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Electrochemical techniques of the corrosion measurements of reinforcing steel in concrete have
been evaluated. These techniques include half-cell potential measurements, impressed voltage
method, impressed current method and potentiostatic polarization technique. The results of
corrosion behaviour of the steel in both 5%NaCl and 5%MgS0,4 show that each electrochemical
technique provides some information about the condition of the steel bar or the corrosivity of
the environment being evaluated, yet none provides a complete data regarding the corrosion
resistance of reinforcing steel in aggressive media.

1. Introduction

Corrosion process of reinforcing steel in concrete
produces a problem of catastrophic failure of structure
which results in injuries death, and financial losses.
Concrete is a porous solid containing an alkaline pore
solution (pH=12.6) in which the reinforcing steel is
protected!! =5 against corrosion by the formation of a
passive layer ot iron oxide. However, since concrete is
a porous material, moisture, oxygen and salts (elec-
trolytes) are free to penetrate and disrupt the pas-
sive iron oxide film. In particular chloride ions have
been found to be the most vigorous in promoting this
kind of attack!®~9, and still remain in solution leaving
them free to break down additional protective layers.
Ingress of C1~ ious from the environment into the con-
crete, along with water and oxygen, corrodes the re-
inforcing steel bar, and rapidly weakens the structure
integrity of the system.

The corrosion of steel in concrete is an electro-
chemical reaction, hence many of the commonly avail-
able electrochemical techniques have been used to
determine the corrosion rate. The techniques used
for steel in concrete systems include, weight loss!*%),
linear polarization!1®11l  electrochemical impedance
spectroscopy 1213,

The aim of the present study is to investigate the

t To whom correspondence should be addressed

corrosion behaviour of reinforcing steel embedded in
concrete of different water/cement ratios immersed in
5% of both NaCl and MgSO, solutions. Different elec-
trochemical techniques were used for the steel in con-
crete system.

2. Experimental

Throughout this work, the ingredients of concrete
mix used were ordinary Portland cement, sand, and
water. The chemical compgsition and Blaine specific
surface area of the used cement is given in Table 1.
The water/cement ratio (W/C) was varied from 0.4
to 0.7 while the sand/cement ratio was maintained
constant at 2 by weight.

Cylindrical specimens of 100x150 mm were cast
with a 12.5 diam. steel bar embedded in them for cor-
rosion testing. These were cast in steel moulds and
demoulded at 24 h holding, then cured in fresh wa-
ter at 25°C for a specified period before testing. The
chemical analysis as well as the mechanical properties
of the reinforcing steel are given in Table 2. The rods
were mechanically polished to remove the firmly ad-
herent mill scales on the steel surface and then coated
with wax in such a manner that a predetermined area
was always exposed between the waxed areas.

The environmental conditions selected in these
studies were 5% NaCl and 5%MgSO, solutions. Four
test methods adopted for corrosion rate evaluation of
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Tabie 1 Chemical composition and Blaine specific surface area of ordinary Portland cement

Component losson 8iOz Fe;O3 Al;Oz3 CaO MgO SO3; Free Na;O K:O Blaine,
ignition lime cm’g™!
% 1.17 20.1 3.26 519 6206 262 237 030 248 0.75 3659

Table 2 Chemical analysis and mechanical properties of reinforcing steel

Chemical analysis, %

Mechanical property

C S P Mn yield stress, MPa ultimate stress, MPa elongation, %
0.12 0.022 0.063 0.43 388.0 493 23.0
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Fig.1 Variation of corrosion potential with time for reinforcing steel in concrete in 5%NaCl (a) and 5%MgSO4

(b) solutions

reinforcing steel were: 1) half-cell potential measure-
ment, 2) impressed voltage method, 3) impressed cur-
rent method, and (4) potentiodynamic polarization
method.

3. Results and Discussion

3.1 Half-cell potential measurement

Such measurement can be emploved in a general
manner to interpret corrosion phenomenon, as they
can furnish information on whether the anodic or ca-
thodic process or both are controlling factors of cor-
rosion. They can also provide useful information on
Blm repair or film breakdown. It can not be used to
predict or measure corrosion rate.

Figure 1 shows the variation of corrosion po-
‘tential with time of reinforcing steel embedded in
pastes of ordinary Portland cement with differ-
en{ water/cement ratio in presence of 5%NaCl and
5%MgSO, respectively. In case of 5%NaCl solution
specimens have attained active potential and the time
of active potential is higher for specimens with lesser
W/C ratio. While for specimens in 5%MgSO, solu-

tion, a steady state potential was observed and re-
mained passive in all cases with different W/C ratio.
The delay in initiation of corrosion for low W/C ratio
may be attributed to significantly reduced ingress of
chloride ions and oxygen to the steel bar.

It is noted that for high quality concrete of low
permeability, the W/C ratio should be less than 0.45
and preferably around 0.4/

The half-cell potential of reinforcing steel in Port-
land cement has been found to be a valid indicator of
corrosion activityl®l. A half-cell potential value more
positive than -220 mV vs SCE is considered as a non-
corrosive (passive) state for steel, while a value more
negative than -270 mV is an indication of active corro-
sion, for a value between -220 and -270 mV, the steel
surface may be active or passivel4.

By this technique, the performance of specimens
could be compared by measuring the time needed for
an abrupt increase in half-cell potential value, longer
duration indicates better corrosion resistance.

It is noted from the results that, the behaviour of
specimens in 5% MgSOQ, solution is passive, but in
5%NaCl solution attains active potentials. These
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Fig.2 Current-time relationship for reinforcing steel in concrete in 5%NaCl (a) and 5%MgSQO. (b) solutions

Table 3 Corrosion in weight loss at different
water/cement ratio

W/C ratio Weight loss, g Weight loss, g
5% NaCl 5%MgSO4
0.4 0.252 0.161
0.5 0.779 0.242
0.6 0.940 0.322
0.7 1.480 0.482

results indicate that corrosion of reinforcing steel in
Portland cement can only occur under specific condi-
tions and that the presence of Cl™ ions is necessary to
destroy the protective oxide film on the steel surface.

3.2 Impressed voltage method

In this method a constant positive potential (5 V)
was applied to the steel bar embedded in concrete and
current from the reinforcing steel to counter electrode
was measured periodically. A sharp rise in current is
indicative of the onset of corrosion!*¥l. The anode is
the specimen to be tested and the cathode is a steel
bar of same dimension as the anode. The current im-
pressed into steel bar was obtained from DC power
supply at constant 5 V. This volt was sufficient to
cause a significant change in current value.

The degree of corrosion intensity was estimated('4l
using Faraday’s law:

w=k(It)

where w is the mass of substance liberated, I is the
intensity of corrosion and t is the prolonged time. K is
a proportional constant and equals to 0.0167 g/A-min
for steel. The quantity (I-t) represents the area un-
der the current-time relationship. The weight loss
(w) of iron can be determined quantitatively from the
above equation and is proportional to the area under
current-time curve (I-t).

Figure 2 shows the current-time relationship for

reinforcing steel in 5% NaCl and 5%MgSO4 solutions
for different W/C ratios. The trend in most cases
indicates a general decrease in current with time fol-
lowed by a sudden increase. The size of area under the
current-time curve increases with increasing W/C ra-
tio. Therefore, corrosion intensity rises with increas-
ing W/C ratio. The considerable change in current
value with time obtained can be devided into three
stages:

1) First stage is characterized by an initial de-
crease in current value with time, due to formation
of passive layer of iron oxide which protect temporar-
ily the steel.

2) Secondly, a sharp increase in current with time
is due to the initiation of a microcrack resulted from
steel corrosion which is accompanied by a volume ex-
pansion. In this stage, the resistivity decreases and
chloride ions penetrate fast into the concrete.

3) The third stage is characterized by relatively
small current variations, since resistivity reaches con-
stant value.

The amounts of iron dissolved due to corrosion
of steel bar at different W/C ratios in 5%NaCl and
5%MgSOQy are listed in Table 3. The change of W/C
ratio from 0.4 to 0.7 increases the amount of iron
dissolved 5 times in case of 5%NaCl while about 3
times in case of 5%MgS0O,. The reduced current in
MgSO, solution under impressed voltage is a result
of low electrical conductivity of MgSO, solution as
compared with NaCl solution.

3.3 Impressed current method

In this method a constant current density
20 pA/cm? was applied between the specimen and
stainless steel counter electrode and the electrode po-
tential of the specimen was measured as a function
of time. This test is the most reliable accelerated cor-
rosion test for determining, whether a given medium
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Fig.3 Potential-time relationship of reinforcing steel in
concrete in different solutions: (impressed current
20pA /cm? and W/C=0.4)
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Fig.4 Potentiodynamic polarization relationship of re-
inforcing steel in concrete in different solutions:
scan rate 10 mV /s, W/C=0.4

is corrosive or inhibitive!®!.

Figure 3 presents the potential-time curve at a
constant impressed current 20 uA /cm? for reinforced
concrete in 5%NaCl and 5%MgS0y,. It is noted that in
case of 5%NaCl, the steel potential rises very slowly
towards the noble direction. On the other hand, in
case of 5% MgSQy solution, the steel shows sharp rise
in the potential in the noble direction and shorter time
to reach passivity state (the oxygen evolution poten-
tial state).

The measurement of stationary potential and po-
larization of reinforcement in concrete under im-
pressed current gives a deeper insjght into the electro-
chemical behaviour of reinforcement and helps to es-

tablish the dependence of the corrosive process on the
concrete moisture content which changes both con-
crete permeability by oxygen and ohmic resistance.

3.4 Potentiodynamic polarization method

The potentiodynamic polarization was carried by
a controlled potential scan, 10 mV/s using Wenk-
ing potentiostat, the reinforced concrete specimen was
used as anode and stainless steel rod of the same size
of anode was used as counter electrode and the poten-
tial was recorded against standard calomel electrode.

Figure 4 shows the potentiodynamic polarization
curve (anodic) of reinforced steel concrete in 5%NaCl
and 5%MgSQ, solution. _

The potentiodynamic curve characterizes the elec-
trochemical state of steel in concrete. Unlike active
steel, the passivity polarizes intensively i.e. its po-
tential markedly shifts into the passive direction al-
ready with a low current density as shown in case of
5%MgS04 solution.

The corrosion rate measure is the amount of elec-
tricity flowing between the cathodic and anodic re-
gions, its value being controlled by the anodic or ca-
thodic process, or by the ohmic resistance of the elec-
trolyte.

Electrochemically, the effect of the anodic process
of ionization over voltage is indeed minor. It is af-
fected much more by the concentration polarization
from the obstructed diffusion of metal ions, partic-
ularly a static electrolyte, as the one in a capillary-
porous body of concrete.

4. Conclusions

(1) Corrosion rate evaluations by electrochemical
techniques for reinforced steel in concrete have been
studied. Each technique provides some information
about the condition of the steel bar (passive or active),
or the corrosivity of the environment being evaluated.

(2) Half-cell potential of steel in concrete has been
found to be a fast indicator of corrosion activity.
The change in potential occurs when the corrosion-
inducing agent diffuses to the steel surface through
the concrete and initiates the corrosion.

(3) Electrochemical polarization technique is used
as a valid indicator for measuring corrosion rate and
an accelerated method for determining whether given
medium is corrosive or inhibitive.
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