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Abstract

Steel corrosion is the main source of damage and early failure of reinforcement concrete structures that in turns create huge
economical loss and creating environmental problems. In the past, several corrosion assessment techniques such as potential
measurement, gravimetric weight loss measurement, electrical resistivity measurement, sensors and electrochemical methods
for instance potentiodynamic polarization, linear polarization resistance, galvanostatic pulse, and electrochemical impedance
have been developed to detect corrosion condition of steel in concrete. Though the potential measurement, resistivity meas-
urement and sensors can only provide the qualitative information about the steel corrosion. The weight loss measurement
is an efficient technique for corrosion rate measurement of steel, but it is destructive and requires long exposure times. The
electrochemical techniques are non-destructive in nature and are used to determine corrosion rate of steel in laboratory as
well as field studies. However each of these methods possesses certain advantages and limitations, therefore a combination
of these techniques is recommended to use to obtain the corrosion condition of steel. As far as corrosion control techniques
for steel reinforced concrete are concerned, several methods such as cathodic protection, electrochemical chloride extrac-
tion, surface treatments of the steel, surface treatment of concrete, utilization of mineral admixtures and chemical corrosion
inhibitors have been developed in the past. Each of these methods offers some advantages and disadvantages. Thus, more
researches are required to develop such methods of corrosion protection of steel that are economical, durable, environment-
friendly and do not cause any adverse effect on the structural performance of concrete and steel.

Keywords Steel corrosion - Economical loss - Environmental problems - Corrosion assessment techniques - Corrosion
control techniques

1 Introduction

Prior to the invention of cement, mortars were made by mix-
ing water, sand and slaked lime [1]. John Smeaton discov-
ered hydraulic lime mortars in 1754 [2]. A British mason
named Joseph discovered the cement in 1824 and filed the
first patent on Portland cement [3]. However, the objects
prepared with the use of Portland cement were extremely
brittle and incapable to tolerate shocks. Joseph Monier, a
French gardener in 1867 made flowerpots with embedded
iron nails and consequently observed a remarkable enhance-
ment in the durability of his pots. Afterward, efficient sci-
entific developments in concrete manufacture took place. In
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1911, American Society for Testing and Materials (ASTM)
formulated a detailed specification for the utilization of steel
in concrete [4]. Subsequently, various developments ensued
in designing the steel reinforcement bars in order to pro-
duce stronger and durable concrete structures. Consequently,
the steel-reinforced concrete became the most widely used
structural material in the world because of its economical,
strength and durability properties. Steel-reinforced concrete
structures were viewed as maintenance-free and unlimited
service life until the mid-1970s. Conversely, since then,
several durability related problems have emerged, such as
alkali-silica reactions, sulphate attacks and corrosion of
steel reinforcement. Among all durability related problems
in steel-reinforced concrete structures, corrosion of steel
reinforcement has been recognized as the main source of
deterioration [5].

Generally, the corrosion affects our daily lives directly
as well as indirectly. In direct, it shortens the useful service
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life of our goods. In indirect, the manufacturer and provider
of goods and services incur costs of corrosion from the cli-
ents. In particular, the corrosion of reinforcing steel bar in
concrete results the collapse of bridges, failure of a part of
highways, damage to buildings, and parking structures, etc.
consequently endangers public safety and requires consid-
erable repair costs. For instance, the unexpected collapse
of the Silver Bridge over the Ohio River at Point Pleasant
due to corrosion fatigue in 1967 resulted in deaths of 46
people and cost millions of dollars [6]. Therefore, in order
to estimate the cost of corrosion in the United States (US),
a study entitled “Corrosion Costs and Preventive Strategies
in the United States” was conducted with the help of Federal
Highway Administration (FHWA) and National Association
of Corrosion Engineers (NACE) International, from 1999
to 2001 by CC Technologies Laboratories. This investiga-
tion estimated the average direct cost of corrosion of $8.3
billion per year for highway bridges alone and the total cor-
rosion cost of US industries was estimated to $276 billion
annually, which is approximately equal to 3.1% of the US
Gross Domestic Product (GDP) [7]. In 2014, a study enti-
tled “International Measures of Prevention, Application, and
Economic of Corrosion Technologies (IMPACT)” was initi-
ated by NACE International and conducted by Det Norske
Veritas (DNV), Germanischer Lloyd (GL), and American
Productivity and Quality Center (APQC) and its industry
and technology partners worldwide. From this study, the cost
of corrosion at the global level is estimated to be $2.5 trillion
per year, which is about 3.4% of the global GDP in 2013
[8]. Hence, from the safety and economical perspective, the
corrosion of steel reinforcement is very serious problem that
can affect the sustainability of the steel-reinforced concrete
structures directly. Numerous studies have been conducted
worldwide in order to extend service life of steel reinforced
concrete structures; regardless of this, several aspects are
still not well known, and there is the requirement to incor-
porate present facts into practical field.

In this paper, an attempt has been made to review the
studies pertaining to corrosion of steel reinforced concrete
conducted by various investigators. The paper is organ-
ized in two major thematic sections. In the first section, an

Fig. 1 Illustration of E- meas-
urement technique [9]

overview of various corrosion monitoring techniques for
steel reinforced concrete has been undertaken. The second
section includes studies related to the different corrosion
control methods for steel reinforced concrete.

2 Corrosion assessment techniques

The maintenance and repair of steel reinforced concrete
structures for their safety needs effective monitoring and
inspection methods for evaluating the corrosion of steel rein-
forcement. These methods need to be able to identify any
probable durability problems within structures before they
become severe. Since the corrosion of steel reinforcement
occurs through electrochemical reactions involving charge
(electrons) transfer via concrete pore solution (electrolyte),
electrochemical methods are appropriate to study the cor-
rosion processes. In this section, some electrochemical and
non-destructive techniques commonly used for monitoring
the corrosion of steel in concrete structures have been dis-
cussed. Further, a destructive technique viz. the gravimetric
weight loss method and corrosion monitoring using sensors
have been reviewed.

2.1 Open circuit potential measurement

The basic principle involved in this method is the meas-
urement of corrosion potential (also called half-cell poten-
tial or open circuit potential) of steel reinforcement with
respect to a standard reference electrode (RE) such as cop-
per/copper sulphate electrode (CSE), silver/silver chloride
electrode (SSCE), standard hydrogen electrode (SHE) and
Saturated Calomel Electrode (SCE). The reference electrode
has a predetermined potential. For example, the SCE has a
potential of + 242 mV vs. the SHE (assumed potential of
0.0 V) at room temperature. The schematic diagram for open
circuit potential (E,-) measurement is shown in Fig. 1 [9].
In accordance with ASTM C 876, the probable corrosion
conditions of steel reinforcement related with E values is
presented in Table 1 [10].
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Table 1 Corrosion risk of steel

. . . Egc values Corrosion risk
reinforcement associated with
Eq values [10] (mV vs. CSE) (mV vs. SSCE) (mV vs. SHE) (mV vs. SCE)
< —500 < —406 <—184 < —426 Severe
< —350 < —256 <-34 < =276 High
— 350 to — 200 — 106 to — 256 +116to — 34 — 126 to — 276 Intermediate
> —200 > — 106 >+ 116 > — 126 Low

The open circuit potential (Eq) of a steel is a measure
of its tendency to corrode. However, these Eq values are
not sufficient criterion, as they are affected by many fac-
tors, such as polarization by partial diffusion of O,, poros-
ity of concrete and the existence of resistive layers. There-
fore, it is commonly believed that E,- measurement must
be complemented by other techniques [11]. This technique
is very useful in identifying the anodic and cathodic loca-
tions in steel—concrete structures by drawing potential map.
Numerous investigators have studied the effectiveness of this
method and got advantageous outcomes [12—14]. However,
Eq values can provide information for degree of corrosion
risk only and cannot specify the corrosion rate [15].

2.2 Surface potential measurement

This is another useful non-destructive method to identify
the condition of steel embedded in concrete. In this method,
two reference electrodes are used as shown in Fig. 2 [9]. One
electrode is kept fixed (called fixed electrode), the other elec-
trode (called movable electrode) is moved along the struc-
ture on the nodal points. When movable electrode is placed
at the nodal points, the potential is measured against the
fixed electrode by means of a high impedance voltmeter. A
more positive potential value signifies anodic region where
corrosion is possible. The higher the potential difference
between anodic and cathodic zones higher is the possibility
of corrosion. Therefore, surface potential measurement is
used for detecting anodic and cathodic areas in steel-con-
crete structures and ultimately identifying the possibility of
corrosion of steel in concrete [9].

Fig.2 Schematic diagram of
surface potential measurement

High Impedance Voltmeter\

Although potential measurement techniques (open cir-
cuit potential and surface potential measurements) have been
used extensively, some of their limitations has described as
follows:

(a) The measured potential difference between the refer-
ence electrode and the steel in concrete depends on
the corrosion condition of the steel and on the type of
reference electrode used [16].

(b) A simple comparison of the measured potential val-
ues with the ASTM recommendations on probability
of steel rebar corrosion could not be useful. This is
because of the fact that a more negative value of poten-
tial, which is usually considered to specify a greater
possibility of corrosion, may not be valid always as
several factors can change the potential values towards
more negative or positive values [17].

(c) While performing the potential measurements, potential
values should be interpreted according to the resistivity
of the steel reinforced concrete system. Otherwise, the
outcomes can be misrepresentative for the same degree
of corrosion. Thus, one can get different potential read-
ings at the surface of concrete, corresponding to differ-
ent values of resistivity, and consequently have more
than one probability for the same condition of corrosion
[18].

On account of the above limitations, the use of poten-
tial measurements is considered as the first methodology
for detection of corrosion, and thus requires to be comple-
mented with other non-destructive methods for advance
diagnosis.

+
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2.3 Potentiodynamic and cyclic polarization

The recent theory of electrochemical corrosion is based on
electrode kinetics. The corroding system wherein a single
anodic reaction and a single cathodic reaction take place on
a single electrode surface, the relationship of the current as a
function of potential can be written as Eq. (1). This equation
is derived by the application of the mixed potential theory
and Butler-Volmer equation [19-21]:

o [ { 2303(E — Egy, ) } { ~2.303(E — Egyy) }}
1=l [exp ﬁ— — &xp /3—

ey
where, i=external current density (A/cm?), E = potential
applied to polarize the corroding system (V), E_,, = corro-
sion potential (V), i, = corrosion current density (A/cm?),
B, =anodic Tafel constant (V/decade), . = cathodic Tafel
constant (V/decade). However, when E is far away from
E... then the Eq. (2) gives the Tafel equation [22]:

E = a + blog i )

where, a=a constant and b=, or ,

The Eq. (2) shows that the variation of the logarithm of
the external current density with the potential is linear at
high overpotential. The i, can be calculated by extrapolat-
ing the anodic and cathodic straight lines of E vs. log il plot
at the E_ .. Moreover, the E vs. log lil plot and various cor-
rosion kinetic parameters can be determined easily by con-
ducting potentiodynamic and cyclic polarization test using
inbuilt software provided by the potentiostat manufacturer. A
potentiostat is a specifically designed instrument that meas-
ures the potential/current characteristics of an electrochemi-
cal (electrode/solution) interface [23].

In order to perform the potentiodynamic or the cyclic
polarization scan, three electrodes, electrolyte (testing solu-
tion) and a potentiostat are required. The electrodes include
a working electrode (the test sample itself), a counter or
auxiliary electrode (used to transport the current to the
working electrode and to close the electrical circuit) and
a reference electrode (used to measure the potential differ-
ence). In order to conduct the scan, these electrodes are to be
immersed in the electrolyte and attached to the potentiostat
[13, 14]. Moreover, the potentiostat is a device that is used to
apply potential and record the induced current or vice versa.
More explicitly, both controlled-current (Galvanostatic) and
controlled-potential (Potentiostatic) polarization can be
applied. The term ‘polarization’ means the perturbation of
the potential of a sample in electrolyte from its open circuit
potential (E ). This can be done by two ways, i.e. when the
polarization is accomplished galvanostatically, potential is
measured and when it is achieved potentiostatically, current
is measured. However, the potentiostatic method is much

@ Springer

more common than galvanostatic method. The response
(i.e., resulting current) of the sample is measured as it is
polarized. The response is used to develop a model of the
sample’s corrosion behaviour [9].

The potentiodynamic polarization is used to study the
corrosion behaviour and to calculate the different corrosion
parameters such as corrosion current density (i.,,,) of a cor-
roding system in a certain environments. In a usual potentio-
dynamic scan, the potential (E) is swept over a fixed range
by potentiostat and the induced current is recorded as a func-
tion of potential. The graphical output of a potentiodynamic
scan is referred to as Tafel plot (named after Swiss chemist
Julius Tafel), which is a plot of the potential (E) versus the
logarithm of the current density (log lil). In order to per-
form several tests on one sample (i.e., non-destructive test)
the scan range should be within the Tafel region. Applying
excessive anodic potential will force the system to corrode
(i.e. destructive testing) [1, 15].

The analysis of Tafel plots is performed by corrosion test
software (such as Gamry Instruments, ACM Instruments
etc.). The corrosion parameters (such as E_ ., i . B, and
f.) are determined by intersecting the open circuit potential
(Egc) and the extrapolation of the linear portions of loga-
rithmic current plot as shown in Fig. 3 [12, 16]. Knowing
the corrosion current density (i) the corrosion rate (CR)
can be calculated using Eq. (3) [28]. Though, this can also be
estimated by corrosion test software provided by potentiostat
manufacturer.

1o X K X (EW)

CR — 1CO]'I”

d xA ©

where, EW (equivalent weight) = Theoretical mass of metal
that will be lost from the sample after one Faraday of anodic
charge has been passed (EW =atomic weight/valence),
i, = corrosion current density (mA/cm?), K=a constant
that defines the units for the corrosion rate (for CR in mm/
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Fig.3 Typical potentiodynamic polarization curve [12]
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year (mmpy), K=3272; and CR in milli-inches/year (mpy),
K =1.288x 10%), d =density (g/cm?®), A =specimen area
(cm?)

The cyclic polarization test is used primarily to study
the pitting corrosion behaviour of metal in a certain envi-
ronmental condition. Therefore, in this test, sufficiently
high anodic potential is to be applied to ensure initiation of
pitting corrosion. As soon as the scan is reached at anodic
potential limit E_, (reverse potential), the path of the scan
is reversed on the way to the cathodic direction until the
ultimate predetermined potential is reached. The poten-
tial at the scan plot in which the induced current sharply
increases is called the pitting potential (E;). The potential
on the reverse scan where the loop closes is called the pro-
tection potential (E,), below which no pitting corrosion
is likely to take place. If the Eprot is more positive than
the Epit, then pitting will not occur. Though, pitting could
occur if the E ., is more negative than the E ;. In general,
the extent of the hysteresis loop indicates the degree of
pitting tendency. The greater the loop size, the higher the
pitting tendency and vice versa. Figure 4 shows a detailed
cyclic polarization scan curve [29-31].

In this technique, the conductivity of the electrolyte
(environment) plays very important role. The resistance
of electrolyte lowers the potential between the reference
electrode and working electrode and can cause errors in
the readings. This aspect has significant effects on the
interpretation, and should be compensated. Therefore, this
factor should be considered while performing the poten-
tiodynamic cyclic polarization measurement.

e ™
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Fig.4 Typical cyclic polarization curve [29]

2.4 Linear polarization resistance

The linear polarization resistance (LPR) technique can be
applied in both field and lab measurements. It is a direct cur-
rent (DC) technique, first introduced by Stern and Geary in
1957 [32-34]. In this technique, a small polarization per-
turbation (between 10 and 30 mV) is applied about Eq of
metal using a potentiostat and the resulting induced current
is recorded. Although, the corrosion is an electrochemical
process and does not comply with the Ohm’s law (i.e. linear
relationship between current and potential). However, it has
been found that Ohm’s law will be nearly true if polarization
potential is very small [35]. Since in this method the applied
potential is small, therefore the current response will be linear.
A typical potential and current density (obtained by dividing
the current response by known surface area of working elec-
trode) plot is shown in Fig. 5 [25, 26].

The slope of the potential—current density plot near Eq- is
defined as linear polarization resistance (RP) [38]. In case of
steel reinforced concrete system, the Rp includes the concrete
resistance (R.) and charge transfer resistance (R,). Thus, lin-
ear polarization can be estimated as follows [28, 29]:

R, =522 =Rc+R, @)

The corrosion current density is then determined using the
Stern—Geary formula:

. B
Leorr = R_ (5)
P
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Fig.5 Typical linear polarization plot [25]
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, icorr 15 the corrosion current density (uA/cm?), Rp is
the polarization resistance (k@ cm?) and B can be calculated
by the following relationship:

B - B X B,
2.3(B,+ B.)

where, 1

(6)

where, B, and P, are the anodic and cathodic Tafel constants
in mV/decade, respectively.

The Tafel constants are usually obtained from Tafel plot
(by polarizing the steel to +250 mV of the E). However,
in the absence of necessary data on f, and ,, B=26 mV
(for actively corroding steel in concrete) and B =52 mV (for
steel in passive situation) is used to compute the corrosion
current density [41]. Moreover, the corrosion current density
is inversely proportional to the linear polarization resistance.
Hence, high polarization resistance value indicates low cor-
rosion rate, and vice versa.

In order to carry out the linear polarization resistance
investigation, similar to the potentiodynamic and cyclic
polarization test, three electrodes are to be connected to a
potentiostat. These are the working electrode (corroding
metal), the auxiliary (counter) electrode and the reference
electrode [35].

Several investigation has used a corrosion current density
limit of 0.1-0.2 pA/cm? to distinguish between passive and
active corrosion state of steel embedded in concrete [31, 32].
In addition, many study reported different limits (in terms of
corrosion current density, linear polarization resistance and
corrosion penetration rate) in order to separate the different
degree of corrosion risk associated with steel reinforcement,
as listed in Table 2 [1, 24].

Even with complexities, the LPR measurements method
pose several complications in high resistivity media, for
instance those encountered in huge steel reinforced con-
crete structures. Noteworthy amongst such complications
has been described as follows, which may even render the
in situ measurement extremely inaccurate.

a. The resistance of concrete between the steel rebar (work-
ing electrode) and the reference electrode is very high.
This offers a potential drop generally referred to as an

Table 2 Typical corrosion criteria of steel embedded in concrete [1,
24]

Corrosion condi- Polarization Current Corrosion pen-

tion resistance (kQ  density (UA/ etration rate (um/
cm?) cm?) year)

Very high 2.5-0.25 10-100 100-1000

High 25-2.5 1-10 10-100

Low/moderate 250-25 0.1-1 1-10

Passive > 250 <0.1 <1

@ Springer

Ohmic drop and that must be either compensated exter-
nally or removed mathematically.

b. The counter electrode being smaller compared to the
sample, the distribution of the applied electrical sig-
nal for polarisation of the steel rebar is non-uniform
throughout the cross-section of the sample.

2.5 Electrochemical impedance spectroscopy

This technique is also known as alternating current (AC)
impedance spectroscopy, because in this method, an AC
excitation potential with variable frequencies is applied
to the specimen (working electrode) and the induced AC
current response is measured. The AC excitation potential
should be very low (usually between 5 and 20 mV) in order
to retain in the linear zone and to perform non-destructive
testing. In the linear zone, the AC current (induced) will
have the different amplitude and identical frequency as the
applied AC excitation potential, but with a phase difference.
The impedance (that includes real and imaginary parts) is
the ratio of AC potential to AC current, and can be calcu-
lated from the following relationships [33, 34]:

_E® _ E\Cos(wt) Cos(wt)
T I(t) ~ 1,Cos(wt — @) " Cos(wt — @) ™

Z = Zylexp (- ®)| = Zy(Cos® + j- Sin®) = Z' + jZ"
®)
where, Z=complex impedance, E (t) =potential at time t,
I (t)=current at time t, E,=potential amplitude, I,=cur-
rent amplitude, o =radial frequency, ¢ =phase difference
between potential and current, Z,=magnitude of complex
impedance, j= \/ -1
The real part (Z') and imaginary part (Z") of the imped-
ance (Z) represent resistive and capacitive/inductive terms
respectively. The graph of Z’ on the abscissa and Z” on the
ordinate, measured at various frequencies (usually between
100 kHz and 10 mHz) is called as impedance spectrum or
impedance graph or Nyquist plot. In order to determine vari-
ous parameters (such as solution resistance, charge transfer
resistance and double layer capacitance), the Nyquist plot
has to be fitted and modelled with an equivalent electri-
cal circuit that indicate the electrochemical processes at
the specimen. Particularly in the steel reinforced concrete
specimens, various equivalent circuits have been suggested
due to complex nature of the steel-concrete interface. The
simplest electrochemical equivalent circuit known as Ran-
dels circuit shown in Fig. 6 can be used for modelling the
typical Nyquist plot shown in Fig. 7 [46—48].
The equivalent circuit comprises of a resistance R,
linked in series to a loop that contains a different resist-
ance R, and a capacitance Cg joined in parallel. The R,
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Fig.6 Rendles electrical equivalent circuit for steel reinforcement
[46-48]
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Fig. 7 Typical Nyquist plot for steel reinforcement [46—48]

indicates the concrete pore electrolyte resistance or con-
crete cover resistance. The R, is the charge transfer resist-
ance at the surface of steel that represents the ease with
which the charged ions can leave the steel surface and
reach into the electrolyte (i.e. metal dissolution resist-
ance). The Cy; is a double layer capacitor, which refers
to the development of two layers on the steel/electrolyte
interface. The first layer is formed due to the attraction of
molecules towards the steel surface anions (free electrons).
The second layer is formed due to the attraction of mol-
ecules towards cations in the pore solution. Moreover, R,
and Cg, both resembles to the ionic resistance of the cor-
rosion products film developed on the steel surface. These
terms are illustrated in Fig. 8 [24, 38].

From the Rendles equivalent circuit, the equivalent
impedance (Z) of the Nyquist plot is represented as fol-
lows [39]:

)
ct
where, R, = concrete resistance, R, = charge transfer resist-
ance, j= \/ — 1, o=2nf, C;=double layer capacitance
When, @ — 0 (i.e. at low frequency), the circuit turn
into DC circuit and therefore

Fig.8 Impedance components in steel concrete interface [38]

Z =R, +R,=R,

When, ® — oo (i.e. at high frequency, AC circuit), Z=R_

The difference of DC and AC impedance gives the true
polarization resistance as:

True polarization resistance = (R +R_) — R.=R

Accordingly, the diameter of the extrapolated semicircle
in the Nyquist plot indicates the charge transfer resistance
(R, which is equivalent to the true polarization resistance.
Thus, if the diameter of the semicircle will be large, then
polarization resistance will be high and corrosion rate will
be low, and vice versa [45].

Owing to sophistication of the measurement, this method
is more extensively used in laboratory investigations rather
than in field. It needs more time to perform and its inter-
pretation is also difficult. However, nowadays it used as a
research tool to recognize the behaviour and mechanism of
the concrete/steel interface and to reveal facts of the steel
rebar corrosion kinetics [50].

2.6 Galvanostatic pulse

This is a rapid and non-destructive polarisation method. It
was introduced in 1988 for field application [51]. In this
technique, galvanostatically a short-time anodic current
pulse (usually 10-100 pA with pulse duration of 5-30 s)
is applied between the steel reinforcement and auxiliary
(counter) electrode placed on the surface of concrete. The
reference electrode is commonly placed in the centre of the
auxiliary electrode. The steel is polarised anodically and the
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resulting electrochemical potential response of the steel is
recorded using a reference electrode as a function of polari-
sation time. The characteristic electrochemical potential
response of corroding steel is shown in Fig. 9 [52].

When the current pulse, I, is applied to the steel rein-
forcement, then the polarisation of the steel at time t, E,, can
be written as follows [53-55]:

—t

ap | Rp 1—e(kpc‘*‘> +R, (10)

E =1

where, R, = polarisation resistance, Cy =double layer
capacitance, R, =concrete cover resistance, R, and Cy; can
be determined by transforming the Eq. (10) into linear form
as [53, 54]:

10g (Epay — E;) = log(L,, XR,) — <R th1> (11)
P

where, E,,, =Final steady state potential

A typical plot of Eq. (11) is shown in Fig. 10 [53]. If
the straight line passing through the data points is extrap-
olated to time (t) =0, then the intercept at ordinate will
give log(l,,, XR;)) and slope of the straight line will yield
1/(R,x Cg)). The residual overpotential analogous to
(Iypp X R,) 1.e. potential drop across the cover concrete. After
finding the Rp by applying above technique, the corrosion
current density (i) can be determined from Sterne Geary
formula (Eq. 5) [46].

2.7 Electrical resistivity measurement

The durability characteristics of concrete can be assessed
by determining its electrical resistivity. Various investiga-
tions have given the correlation between electrical resistivity
of concrete and corrosion of steel reinforcement [56-58].

Emax
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr 00000000 -

o* Lpp X Ry

Potential (V)

xR,

app

Time (s)

Fig.9 Electrochemical potential response of corroding steel [52]
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= T
L] ° o
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Fig. 10 A typical plot of Eq. (11) [53]

Several researchers have tried to made the relationship
between the concrete resistivity and the different concrete
properties such as water/cement ratio, cement content,
coarse aggregate content, age, diffusion coefficient of chlo-
ride and porosity [59-61].

The electrical resistivity of concrete is commonly meas-
ured using four-probe technique. F. Wenner firstly intro-
duced this technique in order to evaluate the soil resistiv-
ity [62]. After that, this method was widely applied for the
concrete resistivity measurement in the lab as well as field.
The Fig. 11 illustrates principle involved in the Wenner four-
probe electrical resistivity measurement technique [63]. In
this method, four equally spaced electrodes (probes) are used
to measure the concrete resistivity. A small AC current (I)
is applied between the outermost probes whereas potential
difference (V) between the inner probes is recorded. Then,
the surface resistivity of concrete is determined from the
Eq. (12) [64].

Fig. 11 Illustrations of the Wenner four-probe resistivity measure-
ment [53]
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p=tat (12)

where; a=distance between the probes, k =geometry fac-
tor =2z (for semi-infinite body such as concrete slabs)

However, the value of k is different for small cubic or
cylindrical specimens used in laboratory testing condition.
The AASTHO TP 95-11 Standard specified the typical value
of ‘a=38 mm’ and ‘AC frequency =13 Hz’ in order to con-
duct the concrete surface electrical resistivity measurement
[65].

Moreover, it is extensively recognized that resistivity of
concrete can be easily determined, particularly in the field,
compared to other corrosion parameters such as corrosion
rate. Various investigators as presented in Table 3 have
developed the correlation between the resistivity of concrete
and steel reinforcement corrosion risk [65].

The variations in the results show that the concrete resis-
tivity could not be used with full confidence as an indicator
for corrosion activity in steel reinforcement and need more
investigations. Furthermore, various factors that might affect
the results of resistivity measurement of concrete include
water/cement ratio, microstructural properties of concrete,
aging, existence of steel reinforcement, geometrical con-
straints, surface contact of probes, spacing between probes,
temperature, and moisture content [63].

2.8 Gravimetric weight loss measurement

This is the most commonly used destructive technique for
estimating the corrosion rate of steel reinforcement [59, 60].
The detailed guideline for the preparation of test specimens
and evaluation of corrosion rate by means of gravimetric
weight loss measurement has been specified in ASTM
G1-03 [73]. In order to carry out this test, firstly, the steel is
to be immersed in the Clark solution (1L of HCI+50 g of
SnCl, +20 g of Sb,0;) for 40 s, then, degreased with ace-
tone, rinsed with distilled water and dried in air. Thereafter,

Table 3 Relationship between concrete resistivity and corrosion risk
[65]

Corrosion risk in terms of concrete resistivity (k€2 cm) References
High Moderate Low

<5 5-12 > 12 [56]

<65 6.5-8.5 > 8.5 [57]

<7 7-30 > 30-40 [58]

<10 10-30 > 30 [66]

<20 20-100 > 100 [67]

<10 10-100 > 100-200 [68]

<5 5-20 > 20 [69]

<8 8-12 > 12 [70]

the initial weight of the steel is taken using an electronic
weighing balance with 0.1 mg precision before embed-
ding in concrete. After a specified period of exposure in
the corrosive medium, the steel is taken out by splitting the
concrete specimens. After that, the corroded steel is to be
cleaned by the above procedure and finally, weighed again.
The obtained weight loss value is to be used to estimate the
corrosion rate (CR) by the following relationship [74]:

cr = K xXAW

TAXT xp (13)

where, AW =weight loss (g), A =exposed surface area
(cm?), T="Time of exposure (hours), K=unit conversion
constant =8.76 x 10* (for mm/year) = 534 (for mils/year),
p=density (g/cm?)

This is the most accurate and precise technique for deter-
mining the corrosion rate of steel reinforced concrete system
because the testing is easy to replicate. This is comparatively
simple method that reduces the tendency to lead methodical
errors. The sensitivity of mass loss measurements is limited
because mass can be measured easily only to about 0.1 mg,
therefore this key issue must be considered while using this
method. Further, this technique is destructive and generally
performed after long exposure periods, consequently provide
an average corrosion rate.

2.9 Corrosion monitoring using sensors

The latest advances in the field of smart materials and sys-
tems have escorted novel openings for structural health
monitoring and non-destructive evaluation. Smart materi-
als, for instance the fibre-optic materials and the piezoelec-
tric-ceramic (PZT), have enabled online monitoring with
greater resolution and quicker response as these materials
have enormous competences of damage diagnosis. In recent
times, sensors based on PZT and optical fibres have been
studied for corrosion assessment in steel reinforced concrete
structures [75-77].

Recently, an optical fibre sensor comprising of a fibre
bragg grating sensor has been developed to identify steel
rebar corrosion. A correlation between the weight loss rate
of rebar (by gravimetric loss method) and reflected wave-
length change from the grating was found through a series of
accelerated corrosion tests. Through this relationship, it was
noticed that the greater the wavelength shift, the larger the
weight loss rate in the steel rebar [78]. Various analytical and
experimental investigation have been carried out to detect
rebar corrosion in steel reinforced concrete structures using
fibre optic sensors [79—82]. Moreover, numerous proof-of-
concept research to identify corrosion using PZT patches in
metallic structures have been reported [77, 83]. However,
these investigations were preliminary in nature and did not
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offer any solid means of rigorous qualification of corrosion
damage after its detection. Hence, more investigations are
required in this field.

2.10 Comparison of different techniques

Since potential measurement, resistivity measurement and
sensors techniques do not provide the corrosion rate of the
steel reinforcement, therefore the comparison of corrosion
rate as obtained from electrochemical and weight loss meas-
urement techniques can be made based on past studies.

Ismail et al. [49] evaluated the corrosion condition of
steel rebar in high performance concrete using potentiody-
namic polarization (PP), electrochemical impedance spec-
troscopy (EIS), linear polarization resistance (LPR) tech-
niques, and observed that the corrosion rates obtained from
the LPR were 5-20% less than those obtained using EIS
but 10-30% more than those determined using PP. Nygaard
et al. [84] investigated the corrosion rate of passive steel
and active steel by means of galvanostatic pulse (GP) and
LPR techniques. They found that both GP and LPR methods
overestimated the actual corrosion rate for passive steel by
factors of about 100 and 10 times, respectively. But these
methods underestimated the corrosion rates by a factor of
2 (GP) and 10 (LPR) for steel rebars with localized cor-
rosion. Aligizaki [85] assessed the corrosion rate of steel
using LPR, PP and EIS and found well correlation between
the I, values obtained from LPR and PP techniques. Sath-
yanarayanan et al. [86] measured the corrosion rate of steel
rebar by GP and LPR techniques and concluded that the GP
technique provides more reliable corrosion rates than LPR
method, when compared with the gravimetric weight loss
method results. Law et al. [87] also used gravimetric weight
loss and LPR methods to measure the corrosion rates of steel
at regular intervals during an exposure period of 1,085 days.
They compared the corrosion rates obtained from both the
techniques and concluded that the LPR technique overesti-
mated the corrosion rate. Pradhan et al. [88] observed that
the corrosion rates obtained from LPR technique were 10%
higher than those from the EIS method, whereas agreed
closely with that found from the gravimetric weight loss
method.

There are numerous existing techniques for the detection,
measurement and diagnosis of corrosion of steel rebar, how-
ever there is no consent regarding which technique evaluates
the corrosion rate more precisely. Therefore a combination
of evaluating methods is recommended to use in order to
find the reliable information about the corrosion condition
of steel embedded in concrete. The average corrosion rate
as obtained from the different techniques may be used for
further analysis.
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3 Corrosion control techniques

The corrosion control methods for steel reinforced cemen-
titious composite include cathodic protection, electro-
chemical chloride extraction, surface treatments of the
steel reinforcement, surface treatment of concrete, utiliza-
tion of mineral admixtures and chemical corrosion inhibi-
tors. In the subsequent sections, these methods have been
discussed comprehensively.

3.1 Cathodic protection

The first investigation on corrosion control of steel in a
reinforced concrete bridge through cathodic protection was
reported by Stratfull in 1957 [89], and the application of
this technique began in 1972 in order to protect Sky Park
bridge decks contaminated by de-icing salts in Placerville,
California [90]. Thereafter, research has been carried out
by various government and private industries for the devel-
opment of cathodic protection systems in steel reinforced
concrete structures. For example, on the basis of research
investigations, Federal Highway Administration has identi-
fied that the cathodic protection is the only rehabilitation
system that has proven to stop corrosion in chloride con-
taminated bridge decks irrespective of the chloride content
in concrete [91].

The cathodic protection system can be established by
two ways: galvanic (sacrificial) anode and impressed cur-
rent systems. The galvanic anode system is based on the
principles of dissimilar metal corrosion and the relative
position of specific metals in the electro-chemical series.
Hence, this system employs reactive metals as auxiliary
anodes, which are connected to the steel that is to be pro-
tected. The difference in potentials between the reactive
metal and the steel, as specified by their relative positions
in the electro-chemical series, causes a positive current
to flow in the electrolyte, from the reactive metal to the
steel. Thus, the whole surface of the steel converted to
negatively charge and becomes the cathode. The metals
commonly used, as sacrificial anodes are aluminium, zinc
and magnesium. No external power source and low main-
tenance is required in this system. Patch-repair and plug-
type anodes are examples of galvanic anodes [92].

In contrast, an impressed current system requires a cur-
rent source (generally less than 50 volts) and inert (zero
or low dissolution) anode material, fixed either on the sur-
face, or embedded within the concrete. To achieve an elec-
trical circuit, the positive terminal is connected to anode
material and the negative terminal is connected to steel
(cathode) to be protected, the anode and cathode are sepa-
rated by an electrolyte (concrete) as shown in Fig. 12. This
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Fig. 12 Impressed current
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system works well until power supply is not interrupted.
Therefore, this system consumes substantial electrical
energy and also requires specialized services to design
and verify the system’s functioning [93].

3.2 Electrochemical chloride extraction

The aim of the electrochemical chloride extraction (ECE)
technique is to remove the chloride ions from the steel
rebar and out of the concrete body. This method is similar
to cathodic protection, but there are two main differences.
First, the current density used for impressed current cathodic
protection (ICCP) is much lower than that for ECE. Second,
the external anode for ECE is temporary and installed for
few weeks only (during the process) [94]. However, both
protection techniques have been recognized to increase the
service lifespan of the structures. However, ECE technique
is more advantageous because of no long-term regular main-
tenance requirement.

In this technique, an electric field is applied between the
steel reinforcement and an external anode metal fixed to the
surface of the concrete body. The commonly used anodes are
titanium-activated meshes, steel meshes, and mortar pastes
prepared with graphite powder [95]. The positive terminal of
current source is connected to anode, while negative terminal
is connected to steel rebar embedded in concrete. When the
electric current is applied, anions (such as CI") are attracted
towards the external anode placed on the surface of the con-
crete, while cations (such as Na*, K*) are migrated towards
steel reinforcement and thereby produced hydroxyl ions (OH™)

Fig. 13 Illustration of the chlo-

ride extraction technique [96] Current
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on the surface steel, as a result of cathodic reactions. The sche-
matic diagram of the chloride extraction technique is shown in
Fig. 13. The following reactions occur during electrochemi-
cal extraction treatment due to the development of electric
potential difference between the external anode and the steel
(cathode) [96].

At anode:
2H,0) — 4H(aq) + Oy + 4e” (14)
2C1;q - Clz(g) + 2e” (15)

The pH of the electrolyte should be sufficiently high in
order to suppress the reaction represented by Eq. (15). The
highly alkaline electrolytes also neutralize the hydrogen ions
produced by the reaction in Eq. (14) and protect the surface
of concrete from acidification. Therefore, solution of calcium
hydroxide, sodium hydroxide and treated water are commonly
used as external electrolytes [97]. However, water is the most
widely used owing to the deficiency of salts, thus CI™ ions
travel more easily in the concrete and are extracted effortlessly
[98].

At cathod (steel):

Installed Anode

Electrolyte (water)

Steel

e ey *;p‘
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The Eq. (17) shows the evolution of hydrogen gas at the
level of steel reinforcement due to the low cathodic poten-
tial that is induced by the high current density. Also, it is
believed that higher current densities can produce cracking
in the concrete as a function of the chloride extraction veloc-
ity. Therefore, the current density has been taken between
1 A/m? and 5 A/m? in various studies [94]. Despite this,
some authors determine that the current density should not
be more than 2 A/m? [99]. However, some of the studies
focused on densities up to 1 A/m? [100].

The period of application of this system varies from 6 to
10 weeks [101], in this period the chloride concentration is
reduced below 0.4% of total chlorides, which is considered
as critical value [102]. According to results of an investiga-
tion, the chloride content was found to be reduced by around
40% within 7 weeks of treatment and simultaneously, sub-
stantial quantities of alkali ions were detected nearby the
steel [103]. The reduction percentage of chloride content
can reach up to 70% [104]. The reduction of chloride ions
content below the critical level and simultaneous increment
of hydroxyl concentration on the surface of the steel rein-
forcement creates favourable environment for the steel repas-
sivation [105].

3.3 Surface treatment of steel

The reinforcing bars commonly used are mild steel, mainly
due to its significant low cost. Alternatively, stainless steel
shows excellent mechanical and durability properties, but
impractical for use in reinforced concrete because of its
high cost [106]. The poor corrosion resistance of mild steel
is a common cause of deterioration in reinforced concrete
structure. Therefore, various treatments have been given to
steel surface in order to increase the corrosion resistance.
One such treatment is coating with epoxy, which acts as a
barrier to aggressive corrosion agents, and thus significantly
decrease the corrosion rate of steel rebar. But, the poor bond-
ing between epoxy coated steel and concrete, and the dam-
aged areas of epoxy coated steel rebar (at which pitting cor-
rosion may occur) are the common problems with epoxy
coating [107]. Another similar treatment is coating with zinc
(galvanization), which improve the corrosion resistance of
steel by acting as a sacrificial anode. It has been observed in
many studies that the galvanized steel develops better bond
to concrete than the epoxy coated steel, and also the ten-
dency of the zinc coating to debond is very less as compared
to epoxy coating [108]. Subsequently, techniques for surface
treatment of steel that increases the corrosion resistance as
well as bond strength have been developed. These techniques
include inhibited cement slurry coating, surface oxidation
and sand blasting.

The Central Electrochemical Research Institute (CECRI),
Karaikudi, India, has developed inhibited cement slurry
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coating for corrosion control in steel reinforcement. This
coating system involves of four stages i.e. pickling, phos-
phating, two times application of inhibited cement slurry
coating and sealing. This coating is an in situ process that
is carried out after all bending and shaping operations are
completed at the construction site. As this coating is applied
at the site of working, the damage caused on account of
transporting and lifting are significantly minimised. Moreo-
ver, in situ patch repairing is easy to execute in this coat-
ing system. Though, strict quality control measures are
required to ensure the performance of this coating [109]. In
an investigation, it was concluded that the inhibited cement
slurry coating is economical and efficient to control the cor-
rosion of steel reinforcement [110]. In an another study, it
was observed that inhibited cement slurry coated steel show
higher bond strength as compared to galvanized and epoxy
coated steel [111].

Sand blasting technique involves the blasting of Al,O4
particles (size about 250 um) on the steel rebar under pres-
sure of around 0.6 MPa. It is used for cleaning of the sur-
face of the steel. The cleaning includes the removal of rust
and/or contaminants from the surface of steel. This cleaning
improves the corrosion resistance by making the surface of
the steel more uniform in composition. Moreover, the clean-
ing increases the roughness of surface and thus improves the
bond strength. However, the disadvantage of this method is
that it is uneconomical and difficult to use in the construc-
tion site [112].

Water immersion method involves the immersion of the
steel rebar under water at ambient temperature for 2 days.
This treatment forms a black coating (oxide layer) on the
steel surface, hence the surface of steel turns out to be more
uniform in composition and thereby, enhancing the cor-
rosion resistance. Furthermore, the oxide layer improves
the bond between concrete and rebar, thus increasing the
bond strength. The immersion periods less than or more
than 2 days provide less beneficial effects on both corrosion
resistance and bond strength. This method is found to be
very simple and economical as compared to other methods
[113].

3.4 Surface treatment of concrete

Since numerous hostile agents (e.g. chloride, CO, etc.)
ingress into the concrete through air or water and creates
durability problems (e.g. carbonation, chloride attack and
sulphate attack etc.), therefore, the permeation property
of the surface concrete is considered as a main factor that
impact the durability of entire concrete structure [114].
Concrete surface treatment has gained sufficient atten-
tion since 1980s, for example, American and German
transportation agencies applied some hydrophobic agents
on the surface concrete of bridges in order to prevent
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chloride penetration. Also, a chemical named isobutiltri-
metoxisilane (100% pure and hydrophobic agent) has been
used on bridges in the United Kingdom in 1986 to protect
from chloride attack [115]. However, many progresses has
been occurred in terms of understanding the mechanism of
already known surface treatment agents; and various new
treatment agents has emerged in last two decades. Moreo-
ver, the surface treatment agents can be classified into two
categories based on chemical composition i.e. organic and
inorganic. Organic agents are widely used for surface treat-
ment of concrete owing to their good barrier properties. But,
there are some problems associated with organic treatments
viz. poor fire resistance, crack and detach easily, inadequate
service life, and after losing protecting effects their removal
is difficult [116].In contrast, the inorganic surface treatment
agents are more stable and have better durability perfor-
mance. The most commonly used inorganic surface treat-
ment agent is sodium silicate. Also, it has been reported
that lithium silicate, potassium silicate and fluosilicates can
be used as inorganic surface treatment agents for concrete
[117].

According to the functions of surface treatments, they
were grouped into four types: surface coating, hydrophobic
impregnation, pore blocking treatment and multifunctional
surface treatments [118]. Surface coating forms a continuous
layer and produce a physical barrier to prevent the ingress of
the corrosive substances into cementitious substrate [119].
There are many types of surface coatings which have been
used in the construction industry, for example, acrylic, chlo-
rinated rubber, butadiene copolymer, polyethylene copoly-
mer, epoxy resin, polyester resin, vinyl, polyurethane, coal
tar and polymer modified cementitious coatings [120].

Hydrophobic impregnation works via penetrating con-
crete pores, expanding the contact angle. The surface turns
out to be hydrophobic when the contact angle is greater
than 90°. Thus, hydrophobic impregnation can prevent the
ingress of water and water-born ions; but permits penetra-
tion of water vapour [113]. The most commonly used hydro-
phobic impregnation are silane, siloxane and a combina-
tion of these two chemicals. The molecular structures of
silane (1.0 to 1.5 um diameter) and siloxane (1.5 to 7.5 um
diameter) are extremely small; and therefore, efficiently pen-
etrate into dense concrete substrate. Both silane and siloxane
comprise an alkyl group and various alkoxy groups [121,
122]. The alkyl group can decrease the surface tension of
the substrate, whereas the alkoxy group is related to the
bonds between silane/siloxane and concrete. For example,
the chemical reaction between silane and concrete substrate
can be proceeded as: firstly, silane hydrolysis reacts with
pore water, and silanol groups are formed due to hydrolysis
alkoxy groups [123]. Then, the unstable silanol molecules
lose water molecules and transformed into silicone resin.
Subsequently, the silanol groups react with hydroxyl groups

in the cementitious substrate via hydrogen bonds. Lastly, the
silicon resin bonds to cementitious substrate during drying,
and creates water repellent pore surfaces. The alkalinity of
the cementitious substrate serves as a catalyst in these reac-
tions [124].

Pore blocking surface treatment agents have been used
in construction industries for many years [125]. They are
able to partially or completely block the existing capillary
pores in concrete surface and thus increase impermeability
of surface layer. Silicate and fluosilicate based pore block-
ers (e.g. calcium silicate, lithium silicate, sodium silicate,
magnesium fluosilicate and sodium fluosilicate) have been
demonstrated to be effective in blocking capillary pores in
concrete surfaces. Sodium silicate is considered as one of
the most common pore blocking agents [126].

Multifunctional surface treatments should have at least
two functions, for example, ethyl silicate (or tetraethylortho-
silicate), an alkoxysilane compound, which itself does not
have binding property, and nevertheless it can produce silica
gels and block the pores through hydrolysing process. Also,
it can prevent the entry of corrosive substances because of
its hydrophobic effect [127]. Similarly, Silane-clay nano-
composites are not only show a hydrophobic effect, but also
improve the microstructure of concrete cover [128].

Surface treatment of concrete may be an effective and
economical technique in order to enhance the quality of sur-
face concrete and improve the durability of concrete struc-
tures. However, this technique of corrosion control suffers
from the poor durability of the coating and the loss of cor-
rosion protection in the parts where the coating is damaged.

3.5 Admixtures in concrete

Admixtures are solid or liquid substances that are added to
the concrete mixture in order to enhance the properties of
the resulting concrete. Admixtures that are primarily used
for improving the corrosion resistance of steel reinforce-
ment, commonly known as corrosion inhibitors. These
include mainly organic and inorganic chemicals. However,
admixtures that are mainly used for enhancing the struc-
tural performance of concrete are more attractive due to their
multi-functionality (such as, improvement in workability,
mechanical strengths, bond strength, impermeability, cor-
rosion control, etc.). They are usually mineral particles, for
example, fly ash, silica fume and slag.

Fly ash (FA) is a by-product of coal combustion and
mainly composed of SiO, and CaO. The recent advance-
ment in concrete technology exhibits that the fly ash is the
most common pozzolan and used worldwide as an essen-
tial component for making high-performance concrete.
This is mainly because of pozzolanic reaction between
fly ash and hydrated cement paste resulting a denser
microstructure over a period of time. However, studies
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have revealed that fly ash does not reduce the diffusion
coefficient of concrete at early ages, but at the later ages,
significantly lowers the diffusion coefficient as compared
to control concrete [129]. Moreover, Class F fly ash (low
CaO content) leads to a slightly lower diffusion coeffi-
cient than Class C fly ash (high CaO content) admixed
concrete [130]. As far as steel reinforcement corrosion is
concerned, it was observed that the corrosion resistance
of steel in concrete is improved with the addition of fly
ash as a replacement of Portland cement (PC) up to the
30% [131]. In another study, it was concluded that the
incorporation of 15% fly ash as replacement of cement can
produced quite durable concretes against corrosion [132].
Also, it was found that the chloride penetration resistance
of concrete increases with increasing the fineness of fly
ash [133]. In general, it is recognised that the addition
of fly ash improves the corrosion resistance properties of
steel reinforcement by reducing porosity and increasing
the resistivity of cementitious composite [134]. Moreover,
fly ash is typically used at replacement levels between 15%
and 35% by weight of Portland cement so as to increase
the mechanical strengths as well as the resistance to dete-
rioration mechanisms (such as chloride attack, sulphate
attack, carbonation etc.) of cementitious composites [135].
Silica fume (SF) is a by-product from silicon alloy pro-
duction in electric arc furnaces. It is almost pure SiO, and its
particles size are approximately 100 times finer than cement
grains. When added in cementitious composite, silica fume
reacts quickly with hydrated cement due to small particle
size and high surface area to volume ratio and consequently
improving the microstructural and mechanical properties and
decreasing the diffusion coefficient of cementitious compos-
ite at all ages with respect to plain cementitious composite
[110, 111]. Though, it was observed that chloride diffusion
coefficient of concrete in a marine environment reduces with
lowering the water binder ratio and increasing silica fume
content up to 10%. Also, the chloride diffusion coefficient
is found to be high for early ages and drops over time [138].
The reduction in diffusivity leads to decrease the chloride
threshold level required to initiate corrosion, and this may
increase the service life of the exposed concrete structures by
15-fold in certain circumstances [139]. From the sensitivity
analysis, it is calculated that with the addition of 10% silica
fume in concrete, the chloride transport in terms of appar-
ent diffusion coefficient is reduced by approximately 74%
and corrosion-free life is increased by 270% as compared to
OPC concrete [140]. Moreover, the incorporation of silica
fume in appropriate quantity, significantly enhances the cor-
rosion resistance properties of steel reinforced cementitious
composite [115, 116]. Furthermore, the typical replacement
levels of Portland cement with silica fume range from 3%
to 10% in order to enhance the mechanical strengths and
durability properties of concrete structures [134].

@ Springer

Ground granulated blast-furnace slag (GGBFS), com-
monly known as slag, is a by-product of steel production. It
mainly contains CaO, SiO,, Al,0; and MgO [143]. When
slag is used as part of Portland cement in concrete, it reacts
with both the hydrated cement (pozzolanic reaction) and the
water (latent hydraulic reaction), and consequently refined
the pore structure and enhanced interfacial transition zone
(ITZ) of concrete [144]. Also, the addition of slag, improves
the consistency and workability of fresh concrete. The
mechanical strengths and durability properties of concrete is
found to be substantially improved with the incorporation of
GGBFEFS [145]. The diffusion coefficient of GGBFS admixed
cementitious composite is found to be significantly lower as
compared to the plain cementitious composite, particularly
at the later exposure ages. Therefore, when incorporated
appropriate amount of GGBFS in concrete, the transporta-
tion of corrosive agents is greatly reduced and consequently
improved the corrosion resistance of steel reinforcement,
and thereby, increasing the predicted service life of con-
crete structures. From most of the investigational studies, it
may be concluded that the use of 40% to 80% of GGBS as
a replacement of Portland cement does not cause any nega-
tive impact on the performance of cementitious composite
[120, 121].

Metakaolin (MK) is obtained by the calcination of clay
mineral kaolinite (Al,Si,0) at the temperature range of
500 °C to 800 °C. It is primarily composed of SiO, and
Al,O5. The size of 99.9% metakaolin particles is below
16 um and the average particle size is approximately 3 um. It
is a pozzolanic material and commonly used in the manufac-
ture of ceramics [148]. The small particle size, high surface
area to volume ratio and pozzolanic property of metakaolin,
make it possible to be befittingly used as partial replace-
ment of cement up to 10% and fine aggregate up to 20% in
concrete [149]. The studies revealed that when metakaolin
is used in concrete, it reacts quickly due to small particle
size and high surface area, and undergoes pozzolanic reac-
tion, and consequently improves the microstructure of the
hydrated cement paste [150]. This improvement leads to
further enhancement in the mechanical and durability prop-
erties and reduction in the diffusion coefficient of concrete
[151]. In particular, the corrosion resistance of steel rein-
forcement in aggressive environment is improved substan-
tially with the inclusion of suitable amount of metakaolin.
Besides, the appropriate replacement level of cement by
metakaolin ranges from 5 to 10% [152].

Moreover, the use of binary blends (Portland cement plus
one admixture, such as PC + SF, PC + SF, PC + GGBFS
and so on.) and ternary blends (Portland cement plus
two admixtures, such as PC + FA + SF, PC+ MK + FA,
PC + FA + GGBES etc.) can significantly enhance the
performance of cementitious composite exposed to corro-
sive environments. Research has revealed that the use of
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admixtures can reduce the diffusion coefficient of concrete
and consequently improve the corrosion resistance of steel
reinforcement. However, it has been observed that ternary
blends result in superior resistance to chloride ingress com-
pared with binary blends at both early and later ages. This is
because the ternary blends contain a slow-reacting admix-
ture (e.g. fly ash or slag) and a fast-reacting admixture (e.g.
silica fume or metakaolin) [153]. In addition, such replace-
ment of cement will contribute to the reduction in CO, pro-
duction (carbon footprint) and therefore encourage the use of
such sustainable and green concrete. Furthermore, recently
some new generation nano-admixtures (such as carbon nano-
tubes, SiO,, TiO,, Fe,05, CuO, ZrO,, ZnO,, Al,05, CaCO;,
Cr,05) emerges, which can be used to improve the micro-
structure and corrosion resistance properties of reinforced
concrete [154].

3.6 Chemical corrosion inhibitors

International Organization for Standardization (ISO
8044:2015) defines corrosion inhibitor as a chemical sub-
stance that decreases the corrosion rate when present in the
corrosion system at suitable concentration, without signifi-
cantly changing the concentration of any other corrosion
agent [155]. The National Association of Corrosion Engi-
neers (NACE) defines corrosion inhibitors as substances
that, when added to an environment, decrease or slow down
the rate of attack of the metal [156]. ACI 116R-85 defines a
corrosion inhibitor as a chemical compound, either liquid or
powder, that effectively decreases or slows down reinforce-
ment corrosion in hardened concrete if introduced, usually in
very small concentrations, as an admixture [157]. Therefore,
an ideal corrosion inhibitor for cementitious composite may
be defined as a chemical compound, which, when incorpo-
rated in suitable quantities to cementitious composite, can
control corrosion of embedded steel reinforcement and has
no adverse effect on the fresh and hardened properties of
cementitious composite [158]. These definitions exclude
other corrosion control methods such as pore blockers, coat-
ings etc., which modify the oxygen, water and chloride con-
centrations. Nevertheless, some chemical corrosion inhibi-
tors may also act as pore blockers, which is a secondary
property. The inhibitors may be the better than the other
methods of protection owing to lower cost and easy to use.
The inhibitors could be classify in many ways: according
to their application methods, according to their mechanism
of protection, and their chemical nature [132, 133]. The
main application methods for corrosion inhibitors are:

(a) Added to fresh concrete as an admixture

(b) Added to repair mortars

(¢) Used as a surface treatment on the steel reinforcement
bars before concreting

(d) Applied on the hardened concrete surface, as a penetrat-
ing corrosion inhibitor (also surface-applied corrosion
inhibitor and migrating corrosion inhibitor).

According to the mechanisms of protection, corrosion
inhibitors could be divide into three types:

(a) Anodic inhibitors: These inhibitors passivate the metal
by forming a film adsorbed or insoluble layer on anodic
surfaces of the metal. They mainly act by affecting the
anodic reaction and consequently reducing the cor-
rosion rate by increasing the corrosion potential and
decreasing the corrosion current density of the metal.
Though, the sufficient concentration of anodic inhibi-
tors must be used for covering the entire surface of
metal. The inappropriate concentration of inhibitors
affects the formation of film and leaves some exposed
sites, and thus causes pitting corrosion. The commonly
used anodic inhibitor are nitrites, nitrates, benzoates,
chromates, molybdates, phosphates, hydroxides, sili-
cates and carbonates.

(b) Cathodic inhibitors: These inhibitors act by forming
a barrier of insoluble precipitates over the metal sur-
face and particularly affecting the cathodic reaction.
Accordingly, reduced the corrosion rate by decreasing
the corrosion potential as well as corrosion current den-
sity of metal. These inhibitors are usually less effective
but more secure than anodic inhibitors. Examples of
cathodic inhibitors are silicates, phosphates polyphos-
phates, tannins and ions of the zinc, nickel and magne-
sium that react with the hydroxyl (OH™) of the water
forming the insoluble hydroxides as Zn(OH),, Ni(OH),,
Mg(OH),, which are deposited on the cathodic site of
the metal surface, protecting it.

(c) Mixed inhibitors: These inhibitors act on both anodic
and cathodic sites by adsorption on overall surface of
the metal. They reduce the corrosion rate by decreas-
ing the corrosion current density without substantial
changing the corrosion potential of metal. This type of
inhibitor includes amines, amino alcohols, sulfonates,
esters and compound with the hydrophobic group that
have polar groups such as N, S and OH.

According to chemical functionality, the inhibitors can
be classified as follows:

(a) Inorganic Inhibitors: These inhibitors are generally
crystalline salts such as nitrite salts, chromate salts,
molybdate compounds, zinc salts, phosphates, silicate
compounds etc. Usually, the anions of these salts are
involved in decreasing the corrosion of metal. In gen-
eral, these inhibitors have anodic or cathodic actions.
However, when zinc salt is used, the zinc cation can
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add some advantageous effect. These zinc-added salts
are termed as mixed-charge inhibitors.

(b) Organic Inhibitors: The inhibitors are characterized by
high molecular weight structures, incorporating —-NH,,
—SH, —-COOH, —OH or —SO;H functional groups. In
their concentrated forms, these are either liquids or wax
like solids. Their active portions are generally large ali-
phatic or aromatic compounds with positively charged
amine groups. These inhibitors are said to be chelating
agents, which can form five or six-membered chelate
rings. These rings are formed as a result of the bond-
ing between two or more functional groups from the
inhibitor and the cation metal, thus, completely cover
the metal surface. However, occasionally, they act as
cathodic, anodic or mixed inhibitors. Some exam-
ples are amines, mercaptobenzothiazole, aldehydes,
sulphur-containing compounds, heterocyclic nitrogen
compounds and acetylenic compounds.

As compared to the other corrosion control techniques,
chemical corrosion inhibitors have some benefits such as
economical and versatility. Application of inhibitors in
concrete can aid to delay the corrosion initiation in the
embedded steel exposed to aggressive environments. How-
ever, after the corrosion initiation, their efficiency was less
significant. In general, the side effects of the inhibitors on
fresh and hardened concrete were reported to be insignificant
[161]. Very limited studies on the long-term performance of
the inhibitors in real structures are available. Hence, more
researches are needed to identify such inhibitors that are
effective throughout the service life of structures and are
non-hazardous.

4 Conclusions

From the critical review discussed concerning steel rebar
corrosion monitoring and controlling techniques, following
points can be noted

(1) Potential measurements have been extensively used
since 1970 to assess the corrosion risk of steel rebar in
concrete. Though, potential values do not provide the
corrosion rate of steel. In spite of the simple method for
potential measurement on the surface of concrete, the
potential mapping results need cautious interpretation.
Also, the depth of concrete cover, concrete resistance,
polarization effects and high resistivity of surface layer
significantly influence the measured potential values.

(2) The corrosion rate can be evaluated using electro-
chemical techniques such as potentiodynamic polari-
zation, linear polarization resistance, galvanostatic
pulse, electrochemical impedance spectroscopy, Tafel
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extrapolation. These techniques can be used in small
steel reinforced concrete specimens under laboratory
environments as well as large scale field structures.
However each method possesses certain advantages
and limitations. Therefore a combination of evaluat-
ing methods is recommended to use in order to find
maximum information about the corrosion condition
of steel embedded in concrete.

(3) The gravimetric weight loss measurements is an effi-
cient technique for finding the corrosion rate of steel
rebars, but it is destructive and is usually performed
after long exposure times

(4) Potential measurement, electrical resistivity measure-
ment and sensors techniques do not provide the cor-
rosion rate of the steel reinforcement, they only give
qualitative information. However, corrosion monitor-
ing using PZT and optical-fibre sensors is still a new
area of research and needs to be explored. Although
some of the researchers considered that there is a robust
potential in emerging the sensors as a non-destructive
method for corrosion assessment that can be possibly
provide better assessment than the conventional meth-
ods.

(5) The corrosion control methods for steel reinforced
concrete include cathodic protection, electrochemical
chloride extraction, surface treatments of the steel rein-
forcement, surface treatment of concrete, utilization of
mineral admixtures and chemical corrosion inhibitors.
Each method possesses certain advantages and disad-
vantages. Consequently, more researches are needed
to develop such methods of corrosion protection of
embedded steel that are economical, durable, environ-
ment-friendly and do not cause any adverse effect on
the structural performance of concrete and steel.
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