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Abstract

This paper examines the use of corrosion inhibitors in order to protect the reinforcement of con-
crete. For this purpose mortar specimens were constructed with or without corrosion inhibitors
and were partially immersed in sodium chloride. Corrosion inhibitors were used as admixture
into concrete and were sprayed on the external surface of mortar specimens. In all mortar speci-
mens, electric junction between reinforcements was achieved. The methods that were used for the
evaluation of the reinforcement corrosion in concrete, included half-cell potential measurements,
polarization curves of reinforced rebars and mass loss of the reinforcement. Finally, the durability
of concrete after the use of corrosion inhibitors was also examined.
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1. Introduction

The rapid deterioration of concrete structures due to reinforcement corrosion has become a growing problem in
recent years, effective to all kind of constructions, especially those located near to marine areas. Chloride ions
are one of the main factors threatening concrete structures and in order to delay their penetration and hence to
prolong the service life of concrete structures, surface treatment such as coating is commonly used. For these
reasons, it has been developed methods to protect steel reinforcement from corrosion as corrosion inhibitors,
cathodic protection, etc.

In the field of science and technical material people have developed a method of protecting the steel rein-
forcement from atmospheric corrosion using corrosion inhibitors. One way of coping is the use of corrosion in-
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hibitors. These are organic or inorganic salts, admixtures of concrete used in order to protect the reinforcements.
The mechanism of influence of these admixtures is complex and varies depending on the salt. Also, their use
presents a major drawback to the change in certain physical properties of concrete (compressive strength, reduc-
tion hardened of cement) and their unproven effectiveness [1].

Corrosion inhibitors act:

-In ascending and descending portion of the electrochemical reaction of corrosion and slow down signifi-
cantly and their energy lies in their interface metal corrosive environment.

-In the process of the corrosive action with a chemical action and their energy extends across the corrosive
environment. For the corrosion inhibitors, of the first case, the first step is the sorption on the metal surface.

Corrosion of reinforcing steel probably is the most widespread damage mechanism to which reinforced con-
crete structures are subjected. Due to carbonation and chloride penetration the passive layer around the reinforc-
ing steel is destroyed, leaving the steel bar unprotected to the effect of corrosion. One method of protection is
the corrosion inhibitors [2].

Reinforced concrete is currently the most common material used for the construction of the load bearing ele-
ments of structures. Although this composite material performs exceptionally well, it has been noted that during
the life span of reinforced concrete structures, which often exceeds 100 years, a gradual damage accumulation
takes place. One of the most influential factors of this damage has been attributed to the corrosion of steel rein-
forcement. Recently, the degradation of the load bearing ability of steel reinforcement has been an issue under
research by several researchers worldwide. Yet to date, the technological importance of this degradation caused
by corrosion damage cannot be assessed to a satisfactory degree, mainly due to the lack of relevant experimental
studies. Similarly, the physical mechanisms which contribute to the degradation have not been totally resolved
[3].

The purpose of this study is to examine the durability of steel reinforcement with that protection to mortar in
conditions of corrosion, as well as to examine the effect and efficacy of diffused organic corrosion inhibitor, in
quantities less than the amount of 4% of concrete, on the protection offered as either additive into the concrete
or as sprayed of the external surface of mortar specimens. As a corrosive environment was used in salt environ-
ment [4].

2. Experimental Investigation

Three groups of specimens were constructed and each one of them consisted of 6 specimens. Each specimen
was cube formed in 100 mm x 100 mm and included 4 rebars at equal distances from the centre of the specimen.
Steel rebars were embedded 80 mm deep into the mortar and consequently 20 mm exerted. In order to receive
electrochemical measurements, a copper wire was enwrapped to each steel rebar. The mixture of cement mortar
included one type of corrosion inhibitor in used as either admixture into the concrete or as sprayed of the exter-
nal surface of mortar specimens. Also, a group of steel rebars were embedded in specimens of cement mortar
without including corrosion inhibitors, which is the basis for comparison of results of measurements. The
specimens were partially immersed in 3.5 wt% NaCl solution and specimens for each group were electrochemi-
cally investigated regarding their corrosion behaviour. Their mean values are illustrated in the corresponding
figures and tables [5].

2.1. Materials

The materials used in the test program consisted of the following:

Cement IT 32.5N, Greek quarry sand of 250 um - 4 mm maximum grain dimension and drinkable water from
NTUA water supply network, appropriate for preparing specimens according to ELOT 452 were used for the
construction of the specimens. The pH value of the pore solution in sound OPC concrete is normally up to 13.

The ratio of the cement with aggregates and water were 1:3:0.5.

The ratio of organic inhibitor was 0.4 gr/100gr cement.

Inhibitors: One organic inhibitor was used. The chemical type of corrosion inhibitor consisted of cyclohexy-
lammonium benzoate in ratio 50% and disopropylammonium benzoate in ratio 50% [6]. Cement mortar speci-
mens were partially immersed in 3.5 wt% NaCl solution (Table 1). Steel rebars type B500c were used, having
10 mm nominal diameter and 100 mm length (Table 2). The rebars were made according to Greek specifica-
tions of Hellenic Organization for Standardization ELOT 1421-37 [7].
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Table 1. Chemical composition of Portland cement.

S|02 A|203 FeZO3 Cao MgO Kzo NaZO 503 CaO(f) LOI

20.67 4.99 3.18 63.60 2.73 0.37 0.29 2.414 241 2.52

Table 2. Chemical composition of black steel B500c.

C Mn S P Si Ni Cr Cu \% Mo

0.18 0.99 0.047 0.023 0.15 0.09 0.09 0.21 0.002 0.021

2.2. Specimens

To evaluate the corrosion behavior of rebars, cement mortars with corrosion inhibitors were constructed. Three

groups of specimens were constructed and each one of them consisted of 6 specimens. Steel rebars type B500C

(ELOT 1421-37) were used, having 10 mm nominal diameter and 100 mm length. Each specimen was cube

formed in 100 mm x 100 mm and included 4 rebars at equal distances from the centre of the specimen. For all

specimens, the ratio cement/water/sand was 1:0.5:3. The rebars were embedded 80 mm deep into the mortar and

consequently 20 mm exerted. The specimens remained molded for 24 h at ambient conditions (25°C and 50%

RH) in the laboratory. After removing the cast they were stored in the curing room (20°C, 99% RH) for 24 h and

thereafter were left to dry for 7 days under laboratory conditions (25°C and 50% RH). In order to receive elec-

trochemical measurements, a copper wire was enwrapped to each steel rebar [8].

e Group A did not include corrosion inhibitor. Group A, consists of 6 specimens and each one of them has 4
rebars.

e Group B included corrosion inhibitor as sprayed of the external surface of mortar specimens. Group B, con-
sists of 6 specimens and each one of them has 4 rebars.

e Group C included corrosion inhibitor as admixture into the concrete. Group C, consists of 6 specimens and
each one of them has 4 rebars.

2.3. Items of Investigation

The methods, with which was tested the corrosion of reinforcement in concrete, were:
e The measurement of half cell potential versus a saturated calomel reference electrode in contact with the
surface of each specimen.
e Polarization curves of reinforced rebars.
e Mass loss of steel reinforcement.
In addition, after curing of 28 days, plain concrete specimens were tested for compressive strength. The com-
pressive strength was measured with ultrasonic method and also with test hammer.

3. Analytical Procedure or Measurement Methods
3.1. Half Cell Potential Measurements

Half cell potential tests were conducted, following the ASTM C876 [9] guidelines, to determine the likelihood
of active corrosion. The half cell potential difference between the working electrodes and a saturated calomel
reference electrode (SCE) placed in the solution was measured using a high-impedance voltmeter.

3.2. Mass Loss of Steel Rebars

At the end of the exposure period, the mortar specimens were carefully broken and the embedded steel bars were
recovered from them. They were visually examined to assess their corrosion state qualitatively and then cleaned
in an aqueous solution of HCI containing a proprietary corrosion inhibitor [10] which served to dissolve the
corrosion products according to 1SO/DIS 8407.3 [11]. The average mass loss was calculated from the difference
between the initial and the final mass of each steel rebar. By comparing the mass loss depending on the exposure
time in corrosive medium weighted in the laboratory with accuracy of 0.1 mg.
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4. Experimental Results and Discussion
4.1. Half-Cell Potential Measurements

Half-cell potential measurements of steel rebars are the most typical procedure to the routine inspection of rein-
forced concrete structures regarding the corrosion trend of the samples. Potential readings are highly influenced
by the surface treatment of the specimens which causes changes in their resistivity, as long as the constituents of
the cement mortars remain the same. Figure 1 presents the corrosion potentials as a function of exposure period
for cement mortars specimens which included corrosion inhibitor admixture into the concrete, sprayed of the
external surface of mortar specimens and without corrosion inhibitor and immersed in 3.5 wt% NaCl solution.

Figure 1 shows the comparison of averages of the half cell potential of Groups A, B and C. It is observed that
the two groups (B, C), containing corrosion inhibitors, have greater half cell potential than Group A, containing
no corrosion inhibitor. Also, Group C, which has corrosion inhibitor as admixture, has a greater half cell poten-
tial than Group B, which has corrosion inhibitor as sprayed. So Group C has fewer tendencies to corrode since it
has less half cell potential compared with Groups A and B.

From the above results, it is obvious that the corrosion inhibitor has the tendency to protect the rebars from
the corrosion.

4.2. Linear Polarization Technique

Linear polarization technique is a corrosion monitoring method that allows corrosion rates to be measured di-
rectly, in real time. The technique is rapid and non-intrusive, requiring only a connection to the reinforcing steel.
In LPR measurements the reinforcing steel is perturbed by a small amount from its equilibrium potential. This
can be accomplished potentiostatically by changing the potential of the reinforcing steel by a fixed amount, AE,
and monitoring the current decay, Al, after a fixed time. The polarization resistance, R, of the steel is then cal-
culated from the equation [2].

AE
R =— 1
Y 1)
From which the corrosion rate, I, can then be calculated
. 1 B
_ ﬁg{ ﬂc i (2)

Icorr_ e
2303-(B,+f,) R, R

p

where S,f. are the anodic and cathodic Tafel slopes respectively and R, is the polarization resistance (Ohm).
For Stern-Geary constant B a value of 26 mV has been adopted for active corroding steel bars and 52 mV for
passive conditions. In order to determine the corrosion current density, icor, the surface area, A, of steel that has
been polarized needs to be accurately known:

I

i = oo 3
corr A ( )
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Figure 1. Average of half cell potential measurements of specimens of Groups A, B and C versus time.
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Obtained R, values are highly correlated with a number of factors, including surface treatment, corrosive en-
vironment and the materials that were used for the construction of the specimens. In the present study the corro-
sive environment as well as the materials of the specimens remained stable and consequently all changes to R,
values are due to differences in the surfaces treatment.

Figure 2 shows the comparison of electrochemical mass loss of Groups A, B and C. It is noticed that the two
groups B and C, containing corrosion inhibitors, have better behaviour in the corrosion from Group A, contain-
ing no corrosion inhibitor [12].

Figure 3 shows the comparison of electrochemical mass loss of Groups B and C. Group C, which has corro-
sion inhibitor as admixture, has slightly better behaviour in the corrosion than Group B, which has corrosion in-
hibitor as sprayed. Finally, it is obvious that Group C resists more than Group A and B.

4.3. Mass Loss of Steel Rebars

During the exposure period, the mortar specimens were carefully broken and the embedded steel bars were re-
covered from them. The average mass loss was calculated from the difference between the initial and the final
mass of each steel rebar [4].

Figure 4 shows the mass loss of rebars after the breaking of specimens of Groups A, B, C. Initially, it is
measured the mass of the rebars before they embedded in specimens, after 18 months the mortar specimens were
carefully broken, cleaned the rebars in order to dissolve the corrosion products and cementitious debris and meas-
ured their mass. The average mass loss was calculated from the difference between the initial and the final mass
of each steel bar. By comparing the mass loss of rebars, it is obvious that Group C has the less mass loss than
Group B and Group B has the less mass loss than Group A (see Figure 4).

Assuming that Group A is 100% of mass loss, Group B has mass loss 72.20% and Group C has 60.33% (Ra-
tio Group A: Group B).

Consequently the protection rate of Group B was 27.80% and Group C was 39.67%. The degree of protection
resulting from the rate of mass loss compared with the group A which contains no addition.

The diagram linear polarization shows that at 18 months Group B has 10% mass loss and 5% for Group C.

Consequently the protection rate of Group B was 90% and 95% for Group C.
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Figure 2. Electrochemical mass loss of Groups A, B and C versus time.
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Figure 3. Electrochemical mass loss of Groups B and C versus time.
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Furthermore, the compressive strength of specimens with and without corrosion inhibitor was measured. The
measurements were for the specimens without corrosion inhibitor 14.5 MPa, for the specimens with corrosion
inhibitor as admixture 14.4 MPa (see Table 3). From these measurements, it is obvious that the used of corro-
sion inhibitor has not changed the compressive strength.

Finally, in this study, the period that examined the specimens are relatively small. Electrochemical measure-
ments should be conducted for a longer period of exposure time so that it is clear the progress of corrosion of
rebars [13].

5. Discussion
Action of organic corrosion inhibitor:
R,N,NO, — R,NH} + NO, + OH™ + H" — R,NH + HNO,
R,N,COOR'—H%"_,R NH; + R'COO™ +OH +H" — R,NH +R'COOH

A number of commercial corrosion inhibitors are marketed for use in reinforced concrete. They are added to
inhibit the action of chloride ion, which is generally considered to be the corrosive agent. Corrosion inhibitors
are admixtures into concrete or spayed on the surface of concrete which usually do more than just corrosion in-
hibitor. They may influence initial set, later strength gain or other properties. The effects they produce in the field
depend on conditions there—which may not be identical to conditions used in the laboratory [14][15].

Benzoate ion is itself a corrosion inhibitor, especially at high pH, probably by adsorbing on active sites.

The use of an alkanolamine-based migrating inhibitor as supplementary anticorrosion system appears to ex-
tend the rehabilitation and protection properties of a low-porosity repair mortar [16]. For the measurements of
this study is clear that sprayed corrosion inhibitor creates high percent protection (see Figure 3 and Figure 4).
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Figure 4. Comparison of mass loss of specimens of Groups A, B and C versus time.

Table 3. Compressive strength of specimens of Groups A and C.

Group Group A Group C

145 144

14.4 14.6

Compressive Strength (MPa) 143 1.2
14.7 14.5

145 14.3

14.6 144

Average 145 144
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Finally, this type of corrosion inhibitor protect as admixture into the concrete and also as sprayed corrosion in-

hibi

tor at the surface of concrete.

6. Concluding Remarks

Based on the results of this experimental investigation under corrosive environment, the following conclusions

are
.

drawn:

The compressive strength is the same for all specimens.

From the comparison of specimens, which have corrosion inhibitor with the specimens which have not cor-
rosion inhibitor, show that the specimens with corrosion inhibitor have the tendency to protect the rebars
from the corrosion. The specimens, which have the corrosion inhibitor as admixture into the concrete, have
better behaviour than the specimens, which have the corrosion inhibitor as sprayed of the external surface of
mortar specimens according to mass loss and electrochemical mass loss of specimens.
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