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a b s t r a c t

Concretes with fly ash, slag, limestone calcined clay, etc. exhibiting high resistivity are being used to
enhance the chloride resistance of structures e to achieve durability. Prior to use, the engineers need to
determine the chloride threshold (Clth) of such highly resistive steel cementitious (S-C) systems (a key
parameter to estimate service life). Most Clth tests involve repeated measurements of polarization
resistance (Rp) and detection of corrosion initiation of steel embedded in hardened cementitious system
(a sol-gel structure with partially filled pores). The high resistivity of such systems should be considered
while interpreting the electrochemical response to determine Rp. This paper experimentally evaluates
the suitability of LPR and EIS techniques for assessing Rp of steel embedded in highly resistive systems.
Experiments were conducted with lollipop type specimens (steel reinforcement embedded in mortar
cylinders). The following three types of mortar having various resistivities were prepared: (i) ordinary
portland cement (OPC), (ii) OPC þ fly ash, and (iii) limestone calcined clay cement. Experimental ob-
servations on how the following three factors affect the electrochemical response in highly resistive S-C
systems are provided: (i) resistivity of concrete covering the embedded steel, (ii) electrode configuration,
and (iii) electrochemical test parameters. It was found that electrochemical impedance spectroscopy
(EIS) can detect corrosion initiation in highly resistive systems at earlier stages than the linear polari-
zation resistance (LPR) technique. Also, the guidelines on how to use EIS technique to determine the Rp of
steel embedded in highly resistive S-C systems are provided.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Many concrete structures made of ordinary portland cement
(OPC) systems are experiencing premature corrosion due to expo-
sure to chlorides. This led to the partial replacement of OPC with
pulverized fuel ash (PFA), [PFA is also known as fly ash], which
enhances the resistivity of concrete against the ingress of chlorides;
thereby enhancing the service life of concrete structures. Recently,
a new type of cement called limestone calcined clay cement (LC3)
with very high electrical resistivity is also being developed [1,2].
Prior to the widespread use of any material, engineers need to
assess its effect on the service life of reinforced concrete systems.
One of the critical service life parameters for any steel-cementitious
(S-C) system is the chloride threshold (Clth), which is defined as the
minimum amount of chlorides required to initiate the corrosion of
the embedded steel reinforcement. The assessment of Clth of S-C
systems is highly dependent on the quality of the electrochemical
response and its interpretation, which is the focus of this paper.

The electrochemical response from S-C systems depends on the
(i) properties of cover concrete, (ii) properties of steel reinforce-
ment, (iii) microclimate at the S-C interface, (iv) electrochemical
technique adopted, and (v) corrosion cell (configuration of spec-
imen and electrodes). In this paper, the major focus is on the effect
of highly resistive concrete cover, which induces significant ohmic
drop and influences the use of electrochemical measurement
techniques. Assessment of this ohmic drop and its incorporation to
get correct polarization resistance (Rp) of the steel embedded in
cementitious system is very important. This becomes very chal-
lenging as the resistivity of concrete cover increases. The tech-
niques which may work well for low resistive concretes may not
work for highly resistive concretes. In this paper, the effectiveness
of linear polarization resistance (LPR) and electrochemical
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impedance spectroscopy (EIS) techniques in measuring Rp of steel
embedded in low and highly resistive cementitious systems are
evaluated.

1.1. Resistivity of concretes and corrosion mechanisms

Fig. 1 shows the range of surface resistivity exhibited by con-
cretes made of OPC, PFA, and LC3 at 28 days of curing [2,3]. It has
been observed that the resistivity of OPC systems cannot be more
than say, 30 kU cm even if the water/binder is kept very low. Also,
some of the PFA and all the LC3 concretes exhibit higher resistivity
than all the OPC concretes. AASHTO T358 (2017) [4] recommends a
classification for chloride resistance of concrete based on its surface
resistivity, see Table 1. Following this, in general, the concretes with
OPC, PFA, and LC3 can exhibit ‘low to moderate’, ‘moderate to high’
and ‘very high’ resistivities. It should be noted that in this paper,
‘highly resistive’ systems represent concretes with ‘high’ and ‘very
high’ resistivities.

The electrochemical techniques adopted should be able to
accommodate the large ohmic drop in the concretes with ‘high’ and
‘very high’ resistivities (i.e., cases of PFA and LC3). However, no
guidelines are available for choosing an appropriate testing tech-
nique for highly resistive systems. Hence, many researchers tend to
use the standard test methods (ASTM G109 and C876) that are
suitable for the conventional S-C systemswith ‘low’ resistivity [5,6].
The ASTM G109 specimen has three steel rebars - one rebar at the
top and two rebars at the bottom (see Fig. 2(a)). During the cyclic
wet-dry exposure test, the top rebar gets exposed to chlorides first
and acts as anode and the bottom rebars act as cathode and the
ionic conduction happens through the concrete in between. This
setup enables the measurement of macrocell corrosion current
between the anode and cathode in low resistive concretes (Circuit 1
in Fig. 2(b)). However, the corrosion process in highly resistive S-C
systems follows Circuit 2 instead of Circuit 1 e leading to limita-
tions in using ASTM G109 for corrosion assessment [7,8].
Fig. 1. Surface resistivity of concretes made with OPC, PFA, and LC3.

Table 1
AASHTO T 358 (2017) classification based on surface resistivity of
concrete.

Surface Resistivity, kU.cm Classification

<12 Negligible
12e21 Low
21e37 Moderate
37e254 High
>254 Very High
1.2. Factors affecting electrochemical response in S-C systems

In general, researchers have used 3-electrode systems (Working
Electrode [WE], Counter Electrode [CE] and Reference Electrode
[RE]) and LPR or EIS techniques to assess Rp of S-C systems [8e12].
The response data depends on various factors such as (i) electrode
configuration, (ii) resistivity of electrolyte, and (iii) total current
flow [13].

1.2.1. Electrode configuration
The positioning of RE in solid electrolyte is not as flexible as the

liquid electrolyte [14]. Similarly, the positioning of RE in cementi-
tious systems (a sol-gel structure with pores partially filled with
liquid) is challenging. Karuppanasamy and Pillai (2017) conducted
an extensive study on the Clth using a 3-electrode system with RE
and an embedded Haber Luggin probe (to reach close to the
embedded steel surface) [15]. A planar arrangement of electrodes
(CE and WE) and Luggin probe (at pre-defined spacing of a few
millimeters) all embedded in cementitious mortar was used. Au-
thors and practicing technicians found it difficult to maintain the
pre-defined spacing between the electrodes and Luggin probe
while placing mortar in (say, casting) the test specimen. Also,
monitoring/measuring the actual spacing/positioning of electrodes
and Luggin probes in the hardened mortar was not possible. Hence,
a test specimen that is easy-to-cast is necessary for obtaining
reproducible results.

The current distribution across the 3-electrode cell system can
be influenced by the electrode configuration, which in turn will
affect the electrochemical measurements in S-C systems [16,17]. In
a planar configuration, if RE is kept between CE andWE (i.e., CE-RE-
WE system), then the measured solution resistance can be higher
than that when the RE is kept outside CE and WE (i.e., RE-WE-CE
system). Hence, the latter system is generally preferred for
measuring Rp. However, Pech-Canul et al. (1998) and Zhang et al.
(2014) have reported an issue with such planar arrangements for
steel-cementitious and bio-anode systems, respectively [9,18]. In
RE-WE-CE configuration, especially for S-C system with high re-
sistivity, the corrosion occurring on the steel surface away from RE
(i.e., between the WE and CE) may not be well-captured during the
test. On the other hand, a symmetric configuration (annular ge-
ometry with CE around WE and the RE placed in between CE and
WE) can accurately capture localized corrosion happening on any
surface of WE [19].

The positioning of CE is also equally important. The electro-
chemical response from an S-C system with the CE embedded in-
side mortar and placed outside mortar will be different e due to
significant variations in the current distribution in the two cases
[9]. It was found that keeping the CE outside the mortar did not
alter the response data. Also, practicing technicians would find it
easy to keep CE outside the specimen than embedding inside
mortar. Hence, an annular configurationwith CE outside themortar
is adopted in this study. The CE surface area can also influence the
electrochemical measurement and it should be chosen in such a
way to avoid the rate-limiting step. To avoid this issue, ideally, the
surface area of CE should be 100 times as that of the WE [20]. For
practical purposes, it is recommended to use CE with at least twice
the area of WE [21]. Also, literature suggests that the size (surface
area) of WE should be at least 1 cm2 [22].

1.2.2. Resistivity of electrolyte (cementitious cover)
In metal-aqueous systems, the resistivity of the electrolyte may

vary significantly and nonlinearly as a function of the distance
between RE and WE e the nonlinearity varies as this distance de-
creases [19]. This can also be attributed to the change in the pattern
of equipotential lines near theWE. These factors are also applicable



Fig. 2. ASTM G109 specimen (a) measurement of OCP and Icorr (b) different circuits.
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to S-C systems and their effects on the electrochemical response
from highly resistive S-C systems are not reported yet. It should be
noted that the cementitious systems (sol-gel structure with pores
partially filled with liquid) are poor electrolyte and resistivity at any
point inside the hardened S-C systems could depend on the internal
humidity, type of binder, packing density, water-binder, age, etc.
There is a synergistic effect of these factors on the resistivity of the
cementitious material at the S-C interface. The resistivity of the
passive film formed at the surface of the steel embedded in
cementitious material can also influence the electrochemical
response. The pH of typical cementitious systems used in concrete
structures is usually greater than 12. When steel is embedded in
such alkaline cementitious systems, a thin, dense, and highly
resistive passive film is formed, which prevents the underlying
steel from further corrosion. The difference between the electro-
chemical impedance spectra of bare steel immersed in aqueous
acidic system and cementitious alkaline system is not well reported
in literature.

1.2.3. Input parameters for LPR measurements
To determine the Rp, the scan rate should be slow enough to

fully charge the double layer capacitance (Cdl) of the S-C interface.
Otherwise, the measured current would be a summation of current
due to the corrosion reactions and charging of capacitance. The
ASTM G59 recommends a scan rate of 0.1667mVs�1 for metal-
aqueous systems [23]. A maximum scan rate of 0.05mVs�1 is rec-
ommended to measure Rp of S-C systems [24]. Researchers have
used scan rates of 0.2, 0.1667, 0.1mVs�1, respectively, for measuring
Rp of S-C systems [8,10,12]. The scan range also influences the
measured Rp. The starting point of the scanning should be a few
millivolts less than the open circuit potential (OCP) so that (i) suf-
ficient data points are available to identify the slope of the linear
region, (ii) the steel surface is not disturbed such that it becomes
irreversible, and (iii) the difference between the OCP observed just
before and during the sweeping is minimal. These are important
while repeated tests on same specimens are involved. Scan ranges
reported in literature are ±10, ±15, and ±20mV versus OCP
[8,10,12]. However, guidelines to select suitable scan rate and scan
range as a function of the resistivity of S-C systems and its influence
on the LPR data, especially of highly resistive S-C systems are not
reported in literature.

In metal-aqueous systems, the high ohmic drop due to elec-
trolyte is usually compensated by adopting the IR-compensation
technique [25]. Successful application of this technique has been
based on the consideration of Randle's circuit. The IR-compensation
technique depends mainly on: (i) the duration of current
interruption [on/off time], (ii) magnitude of the capacitance of the
double-layer [Cdl], and (iii) primary and secondary current distri-
bution between WE and RE. In S-C systems, the two major addi-
tional influencing factors are: (i) magnitude of the capacitance of
the porous cementitious electrolyte and (ii) complex chemistry and
moisture conditions at the S-C interface. The IR-compensation
techniques have been extended successfully to S-C systems with
‘low to moderate’ surface resistivity (see Table 1), say less than
37 kU cm [8,10,12,26]. The challenges associated with the applica-
tion of IR-compensation technique to highly resistive S-C systems
are discussed later.

1.2.4. Input parameters for EIS measurements
The EIS technique has been successfully implemented in

acquiring electrochemical response of metal-aqueous systems with
high ohmic drop [27] and S-C systems with ‘low to moderate’ re-
sistivity [28e30]. The AC amplitude in the range of 5e20mV and
frequency in the range of 1MHze1mHz at OCP or a fixed DC po-
tential have been used while assessing S-C systems with ‘low to
moderate’ resistivity [30e32]. The amplitude should be chosen in
such a way that a linear response is obtained while optimizing the
signal-to-noise ratio [33e35]. This paper explores the feasibility
and demonstrates the specifics in adopting the EIS technique to
acquire and interpret the electrochemical response of highly
resistive S-C systems (i.e., with significantly high ohmic drop).

2. Experimental methods

2.1. Specimen and corrosion cell test setup

Fig. 3 shows the schematic of the annular corrosion cell test
setup used in this study. A lollipop type specimen with a steel
reinforcement embedded at the center of a mortar cylinder was
used. The cut steel pieces (8mm diameter and 70mm long) were
cleaned by immersing in an ethanol bath in ultrasonic cleaner. The
prepared steel pieces were embedded in 110mm long cylindrical
mortar (water: binder: sand ratio - 0.5:1:2.75) and z10mm cover.
Five lollipop specimens each were made of the following three
cementitious systems: (i) OPC e 100% Ordinary Portland cement;
(ii) PFA e Blend of 70% OPC and 30% PFA; and (iii) LC3 e Limestone
Calcined Clay Cement.

The test specimens were cured in laboratory environment
(25± 1 �C and 65± 5 %RH) for 24± 1 h. After this, the specimens
were removed from the plastic mould and cured in fog room
(25± 1 �C and 95± 3 %RH) for additional 13 days. Then, mortar
surface of each specimen was coated with epoxy leaving 50mm



Fig. 3. Schematic of the test setup used for LPR and EIS tests.
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long region in middle for exposure, as shown in Fig. 3. This was
done to ensuremaximum chloride ingress/attack at the middle and
thereby initiating corrosion in that portion. After the epoxy was
cured (say, one day), the specimens were immersed in simulated
pore solution (SPS) with 3.5% NaCl until 28 days after casting. One
litre of SPS is a mixture of 10.4 g of NaOH, 23.2 g of KOH and 0.3 g of
Ca(OH)2 in distilled water. Fig. 3 shows the schematic of the test
setup used to conduct the LPR and EIS tests consisting of poten-
tiostat, a 3-electrode corrosion cell setup with a WE, CE, and RE
(embedded steel, 90mm diameter pipe made of Nichrome wire
mesh, and saturated calomel electrode [SCE], respectively). Annular
arrangement with CE-RE-WE configuration was adopted. The RE
was placed inside a Luggin probe, which was placed close to the
surface of the mortar. The lollipop specimen was immersed in an
electrolyte of SPS with 3.5% NaCl.

In metal-aqueous systems, as soon as the specimens are
immersed in the electrolyte, the metal (WE) surface comes in
contact with the liquid electrolyte. This is not the same in the case
of steel embedded in hardened/porous S-C systems. Hence, the
lollipop specimens were immersed in SPS (electrolyte) for about
48 h. Based on the unpublished results from another study in the
laboratory, it was found that 2 days of immersion of the lollipop
specimen in SPS ensures adequate relative humidity and oxygen
conditions at the S-C interface in the specimen. Hence, all the
electrochemical readings in this study were taken by connecting
the corrosion cell to a potentiostat (Solartron 1287 A/1260 work-
station) at the end of 2 days of immersion.

2.2. Electrochemical tests

The overall objective of the research project was to develop a
Clth test for highly resistive systems [36]. For this, the chloride
concentration at the S-C interface is slowly increased (by cyclic wet-
dry exposure to chlorides) and accurate determination of Rp after
every wet period (2 days) is needed. Corrosion initiation is defined
to occur when the inverse polarization resistance (1/Rp) exhibits a
statistically significant increase [36]. The challenge was in
measuring Rp, which is addressed in the present paper by a 3-Phase
experimental program.

2.2.1. Phase 1 eability of LPR technique in detecting corrosion
initiation

The objective of Phase 1 was to assess the feasibility of LPR
technique in determining Rp and detecting corrosion initiation in
systems with various resistivity. The lollipop specimens were
subjected to cyclic wet-dry exposure (2 days wet followed by 5 days



Fig. 4. Observed inverse polarization resistance of OPC, PFA and LC3 specimens on
prolonged exposure to chlorides and typical visual observations.
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dry) using SPS with 3.5% NaCl. After the 2-day wet period in each
exposure cycle, LPR test was conducted using a scan range of
±15mV with respect to the measured OCP and a scan rate of
0.1667mVs�1. When the Rp decreases to a value below 10 kU cm2

(say, threshold Rp) for two consecutive wet-dry cycles, testing was
stopped and the specimen was autopsied for visual observation
(say, presence of corrosion products). Then, the ability of LPR
technique in detecting corrosion initiation was assessed by
comparing it with the visual observation.

2.2.2. Phase 2 - factors affecting LPR response
Based on the observations in Phase 1, it was decided to inves-

tigate the effect of scan rate, scan range, and IR-compensation. The
effect of scan rates of 0.05, 0.1, and 0.1667mVs�1 and scan ranges of
±10, ±15, and ±30mV versus OCP were investigated. Various LPR
tests with IR-compensation ON was conducted. However, signifi-
cant noise was observed in all the tests with IR-compensation ON.
Various attempts were made to troubleshoot this; however, a
suitable solution was not obtained. Hence, the suitability of EIS for
determining Rp was investigated.

2.2.3. Phase 3 - factors affecting EIS response
For studying the effect of passive film on EIS response, a lollipop

type steel specimen with mortar cover, as given in Fig. 3, was used.
The specimen was cured for 28 days and allowed to hydrate for
another four months (assuming full hydration). This ensured the
formation of adequate passive film on the embedded steel surface.
Then, three EIS responses were obtained as follows. First, the EIS
response of the fully hydrated lollipop specimen with adequate
passive film (denoted as Steel-Cementitious or S-C system, herein)
was obtained. Second, the mortar cover was removed from the
lollipop specimen without damaging the surface of the embedded
steel rebar. Then, the steel piece was immersed in high pH SPS
(denoted as Steel-Solution or S-S system, herein) and the EIS
response was obtained after 2min of immersion. Third, another EIS
response was obtained from the same S-S system after 10min of
immersion.

For determining Rp using EIS, same corrosion cell setup was
used. The following test parameters were studied. Based on the
challenges faced during the preliminary tests, the effects of posi-
tioning of RE with respect to WE were found critical and studied.
Then, the effect of two different AC perturbation signal amplitudes
(±10 and± 50mV peak-to-peak value) were studied and an
amplitude suitable for highly resistive systems was decided. Then,
the electrochemical response obtained at the suitable amplitude
and in a frequency range of 1MHz to 0.01 Hz was studied and a
frequency range suitable for highly resistive system was deter-
mined. In all these studies, the DC potential was maintained at OCP
and data was collected at 10 points per decade.

3. Results and discussion

The ability of LPR and EIS techniques in determining the Rp of
steel in OPC, PFA, and LC3 systems were assessed. These cementi-
tious systems exhibited surface resistivities of ‘low’, ‘moderate’, and
‘very high’ (as per Table 1).

3.1. Phase 1 eability of LPR technique in detecting corrosion
initiation

Fig. 4 shows the inverse Rp as a function of exposure period and
a typical photograph of the corroded S-C interface of the OPC, PFA,
and LC3 test specimens. As shown in Fig. 4(a) and (b), the onset of
corrosion was correctly detected by the electrochemical response
of all the OPC and some PFA specimens. Some PFA specimens, even



S. Rengaraju et al. / Electrochimica Acta 308 (2019) 131e141136
with low 1/Rp exhibited corrosion stains and were found to have
significant corrosion upon autopsying. This can be attributed to the
significant increase in the resistivity of the mortar cover with age in
those specimens. Hence, it can be concluded that the LPR technique
(with adopted input parameters) is not always reliable in detecting
corrosion initiation. In the case of LC3 specimens, the 1/Rp exhibi-
ted no significant increase until about 80 days. However, corrosion
stains were observed on the surface of the mortar and visible
corrosion was observed on the embedded steel surface when
autopsied, as shown in Fig. 4(c). This indicates that the LPR tech-
nique was not successful in accurately determining Rp and detect-
ing corrosion initiation of any of the LC3 systems with very high
resistivity. Hence, the factors affecting the LPR response in highly
resistive S-C systems were investigated.
3.2. Phase 2 - LPR response

3.2.1. Scan rate and scan range
Literature recommend a scan rate of 0.05mVs�1 for LPR studies

on S-C systems [24]. This particular scan rate is sufficient to charge
the capacitance of double layer (Cdl) in S-C systems with low re-
sistivity (say, OPC systems). Fig. 5(a) shows the effect of scan rate on
Fig. 5. Effect of (a) Scan rate and (b) Scan range on measured Rp.
electrochemical response of specimens with moderate resistivity
and in passive state (negligible corrosion). It is shown that as the
scan rate increases from 0.05 to 0.1667mVs�1, the Rp decreases.
This is due to the increase in the current across the double layer
(Cdl) [37]. Fig. 5(b) shows the effect of scan range on passive spec-
imens. Increase in scan range (i.e., the difference between the
starting point of scanning and original OCP) can disturb the OCP of
the system resulting in higher Rp and the specimen takes longer
time to return to its original OCP. Also, higher scan range may lead
the response to the non-linear region; hence, the induced pertur-
bation should be as minimum as possible. Considering this, a scan
range of ±10mV versus OCP is recommended for LPR tests in S-C
systems. Although a different scan rate and scan range had been
adopted in Phase 1, the effect of these parameters on Rpwas found
less than that due to the resistivity of the cementitious system (i.e.,
porous, sol-gel electrolyte).

3.2.2. Effect of electrolyte resistance
The LPR technique gives the combined polarization resistance

exhibited by the S-C system, which includes both the resistance of
mortar cover (Rm) and polarization resistance of steel (Rp). This
technique has the assumption that the Rm is negligible when
compared to the Rp of the specimen [38]e as in the case of a metal-
aqueous system. In the case of S-C systems with highly resistive
cementitious cover, the Rm is significant and comparable to Rp and
hence, this assumption becomes invalid. Due to high resistivity
(say, Rm> 0.5 Rp), significant ohmic drop can occur in such systems
[25]. Such uncompensated ohmic drop can lead to a significant
distortion of the input scan rate, which in turn lead to large error in
the measured Rp. When the ohmic drop is significant, LPR with
positive feedback/current interrupt options is recommended to
compensate the same. LPR with positive feedback involves trial and
error approach, where the solution resistance measured is
potential-dependent and can lead to partial compensation or
overcompensation of the ohmic drop [39]. Hence, in such cases, LPR
with the current interrupt method is suggested. However, this
technique for highly resistive S-C systems could not be verified due
to significant noise and distortion of the polarization curve. Also,
the technique is based on Randle's circuit, where the electrolyte is
considered to have only resistance. As cementitious system is a sol-
gel structure with pores partially filled with the liquid, it has both
resistance and capacitance. This might have led to noise when the
instrument was set for IR-compensation. Therefore, it can be
concluded that the acquisition and interpretation of reliable LPR
response from highly resistive S-C systems is challenging. There is a
need to understand the performance of individual components to
interpret the data. Hence, the EIS technique was adopted for
assessing the Rp of steel embedded in S-C systems.

3.3. Phase 3- EIS response

It was attempted to assess the Rp of the lollipop specimen using
the same corrosion cell setup and EIS technique. However, a
number of artefacts were observed in the Nyquist plot and are
discussed in detail. Also, the effect of passive film on the EIS curve is
discussed.

3.3.1. Effect of passive film
Fig. 6 (a) shows the effect of the presence of mortar cover on the

EIS response from a steel specimen with passive film. The inset
gives details in the high frequency region. As mentioned earlier,
three EIS spectra are obtained from the (i) S-C system, (ii) S-S
systemwith 2min of immersion, and (iii) S-S systemwith 10min of
immersion. The inset provides the complete spectra of the S-C
system (curve closest to the origin). The starting point of the low



Fig. 6. Effect of various test parameters on the Nyquist plot.
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frequency tail is indicative of the resistance of the mortar cover
(say, about 25000Hz). The two curves of the S-S system with pas-
sive film shows difference in the high frequency region as the im-
mersion time increases, whereas the low frequency tail coincides at
about 2500Hz, which represents the resistance of the passive film.
This coincidence indicates that the resistance of the passive film is
not affected by the immersion time. The deviation exhibited by the
two S-S curves (near the 0.01 Hz region) is negligible.
3.3.2. Effect of the position of reference electrode (RE)
Fig. 6(a) shows the effect of the position of RE with respect to

WE. When RE was kept at 2mm away from the mortar surface of
the lollipop specimen, the obtained Nyquist plot had severe
distortion in the high frequency region. This could be either due to
the shielding effect or short-circuiting. The shielding effect causes a
redistribution of current lines as the Luggin probe physically hin-
ders the direct current flow; whereas the close packing of current
lines at the Luggin tip leads to a current cut-off and short-circuiting



Fig. 7. Typical Nyquist plot of OPC, PFA and LC3 specimens.

S. Rengaraju et al. / Electrochimica Acta 308 (2019) 131e141138
due to the high impedance of the liquid in the connecting bridge
(narrow tubing) of RE [40]. Shielding is an issue when the WE is
very small, which is not the case in the present study. Hence, it can
be concluded that the short-circuiting is the reason for the distor-
tion in the present case. This distortionwas avoided by keeping the
RE at a distance of at least twice the diameter of the Luggin probe
tip and inserting a platinumwire at the tip (connecting the solution
inside the narrow tubing and the solution in the beaker).

3.3.3. Effect of AC amplitude and frequency range
Fig. 6 (c) and (d) shows that as the AC amplitude increases from

10 to 50mV, the radius of the semi-circular region (in high fre-
quency region) decreases in both S-C and S-S systems. This elec-
trochemical shift to non-linear region is in agreement with the
literature [36]. However, the low frequency tails of the EIS spectra
from the S-S (about 1000 Hz) and S-C systems (about 10000 Hz)
coincide and do not change with amplitude. This is due to the high
resistance of the passive film against the diffusion of species from
solution in S-S systems. In the case of S-C systems, this resistance is
mainly offered by the highly resistive mortar surrounding the steel.
This ohmic resistance is unaffected by change in amplitude [41].
Also, when the passive film is present, the instantaneous corrosion
rate do not change rapidly during the EIS test. As reported in
literature [36], the steel immersed in acidic solutions may not have
passive film and may experience rapid change in instantaneous
corrosion rate during the EIS tests, leading to a shift in the starting
point of the low-frequency tail. Hence, in this study, the AC
amplitude was kept at ±10mV (peak-to-peak). Similarly, when the
higher frequency range of 1MHz was applied, a negative inductive
loop in the EIS curve was observed (Fig. 6(e)). [Note: The resistivity
obtained at 7th day of curing is shown for LC3 system in Fig. 6(e).
The cementitious system will continue to hydrate and develop re-
sistivity of about 2000U cm2 at 28th day of curing, which is the
typical age of testing for chloride threshold.] This could be due to
noise picked up by the cables, which in turn leads to distortion
(shift of the Nyquist plot in the negative quadrant of Z’) in the high-
frequency region [42] or due to the high impedance of the liquid
inside the narrow tubing of the luggin probe. The response time of
RE, especially in the high frequency is severely affected by such
high impedance [43]. As the luggin probe was designed with a
platinumwire inserted at the tip, this effect could be mainly due to
the noise picked up by the cables. To mitigate this artefact, the
maximum frequency was reduced from 106 to 105 Hz, which is still
sufficient to capture the electrochemical response in S-C systems.
The high frequency distortion is independent of the type of cement
or binder being used. Hence, these precautions for positioning and
input parameters should be taken to get good electrochemical
response from highly resistive S-C systems.

3.3.4. EIS curve
The specimens were tested using EIS by over siding a pertur-

bation signal of ±10mV (peak-to-peak) amplitude at OCP and by
sweeping the frequency from 105 to 0.01 Hz. The data was collected
at 10 points per decade. Fig. 7 shows the typical Nyquist plots in
OPC, PFA1 (low resistivity), PFA2 (moderate resistivity), and LC3
specimens. For better clarity, the Nyquist plots in OPC, PFA1 and
PFA2 specimens are shown separately as an inset in Fig. 7. There is a
huge variation in the measured Rm in these systems due to their
resistivity. This remarkable difference in resistivity, especially in
LC3 could have led to a distortion of the electrochemical response
from LPR tests. The summation of high resistance from cover (Rm)
and the polarization resistance of steel (Rp) in LC3 systems results
in high measured values for combined (Rm þ Rp) response, irre-
spective of ongoing corrosion. Note that LPR technique cannot
differentiate the Rp and Rm from the combined (Rm þ Rp) response.
Because of these, the reduction in Rp due to the initiation of
corrosion could not be detected adequately. In the case of EIS
technique, the contribution of resistance from each component can
be obtained with the help of a suitable equivalent circuit and fitting
e helps in separately monitoring the reduction in Rp and detecting
corrosion initiation. Another advantage of EIS technique is that the
correctness of the electrochemical response can be verified using
Kramer-Kraig Transform (KKT). Once verified with KKT, the Rp can
be obtained by extracting the value from the equivalent electrical
circuit fit.

3.3.5. Equivalent electrical circuit
The frequency spectra obtained from PFA and LC3 systems

deviate from the conventional spectra revealing a diffusion process
(negative slope of the 45� phase - conforming to Warburg type
elements) obtained in OPC systems. This is mainly due to the dif-
ference in the geometry of the pore structure and tortuosity be-
tween these systems [44]. The PFA and LC3 systems have very small
refined pores, which lead to greater tortuosity than the OPC sys-
tems with straight and bigger open pores [45]. Since there is a
deviation in the low-frequency region from 45�, conventional
Randles circuit cannot be used to model the equivalent circuit for
highly resistive S-C systems. In this study, the response from all the
S-C systems is modelled as a porous electrode, as shown in Fig. 8(a),
irrespective of the difference in resistivity in the specimens. In
Fig. 8(a), the resistance (Rm) and constant phase element-CPE (Cm)
represent the mortar cover, the Rinterface and Cdl (non-ideal capac-
itive nature of double layer represented as CPE) represent the S-C
interface, and the Rp and Cpf represent the porous electrode (Non
ideal passive film on the steel surface, represented as CPE).With the
circuit analysis, keeping the chi-squared value less than 0.001 and
error of the individual components less than 20%, the Rp of steel can
be obtained separately. Typical response and fit of EIS data from
steel embedded in LC3 system are shown in Fig. 8(b) and (c).

3.3.6. Detection of corrosion initiation
Determination of Clth is essential for the estimation of service

life, for which repeated measurements of Rp of steel embedded in
hardened cementitious system are required until the corrosion
initiation criteria is met. Fig. 9(a) shows the difference in Rp



Fig. 8. Chosen equivalent circuit and typical circuit fits in LC3.

Fig. 9. (a) Electrochemical response from EIS and LPR techniques (b) photo
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obtained from LPR and EIS in a typical LC3 specimen. In this study, a
statistically based initiation criteria [15] was adopted. In LC3 sys-
tems, due to the high Rm, the LPR technique could not detect the
corrosion as soon as it was initiated. The earlier corrosion initiation
was justified with the observation of a deep pit, which would take
several days to form, under the given experimental conditions.
Fig. 9(b) and (c) show the photograph and tomographic image of
the corrosion pit observed when autopsied. The analysis of the pit
dimensions indicated a cross sectional loss of about 4% at that
section of the rebar. This kind of deep pit cannot form in a single
exposure cycle indicating that the LPR data could not detect the
ongoing corrosion as soon as it was initiated. The LPR technique can
detect corrosion only when the resistivity of the mortar cover is
low. Table 2 gives the number of testing cycles taken to detect the
corrosion initiation when LPR and EIS techniques were used. The
EIS technique detects corrosion at early stages itself, which is not
the case with LPR. LPR technique is able to detect corrosion only at
later stages when the Rm reduces to ‘low’ value (see Table 1),
probably due to the significant increase in chloride concentration.
Thus, in highly resistive cementitious systems (say, r> 37 kU cm),
for the adopted test parameters and cell geometry, the EIS tech-
nique suits better for early detection of corrosion initiation.

4. Conclusions

The following conclusions were made based on the experi-
mental work.

1. Linear polarization resistance (LPR) technique without current
interruption/positive feedback did not show any indication of
ongoing corrosion in highly resistive concrete systems (surface
resistivity, r> 37 kU cm) when the resistance of mortar cover
(Rm) is comparable to the polarization resistance of steel (Rp).
Also, acquiring a good LPR curve using the current interruption
technique was challenging in the adopted electrode
configuration.
graph showing deep pit and (c) tomographic image showing deep pit.

Table 2
Testing cycles - LPR vs. EIS.

Specimen Number Number of cycles to detect corrosion initiation

LPR EIS Difference

S1 17 7 10
S2 12 9 3
S3 15 8 7
S4 14 7 7
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2. For LPR tests on steel-cementitious (S-C) systems, a scan rate of
0.05mVs�1 and a scan range of ±10mV versus OCP are
recommended.

3. In EIS spectra of S-C systems with passive film on the steel
surface and highly resistive mortar surrounding the steel, the
ohmic resistance and the starting point of the low-frequency tail
is unaffected by change in amplitude.

4. For EIS tests on S-C systems, an AC amplitude of ±10mV (peak-
to-peak) and a frequency of 105 to 0.01 Hz at OCP are
recommended.

5. A minimum spacing of twice the diameter of the tip of luggin
probe must be maintained and the ohmic drop at the tip of the
luggin probe must be low to avoid artefacts in EIS response from
S-C systems, irrespective of the resistivity.

6. Randles circuit is not suitable for steel embedded in highly
resistive concrete systems. Suitable equivalent circuit should be
chosen according to the S-C systems under study.

7. EIS with the studied electrode configuration and selected input
parameters can be used for monitoring changes in the Rp of steel
embedded in highly resistive cementitious systems and
detecting corrosion initiation at early stages.
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