obtained from the tests in synthesized solutions was used to immersethe specimens. The specimens were
immersed in salt solutions with optimum chloride content for different period of time (0 day, 1 day and 7 day)
before conducting the test to determine the optimum time for which a steady current flow was attained,
consequent to a maximum current efficiency. A constant voltage of 12V was applied across the circuit. The
actual weight loss and theoretical weight loss was measured as stated before and the current efficiency was also
calculated.

3. RESULTS AND DISCUSSION

3.1 Tests in Solutions

The current efficiency for different chloride concentrations is plotted in Figure 6 for Solution-1. The graph
shows that the efficiency of current is highly dependent on the amount of chloride present in solution. The
oxidation of anode was almost zero in chloride free solution, but it gradually increased with the increase of
chloride ion concentration. From Figure 6it is found that the current efficiency reached to 100% at a high
chloride concentration of 30 gm/L. The chloride content required to reach 100% current efficiency was
dependent on the pH of the solution and current density (Nossoni and Harichandran, 2012). This phenomenon
can also be described by the pourbiax diagram for steel. According to pourbiax diagram, when no chloride
ispresent there aretwo possible active zones for corrosion: one for pH lower than 9 and another for pH higher
than 14 (Figure 1). Negligible corrosion of rebars occurred in the solution (pH = 13.7) without having chlorides
(Figure 6). But due to addition of chloride content, a pitting zone was found and it became more active with
increased chloride content (Figure 2). At a certain level of chloride (30 gm/L), total supplied current was fully
efficacious in oxidizing the rebar. Before which, the current was partially used in oxidation process and rest to
break the water molecules emmitting different types of gases. They were not chemically identified in this study
but the probable reaction might be as follows (Nossoni and Harichandran, 2012),

Anode: 20H = 1/20; + 2H,0 + 2¢- 3
Cathode: 2H,0 +2e = H; + 20H"

When voltage-controlled power supply is used (as was the case in present study), the amount of current (I)
increases with reactivity of the anode, which increases with the increase in chloride content. At a certain level of
chloride content (optimum chloride content) a steady current flow was obtained. However, below that level, as
the current flow icreased, the demand of chlorides also increased. That, in turn, increased the possibility of
occurance of reactions other than the oxidation of steel. This might be the possible reason for the differences
between the results of the present study and that of the previous works (Figure 6).



Journal of Engineering Science 11(1), 2020, 93-99 97

-
o

—
o

g Solution 1 OSolution 2 BSolution 3

i
[

—_
(8]
L

[

—

<

)
<
co

ot
=3

—&— 100 A/sqm: Author
...... A+ 17 A/sqm; Nossoni
..... 170 AJ'SC[ITIL Nossoni

o o
oo

bt
a

Current Efficiency (M /M)
=
(2]

Current Efficiency, (M,/My)
o
]

0 :
0 T T 28 A/sqm 1020 42 A/sqm 1340

0 20 40 60 80 A/sqm Alsqm
Chloride Concentration, gm/L NaCl= 30 gm/L NaCl=35 gm/L

Figure 6: Variation of current efficiency with respect Figure 7: Current efficiency for different solutions

to different chloride concentration in “Solution 17

In chloride free solution all the current was used to break the water molecule and produced oxygen gas at anode
and hydrogen gas at cathode. In presence of chlorides lower than a certain amount, partial current was used to
oxidize the steel and rest of it was utilized for breaking water molecule. So, for a fixed pH there was a certain
chloride content for which a full oxidation of anode occurred. For a solution having pH 13.7, it was found that a
30 gm/L of NaCl was needed for 100% efficiency of current. Since a 100% current efficiency was found for a
NaCl concentration of greater than 30 gm/L, tests on the other solutions were conducted only for two different
chloride concentration; 30 gm/L and 35 gm/L. The results are shown in Figure 7. It is seen that in Solution-1
and Solution-3, over 100% current efficiency was attained for 35 gm/L of NaCl solution irrespective of current
density. Whereas for Solution-2 it was about 95% at 35 gm/L of NaCl. The reason for the current efficiency
below 100% for Solution-2 might be the difference in solution properties (a relatively higher pH of 13.9). The
optimum chloride content might also depend on the current density applied through the circuit and pH of the
solution (Nossoni and Harichandran, 2012). It was reported that a higher chloride concentration was required to
efficacious corrosion at higher pH. It was found that a NaCl of 16.5 to 30 gm/L was required for 100%
efficiency depending on the current density and pH of solutions (Nossoni and Harichandran, 2012). For a higher
current density, a higher optimum chloride content was also reported. To investigate the effect of current
density, two types of current density were used in this study: one was low (<50 A/sqm) and the other was high
(>1000 A/sqm). It is seen from Figure 7 that for a higher chloride content (35gm/L), over 100% efficiency was
found in both cases; however, for chloride content of 30 gm/L, a lower current efficiency (97%) was found in
case of higher current density. So it can be concluded that, 35 gm/L might be the optimum chloride
concentration irrespective of current density.

3.2 Tests in Prisms

The high alkaline environment, attained due to hydration of cement in concrete, forms a passive film on the
surface of the embedded steel which normally prevents the steel from corrosion. However, under chloride
penetration, the passive film is disrupted or destroyed, and the steel is exposed to the harmful attackers and
corroded spontaneously. From the investigation in synthesized solutions similar to the concrete pore solutions, it
was found that a 35 gm/L of NaCl concentration caused a 100% current efficiency. This finding was applied to
prepare the electrolytes for concrete specimens [Figure 5(b)]. After 28 days water curing, at an average
compressive strength of 30.2 MPa, the prism specimens were immersed in the electrolyte solution, so prepared,
for three different periods of time- 0 day, 1 day and 7 day in a steady state condition before starting the test. The
results of the tests in concrete prism are presented in Figure 8.

Availability of water and chloride adjacent to the reinforcement is dependent on the concrete property (Neville,
2011). So a certain time is needed for the specimens to be immersed in chloride solutions for sufficient
availability of water and chloride. It is seen from Figure 8 that the current supplied to the anode gradually
increased up to a certain period of time and then became stable. The observed time period was 108 to 136 hr for
cover = 19 mm [Figure 8(a)] and 110 to 140 hr for cover = 40 mm [Figure 8(b)]. That was due to the gradual
increase in chlorides inside the concrete. The rate of increase of chloride inside the concrete depends mostly on
the density and porosity of concrete. Since a single type (grade) of concrete was used throughout the
experiments, the effect of density and porosity was assumed to be similar for all cases and hence their effect was
neglected in this study. After attaining the chloride saturation, the current maintained a steady flow.
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Figure 8: Effect of immersion time before starting tests for (a) 19 mm and (b) 40 mm clear cover

The effect of immersion period on the current efficiency is summarized in Figure 9. The efficiency of current
was 72% when no immersion before starting test. It increased to 74% and 87% when the time of immersion was
1 days and 7 days, respectively for cover thickness is equal to 19 mm. In case of cover of 40 mm, the
efficiencies were 69, 72 and 85% respectively.It was seen that the current efficiency was very much dependent
on the chloride content adjacent to the reinforcent and the efficiency increased with the increase in chloride
content (Figure 6). The unsteady flow of current meant that chloride content present adjacent to the reinforement
was lower than the optimum, which in turn affected the current efficiency for any period of immersion time. On
the other hand, the dependency of clear cover was found to be insignificant as shown in Figure 8 and Figure 9.
This might be due to the fact that the penetration of chloride solution was allowed not only through the clear
cover but through the two sides and bottom of the prisms as well in the test setup [Figure 5(b)]. In case of
penetration through a 44 mm thick cover, a lower immersion time (one hour) was reported by Shao (2016). The
lower (average 86%) value of the current efficiency was attained might be because of the hidrance of chloride
ions from reaching to the rebar surface by the layer of accumulated corrsion products around the rebar. Whereas,
in a test condition without chlorides inside the concrete, the efficiency wasreported as 34-45% (Nossoni and
Harichandran, 2012; Shao, 2016). So, the Faraday’s law needs to be calibrated by multiplying with the current
efficiency factor (n) with at least 140 hr immersion of specimens in 35 gm/L of NaCl solution as follows

Mgy =n— 4
Where n = an average of 86% with at least 140 hrs immersion in 35 mg/L salt solution. This proposed value can
be reexamined for other test conditions.
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Figure 9: Current efficiency in concrete prisms for different immersion time

4. CONCLUSIONS

In impressed current technique, amount of chloride ions is an important factor affecting the corrosion of steel. In
solutions similar to that of concrete pore solution, an experimental investigation was carried out to find the
optimum chloride content. It was found that at a high chloride concentration of 35 gm/L of mixing water, the
actual weight loss met the theoretical one. In concrete, the chloride ions are to be transported through the pore
space need to be saturated with the chlorides adjacent to the steel-concrete interface for optimum current
efficiency. An investigation was carried out regarding this point. The prismatic specimens were immersed in 35
gm/L chloride solution for different period of time and it was found that an immersion period of at least 140
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hours before starting the tests was needed to saturate the specimen. A calibration factor (n) equals to 0.86 was
introduced to calibrate the equation of Faraday’s law to calculate the actual weight loss of steel bar, embedded
in concrete, due to corrosion.
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