
UN
CO

RR
EC

TE
D

PR
OO

F

Construction and Building Materials xxx (xxxx) 124797

Contents lists available at ScienceDirect

Construction and Building Materials
journal homepage: www.elsevier.com/locate/conbuildmat

An accelerated chloride threshold test for uncoated steel in highly resistive
cementitious systems (hr-ACT test)
Sripriya Rengaraju, Radhakrishna G. Pillai
Department of Civil Engineering, Indian Institute of Technology Madras, Chennai, India

A R T I C L E  I N F O

Article history:
Received 22 October 2020
Received in revised form 23 August 2021
Accepted 1 September 2021

Keywords:
Chloride threshold
Quenched and Self-tempered steel
Highly resistive cementitious binder
Limestone calcined clay cement

A B S T R A C T

Currently, many supplementary cementitious materials are being used along with cement to reduce the CO2
emissions. These cementitious systems exhibit very high resistivity due to pozzolanic reactions and the tradi-
tional test methods are inadequate to assess their durability performance related to corrosion, especially chloride
threshold (Clth). This paper presents development of a test method (hr-ACT) for determining the Clth of such
highly resistive systems with guidelines for identifying the same. The test specimen consisted of a mortar cylin-
der (lollipop) (cement:sand = 1:2.75) with steel embedded at the centre. Three binders, namely, OPC (w/
b = 0.5), PC-FA (70% OPC + 30% Class F Fly ash) (w/b = 0.5) and Limestone Calcined Clay Cement (LC3 −
50% OPC clinker, 31% calcined clay, 15% limestone and 4% gypsum) (w/b = 0.4), and Quenched and Self-
tempered (QST) steel were used in this study. The specimens were subjected to chloride in a cyclic wet-dry
regime (2 day wet and 5 day dry) and the electrochemical impedance spectroscopy (EIS) test was conducted at
the end of each wet period. Statistical analysis was done on the repeated polarization measurements (Rp) to de-
tect corrosion initiation. Once corrosion initiation was detected, the total chloride content (acid soluble chlo-
rides) in the mortar at the Steel–Cementitious binder (S-B) interface was determined using SHRP 330 and re-
ported as Clth. The time required to complete hr–ACT test for an S–B system is about 3–4 months. The Clth was in
the order OPC > PC–FA > LC3. Also, the synergistic effects of Clth and other parameters on service life are dis-
cussed.

© 2021

1. Introduction

Reinforced concrete structures built with Ordinary Portland Cement
(OPC) systems and located in marine environment can deteriorate pre-
maturely due to inadequate chloride resistance. Fig. 1 shows the
schematic representation of the service life of structures subjected to
corrosion, where two distinct phases, namely initiation phase and prop-
agation phase, are present. In case of chloride induced corrosion, the
initiation phase is usually the longest phase in the service life of struc-
tures. If the cementitious matrix is not of good quality i.e., highly per-
meable, this phase is shortened and leads to shorter service life. Hence,
nowadays, cements with pulverized fly ash (PC–FA), limestone calcined
clay cement (LC3), etc. are used to enhance the resistivity against the
ingress of moisture and chlorides and enhance the service life of con-
crete structures. However, Engineers need to assess the critical service
life parameters of these highly resistive Steel–cementitious binder (S-B)
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systems in the short term (few months) – to assess if they are truly ‘ad-
vanced’ in enhancing the service life.

One of the critical service life parameters is the chloride threshold
(Clth). Clth denotes the chloride concentration needed for corrosion initi-
ation, and hence, estimation of Clth is necessary and important for esti-
mating the service life of structures [2]. The estimation of Clth is very
challenging because of its dependency on various factors such as (i) ma-
terial properties of cover concrete, (ii) properties of steel reinforce-
ment, and (iii) microclimate at the S-B interface [3]. The lack of consid-
eration of these factors during the Clth testing can lead to erroneous and
highly scattered results. Moreover, the electrochemical response from
S-B systems depends on (i) the electrochemical technique used and (ii)
the corrosion cell (configuration of specimen and electrodes) adopted.
This dependency is due to variation of corrosion phenomena in differ-
ent systems. Moreover, the cementitious cover could induce significant
resistance (e.g., ohmic drop) during the electrochemical measurements
[4]. The effect of this ohmic drop is of utmost importance while testing
highly resistive S-B systems. However, authors could not find literature
on ways to account for this during electrochemical tests on S-B systems.
Also, ambiguity exists in identifying the highly resistive S–B system it-
self. The S-B systems develop resistivity over a period of time and de-
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Fig. 1. Schematic showing various phases and factors affecting the service
life (Tutti, 1982) [1].

pend on the w/b ratio, percentage replacement of OPC, age of curing,
etc. Hence, there is a need to identify and define the highly resistive S–B
system.

1.1. Effect of material properties on the Clth

A variety of cementitious binders with various SCMs are available,
the use of which in concrete can affect the corrosion initiation in four
ways. First, SCMs can enhance the pore size distribution of the hard-
ened cement matrix by either the filler effect or secondary hydration re-
actions [5,6]. In general, a reduction in the mean pore diameter of the
matrix can reduce the chloride ingress rate, which can delay the onset
of corrosion. Second, SCMs consume OH– ions during the secondary hy-
dration reactions and increase the ionic resistivity [7]. The higher the
concrete resistivity, the lower will be the ionic flow between anodic and
cathodic regions; hence, lower corrosion rate [8,9]. Third, SCMs con-
taining alumina improve the chloride binding capacity of concrete,
thereby restricting the chloride ions from reaching the steel surface [6].
Fourth, the presence of SCMs can also lead to a reduction in the pH and
the pH buffering capacity of concrete. This reduction in pH can influ-
ence the formation of the passive film and can reduce the Clth, which is
a key parameter affecting the corrosion initiation [10]. In addition to
the type of binder (composition and reactivity), the replacement level
also plays a vital role in the Clth as the availability of Ca(OH)2 at the S-B
interface depends on replacement level of OPC [11,12]. Other factors,
such as the type of steel and its surface finish and addition of corrosion
inhibiting admixtures, also affect the Clth, but these are beyond the
scope of this paper.

1.2. Effect of exposure conditions on the Clth

For obtaining corrosion results in the short term, various techniques
are used to accelerate the access to chlorides at the S-B interface and/or
corrosion process. The effect of these techniques on Clth are discussed in
detail followed by the effect of the microclimate at the S-B interface on
Clth. Then, the effect of chlorides on the formation of corrosion products
is discussed.

1.2.1. Effect of techniques to accelerate ingress of chlorides on Clth
Techniques for accelerating the chloride ingress at the S-B interface

include (i) immersion or cyclic wet-dry exposure using chloride solu-
tion, (ii) premixing the concrete with chlorides (i.e., admixed chlo-
rides), and (iii) impressed current or potential gradient. When im-
mersed in a chloride solution or when subjected to cyclic wet-dry expo-
sure, the Cl- ions accumulate at the S-B interface due to diffusion and/or
capillary suction. This condition mimics the real field structures, and
hence, the form of corrosion and the corrosion products are close to the

realistic corrosion process [3]. However, this type of exposure (immer-
sion or cyclic wet-dry) takes a long time to initiate corrosion in good
quality concretes [13]. Also, different cyclic wet-dry regime will influ-
ence the transport of chlorides in different manner and hence, the time
of corrosion initiation. Hence, researchers started assessing the corro-
sion performance of steel by embedding it in mortar instead of con-
crete. Even then, it takes several months to initiate corrosion when poz-
zolans and/or low w/b are used [14]. Hence, to bypass or shorten the
test duration required for natural chloride ingress in good quality con-
crete specimens, researchers have either used admixed chlorides or im-
pressed current. Admixed chlorides in fresh concrete can accelerate the
cement hydration and change the morphological structure of C-S-H gel
and lead to the formation of a non-uniform and weak passive film on
the steel surface [15,16]. Hence, to accelerate the chloride ingress, an
impressed current technique (by applying a constant potential gradi-
ent) was used by Trejo and Pillai [17]. However, the nature of the S-B
interface can vary due to the application of the potential, especially for
inhibitor systems with complex ions [18]. The application of potential
induces the movement of nitrite ions along with the chloride ions to the
S-B interface in case of nitrite-based inhibitors and neutralize the effect
of chloride ions at the S-B interface. This neutralization effect results in
increase of Clth than the realistic values in field conditions. Hence, ap-
plication of potential is not suitable for finding the Clth in systems with
complex ions. Hence, there is a need for developing a short-term test
method using the cyclic wet-dry regime to determine the Clth.

1.2.2. Effect of micro-climate at the S-B interface
Corrosion initiation of steel depends on the physical and microcli-

mate conditions of the S-B interface [3]. Major factors influencing the
microclimate at the S-B interface are (i) moisture, (ii) oxygen, (iii) tem-
perature, and (iv) pH conditions [19–21]. The microclimate depends
heavily on the thickness and bulk properties of cover concrete and the
exposure conditions. The formation of the passive film and the amount
of chlorides needed for de-passivation depends on the microclimate
[22]. Variation in the microclimate due to the exposure condition
adopted during testing leads to variation in Clth [19]. This explains the
huge scatters in the Clth values reported in the literature. Therefore,
maintaining a known ambient condition and the timing of measure-
ment throughout testing is essential.

1.3. Effect of the electrochemical technique used on the determined value of
Clth

Even in traditional systems to determine Clth, Andrade (2016) re-
ported that “…tests considering partial saturation or de-icing salts are
not standardized…” [23]. Table 1 shows the widely adopted standard
test methods used for assessing the corrosion of steel. However, some of
the test methods have severe limitations when applied to S-B systems.
Half-cell potential measurements can fluctuate due to moisture content,
the resistivity of the cementitious matrix, cover thickness, the coating
on the steel and the ASTM C876 cannot be adopted for all the exposure
conditions [24–27]. In the ASTM G109 test method, the macrocell cur-
rent between the rebar near to the exposure surface and the passive re-
bar at the farther end is measured. There is a possibility of the occur-
rence of corrosion with both anode and cathode on the same rebar (a
top bar near to the exposure surface) when the resistivity of concrete is
high [13,28].

Linear polarization resistance (LPR) is one of the advanced electro-
chemical techniques used to assess the instantaneous corrosion rate of
steel in concrete. However, there is no standardized procedure to detect
corrosion initiation. Also, the electrochemical reading is inclusive of
the electrolyte resistance (concrete/mortar) (RΩ) and is based on the as-
sumption that the measured polarization value Rp ≫ RΩ [29,30]. For
highly resistive cementitious systems, electrolyte resistance (ohmic
drop) is not negligible. Also, the ohmic drop can distort the polarization
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Table 1
Standard test methods for corrosion assessment of steel.
Methods Electrolyte Exposure

Condition
Remarks

ASTM C876 − 2015 (Half-
cell Potential) [33]

Concrete Laboratory/
Field
conditions

• Only for uncoated
steel reinforcement

• Initiation criteria:
Half-cell
potential < -350 mV
vs CSE – 90%
probability of
corrosion

ASTM G109 − 2009
(Macrocell corrosion)
[34]

Concrete Wet-dry
cycle (14w
– 14 d)

• Only for uncoated
steel reinforcement

• Initiation criteria:
Cumulative
Current greater
than 150 Coulombs
(C)

ASTM G59 ASTM G5,
ASTM G180, ASTM G102
(Polarization curves)[35–
38]

NA Immersion • Cannot be used for
electrolyte resistance
of significant value

• Cannot distinguish the
corrosion mechanism
of different steel types

ASTM STP 1506 (EIS) [39] NA Varied
temperature

Can be used for
performance evaluation of
coated steels in aqueous
systems

ASTM STP 1188 (EIS) [40] NA NA Can be used for
performance evaluation of
coated steels in highly
resistive media

JIS A 6205 [41] Concrete 180 °C,
1 Pa,
Saturated
water
vapour

For evaluating corrosion
inhibiting admixtures in
concrete

curve as well as the input scan rate, which could influence the mea-
sured Rp. The current interruption technique is essential to overcome
this effect [31]. In many cases, due to specimen geometry, the current
interruption may not yield a good response. In such cases, a testing
technique that accounts for the performance of the individual compo-
nent in an advanced S-B system technique is useful. Electrochemical
Impedance Spectroscopy (EIS) is one such technique that can yield
more information about the reaction kinetics at the S-B interface by
separating individual components' responses. However, a deep under-
standing of the system and the relevant electrical parameters are neces-
sary for analysis. There are also severe challenges in formulating a suit-
able equivalent circuit, especially for advanced S‑B systems [32].

1.3.1. Initiation criteria
The next important aspect of Clth is the initiation criteria adopted to

detect corrosion initiation. The initiation criteria greatly influence the
reported Clth as different systems respond differently for the adopted
test method due to the specimen geometry, resistivity, etc.

Table 2 shows the different approaches to initiation criteria for de-
tecting corrosion initiation.

Figure 2 shows the graphical representation of the time interval
taken to reach the initiation criteria on the same specimen when dif-
ferent approaches are adopted (interpreted by the author based on the
literature mentioned in Table 2). Thus, the initiation criteria adopted
induces significant scatter in the reported Clth values.

Given this scenario, the suitability of the existing electrochemical
techniques and Clth test methods (for conventional S-B systems) to the
highly resistive S-B systems needs to be assessed. Also, guidelines to i)
select an appropriate technique and test method, ii) acquire quality
electrochemical response data, and iii) interpret such data from highly
resistive S-B systems are not available. This makes it difficult to detect

Table 2
Review of approaches to detect corrosion initiation in steel-cementitious
binder systems.
Initiation Criteria Reference

Significant weight loss from certain exposure time [42]
Fixed OCP (Ecorr < -350 mV Vs. CSE) [33,43–

45]
Fixed charge passed (Q greater than 150 Coulombs) [34]
Fixed polarisation resistance (Rp less than 10,000 Ω.cm2) [46]

Fixed current density (icorr greater than 0.1 µA/cm2) [27,47,
48]

Sudden increase/decrease in corrosion parameter (OCP, Rp/icorr, Current
required for maintaining potentiostatic control)

[49–52]

Statistically significant change in the corrosion parameter [17,18]

Fig. 2. Effect of corrosion initiation criteria on Clth.

the initiation of corrosion of steel embedded in systems with highly re-
sistive binders. Hence, there is a need for a short-term test method for
estimation of Clth of steel in highly resistive binder systems.

2. Research significance

Major infrastructure projects are designed for 100 + years. Many
materials come into the market claiming low cost, constructability, sus-
tainability, and durability. There is a need to assess the material behav-
iour, especially the chloride threshold (Clth), to ensure the claimed per-
formance. Traditional test methods available for S-B systems were de-
veloped for concretes with low-to-moderate resistivity. Even after
decades of research work, there is no clarity about the test method and
technique to be used for determining the Clth of highly resistive steel-
binder systems. Also, there are no clear guidelines for data acquisition
and interpretation during the assessment. This paper gives guidelines
for identifying highly resistive binder systems and a test method (hr-
ACT) to determine the Clth in such systems.

3. Methodology

A comprehensive experimental program was conducted to deter-
mine the Clth of the highly resistive S-B systems. Three types of binders,
namely Ordinary Portland Cement (OPC), 70% OPC and 30% Class F fly
ash (PC-FA), and the LC3 system consisting of 50% OPC clinker, 31%
calcined clay, 15% limestone and 4% gypsum were used for the study.
Quenched and self-tempered (QST) steel (known as thermo-
mechanically treated (TMT) steel in the Indian sub-continent) rebar
embedded in these binder systems were used to determine the Clth.

3.1. Specimen preparation

The steel specimen (8 mm diameter) of length 100 mm is cut using a
coolant to ensure that the edges of the rebar are free of heat affected
zone. The cut ends of the steel are ground to have a smooth finish with-
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out any sharp edge. A 4-mm thread was done by means of drilling and
threading at the center of the 8 mm diameter steel rebar. The rebar is
cleaned using an ultrasonic cleaner with the help of mild reagent
ethanol until no visible rust products are seen. A stainless steel fully
threaded rod is screwed to the 8 mm rebar. Neoprene tube of sufficient
thickness is used to seal the junction of stainless steel and steel rebar to
prevent galvanic corrosion. Mortar (cement:sand = 1:2.75) is prepared
and the lollipop specimen is cast as shown in Fig. 3. For OPC and PC-FA
specimens, w/b of 0.5 was chosen whereas LC3 mix had w/b of 0.4. The
w/b of LC3 was chosen to a lower value of 0.4 to match the resistivity of
LC3 mix produced in the first industrial trial production.

The specimen is demoulded using a hot air blower and the bottom
conical portion is dipped in epoxy bath (small conical plastic cup with
epoxy) to ensure a thicker coating to avoid corrosion due to the smaller
cover thickness and left to cure in laboratory environment (25 °C and

95% RH approximately) for 28 days. After 28 days of curing, the exter-
nal surface of the mortar specimen is epoxy coated (two coat) leaving
50 mm at the middle as shown in Fig. 3. The specimens are subjected to
the cyclic wet-dry regime [2 days wet and 5 days dry (2W-5d)] in simu-
lated pore solution (SPS) with 3.5% NaCl (relative to that of solution) in
the standard laboratory conditions (25 °C and 65% RH approximately).
SPS contained 10.4 g of NaOH, 23.2 g of KOH, 0.3 g of Ca(OH)2, in
966 g of distilled water [53]. The pH of SPS is similar to that of cemen-
titious system under testing and is used to avoid leaching of compounds
such as Ca(OH)2 .

3.2. Corrosion test set up

The workstation (Solartron 1287 Potentiostat coupled with So-
lartron 1255 Frequency response analyser), and a 3-electrode corrosion

Fig. 3. Lollipop casting – step-by-step procedure and cross section.

Fig. 4. Shows a schematic diagram of the corrosion test setup used in this study. (a) Lollipop specimen, (b) Schematic of corrosion cell set up and (c) Photo of corro-
sion cell (Counter electrode excluded for clarity).



UN
CO

RR
EC

TE
D

PR
OO

F

S. Rengaraju and R.G. Pillai / Construction and Building Materials xxx (xxxx) 124797 5

cell setup (working electrode (WE), counter electrode (CE), and refer-
ence electrode (RE)) as shown in Fig. 4 were used to conduct the Elec-
trochemical Impedance Spectroscopy (EIS) test. The middle region
(50 mm) of the steel piece, which is directly exposed to chlorides
through uncoated mortar was considered as the WE. A 90 mm diameter
pipe made of Nichrome wire mesh was used as the CE. The test speci-
men was placed inside this CE. The saturated calomel electrode (SCE)
was used as the RE and placed close to the surface of mortar. All the
electrodes were placed in a glass beaker with SPS + 3.5% NaCl solu-
tion. This corrosion cell setup was then connected to the workstation
and computer for recording the readings.

3.3. Monitoring of electrochemical response

The specimen was subjected to cyclic wet-dry regime [(2W-5d)] and
at the end of the wet period, electrochemical measurements were taken.
At first, the Open Circuit Potential (OCP) of the steel specimen was
measured. Immediately after measuring the OCP, EIS was monitored.
The EIS response was recorded by oversiding a perturbation signal
of ± 10 mV (peak-to-peak) amplitude at OCP and by sweeping the fre-
quency from 100 kHz to 0.01 Hz. The data was collected at 10 points
per decade. Once the EIS response was collected, the Rp of steel was cal-
culated by fitting an equivalent circuit (see Fig. 5). The procedure for
fitting the equivalent circuit is explained later. After obtaining the EIS
response, LPR data were also collected at a scan rate of 0.05 mV/s and
scan range of ± 10 mV from the OCP. These data were collected to un-
derstand the effect of techniques employed on the corrosion detection.

3.4. Initiation criteria

The methodology for hr-ACT is shown in Fig. 6 as a flowchart. A sta-
tistical corrosion initiation criterion was adopted where a stable set of
five consecutive readings of 1/Rp were identified, in which each of the
readings fell below the mean + 1.5 times the standard deviation
(µst + 1.5σst). Once the stable data were identified, the specimens were
continued with the monitoring till 1/Rp crosses the value of mean + 3
times the standard deviation (µst + 3σst) at which the specimen was
considered to have initiated corrosion. This 3σ criterion was developed
based on a detailed statistical analysis of time versus inverse polariza-
tion resistance (1/Rp) data of various test specimens and is given in
Karuppanasamy and Pillai [18]. It was observed that the σ and 2σ were
not successful in detecting corrosion initiation because of the large scat-
ter in the 1/Rp data, which is very common in such corrosion experi-
ments of steel in a sol–gel cementitious system [54]. Moreover, 3σ crite-
ria was able to overcome this challenge and was adopted in this work.

Fig. 5. Physical components representing the individual elements of the chosen
equivalent electrical circuit (EEC).

Fig. 6. Flowchart showing step by step procedure for hr-ACT test method.

Fig. 7 shows a typical inverse polarization data curve with the stable
data and corrosion initiation point marked.

3.5. Characterization of pit by tomography

After the corrosion initiation is detected by electrochemical reading,
the specimen is autopsied such that the specimen is split into two
halves. The steel rebar is extracted and visually observed for the corro-
sion spots. Then, the steel rebar is wire brushed and wiped clean with a
cotton cloth and sent for X-ray Computed Tomography X-CT. A power
source of 150 kV had been used for the scan. The images were taken us-
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Fig. 7. Graph showing the stable data and the initiation point.

ing the following parameters (a) current of 150 mA, (b) exposure time
of 333 ms and (c) resolution of 115 μm. The obtained images were then
reconstructed to 3-D image of the steel rebar using VG studio max 22.6.
The sliced images were analysed using MatlabTM for corrosion pit
depth.

3.6. Clth analysis in the mortar at S-B interface

The lollipop specimens were autopsied, and the mortar powder was
collected from the S-B interface. The acid soluble chloride content was
found using SHRP 330 method [55]. Here, the Clth is taken as acid solu-
ble chlorides and not the water-soluble chloride. The bound chlorides
can be released anytime due to other deterioration mechanisms such as
carbonation of the cover concrete, where the pH of the concrete re-
duces. Hence, this study focused on determining acid soluble chlorides.
Also, this will give a conservative value of Clth – a safer approach ac-
cording to ACI 318–19 section 26.4.2.2 [56].

4. Results and discussion

The definition of a highly resistive cementitious system is presented,
followed by the discussions on the test method where the lollipop speci-
mens with three binders, namely OPC, PC-FA, and LC3, were subjected
to the cyclic wet-dry regime, and the polarization resistance was moni-
tored. The effect of binders and chloride exposure on the EIS spectra,
the explanation of the electrical equivalent circuit, how to fit the EIS
curve, and initiation criteria are explained in detail. Further, discus-
sions on the effect of resistivity on the electrochemical response, to-
mography analysis and the determination of Clth are also presented.

4.1. Highly resistive cementitious systems

The resistivity development is a key factor in the electrochemical re-
sponse indicating chloride induced corrosion. However, there are no
guidelines available for determining what constitutes the ‘highly resis-
tive’ concrete systems for which ohmic drop should be considered dur-
ing electrochemical measurements. Hence, this study adopted the
AASHTO T 358 (2017), where the chloride resistance of concrete is cor-
related with its surface resistivity measured using Wenner 4–probe re-
sistivity meter [57]. According to this, any cementitious system having
a surface resistivity more than 37 kΩ.cm has ‘high’ chloride resistivity
(irrespective of its formulation, w/b, and age). In this paper, a similar
classification, where the surface resistivity of concrete greater than 37
kΩ.cm, is considered as a ‘highly resistive cementitious system’. The ex-
periments leading to the adoption of such classification, where tradi-
tional test methods may not work is explained in Rengaraju et al. [54].
Fig. 8 shows the range of resistivity developed by concrete with differ-
ent SCMs and w/b [58–61]. It should be noted that not all the SCM-
based concretes exhibit ‘high’ resistivity and there is a scatter in the re-
sistivity values reported, especially in the concretes with fly ash or slag.
This is due to their slow reactivity, w/b, replacement level and age of

Fig. 8. Surface resistivity of concretes made with various binders [categories
are as per AASHTO T 358 (2017) [57–61]].

the concrete at the time of testing (say, 28 days). So, all the SCM-based
concretes may not be highly resistive. Also, it should be noted that the
resistivity of all OPC concretes were lower than 37 kΩ.cm – indicating
low resistivity, which do not have significant ohmic drop and associ-
ated difficulties during electrochemical measurements.

4.2. Effect of binders and chloride exposure on the EIS spectra

Figure 9 shows typical EIS curves for OPC, PC-FA, and LC3 systems
when exposed to chlorides. The EIS spectrum is placed in the Nyquist
plot depending on the type of binder, w/b, and the age of the speci-
men at the time of testing. The spectrum shifts away from the origin
as the resistivity of the mortar cover increases. In systems with early
hydration reactions such as OPC, LC3, etc., the EIS spectra of the spec-
imens will be away from the origin in the Nyquist plot when the ini-
tial reading is taken at 28 days of curing and will not shift any fur-
ther. When the specimens are exposed to chlorides, the resistivity re-
duces, and the curve starts moving towards the origin. In the case of
PC-FA, as the hydration reaction progresses, the EIS curve will slowly
move away from the origin, showing an increase in resistivity. How-
ever, the increase in resistivity of the mortar due to hydration in PC-
FA will be counterbalanced by the ingress of chlorides and the posi-
tion of the EIS curve will be the net effect of the two depending on the
age of the specimen at the time of chloride exposure. Hence, different
binders have a different effect on the position of EIS curve. The shift
of the EIS curve is also dependent on the duration of exposure. If the
specimen is not sufficiently saturated before the testing, the curve will
show an increase in resistivity. This also explains the need for testing
at the same time of exposure each time.

Fig. 9. Effect of binders, age and chloride exposure on the EIS spectra.
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4.3. Details of the equivalent circuit

Figure 5 represents the equivalent electrical circuit (EEC) for ob-
taining the polarization resistance from the EIS spectrum. The EEC
should represent the physical components of the specimen and the
underlying reactions, and hence depend upon the nature of the speci-
men and its exposure condition. This EEC is particularly useful when
the steel is uncoated and the specimen is subjected to chloride in-
duced corrosion. The EIS spectrum consists of three major compo-
nents, which arises from the physical segments present in the speci-
men (See Fig. 5). The first component represents the properties of the
cover mortar. Since the mortar is a non-homogenous porous medium,
it is represented by resistor and non-ideal capacitor in parallel. The
second segment is the S-B interface. Again, this is also represented by
resistor and non-ideal capacitor in parallel because of its porous na-
ture. The S-B interface is more porous compared to the bulk cover
and hence, the resistance offered by this component is lower com-
pared to the bulk cover. The third component characterizes the steel
with a passive film. Hence, the resistor represents the polarization re-
sistance of the steel, which is in parallel with the non-ideal capaci-
tance. This non-ideal capacitance marks the porous nature of the pas-
sive film. When the steel is embedded in highly resistive systems like
LC3, the resistivity of all the three components is high. The pore
structure (finer pores) and associated tortuosity lead to greater devia-
tion of the tail from 45° and hence, Warburg Impedance (used for in-
dicating the diffusion tail at 45°) may not be applicable for these
kind of highly resistive systems [62]. So, instead of Warburg imped-
ance as the circuit element, CPE was used as a common component
that can capture the effect of any binder on diffusion phenomena. In
other words, the use of CPE eliminated the need for different EECs
for concretes with different binders. Hence, the same EEC was used
for data analysis after consideration of the process and components
involved. The next step is obtaining the polarization resistance by fit-
ting the circuit to the EIS spectrum.

4.4. Fitting the equivalent circuit

Before fitting the equivalent circuit, the correctness of the EIS curve
should be tested. Since EIS spectra are prone to artefacts (i.e. distor-
tions) from the surrounding environment, it is recommended to check
the spectra before obtaining the values from the circuit using the
Kramer-Kraig transform (KKT). The KKT transform will check the lin-
earity of the spectra and establish the validity that the curve was ob-
tained as the response to the input signal [63,64]. Once the curve is val-
idated, the equivalent circuit can be formed in the fit optimization soft-
ware that comes with the corrosion testing equipment. In this study,
ZPlot® software, which comes with Solartron was used. For optimal fit-
ting of the equivalent circuit, initial values can be fed. For e.g., the re-
sistance of the mortar cover can be fed as the value, where the EIS curve
dips (See Fig. 9(c) – around 1800 Ω.cm2 in the initial curve of LC3) near
to the real component of the Nyquist plot. After trial and error, the soft-
ware will generate the optimum values for each of the component in the
equivalent circuit. The values having the best fit with the experimental
curve are treated as the solution. Since there are multiple components
and the values are obtained after optimization, more than one solution
is possible. To avoid error in interpretation, the following precautions
can be taken, namely (i) the chi-squared value of the equivalent circuit
should be less than 0.001, (ii) the error of the individual components
should be less than 20%. [Usually, for metal-aqueous system, the error
of the individual components is less than 5%. Here, the mortar and the
S-B interface are of non-homogeneous nature and hence, some al-
lowance should be permitted while fitting] and (iii) the power ‘n’ in the
capacitance value calculation cannot be greater than 1 as it has no
physical meaning. The capacitance value can be either pico- or nano-
farad. While the above precautions are taken, the resistance of the third

component can be considered as the polarization resistance of the steel.
Fig. 10 represents the typical fit of the chosen EEC for the specimen un-
der study (LC3 -S1 specimen)

4.5. Statistical initiation criteria

Since there is a search for sustainable low CO2 materials as supple-
ments, new materials with high resistivity are coming onto the market
and the initiation criteria based on fixed absolute numbers might not
work as mentioned in Fig. 2. If the cementitious system is highly resis-
tive, there will a large ohmic drop and there will be distortion in the
measurements. The resistivity of the cover may mask the undergoing
corrosion and hence, the corrosion initiation may not be detected
timeously. This delay in identifying the corrosion initiation will lead to
false prediction of service life and can lead to erroneous judgment,
causing premature failure of reinforced concrete structures. Also, if
there is a coating or galvanization, or addition of corrosion inhibitors
into the concrete, the interface is modified, and the surface of the steel
has higher resistivity, and the fixed criteria may not work. So, there is a
requirement that the initiation criteria should be based on a statistical
evaluation of the previous readings of the same specimen rather than
the fixed absolute numbers. Hence, in this study, a statistically based
initiation criterion was adopted where a stable data was identified, in
which the 1/Rp readings of five consecutive measurements were within
µst ± 1.5σst. The stable data criterion (µst ± 1.3σst) adopted by Karup-
panasamy and Pillai [18] was slightly modified for the EIS data as this
Rp value is obtained from the optimization of the best fit and the values
obtained after fitting will be closer to the previous readings unless there
is significant corrosion.

4.6. The electrochemical response

Figure 11 shows the electrochemical response obtained using LPR
and EIS techniques. The hollow circular marker represents the LPR

Fig. 10. EIS curve and its equivalent circuit fit.
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reading, whereas the hollow square marker represents the EIS data. The
stable data is represented as filled markers in both these techniques and
was identified as mentioned earlier in Section 3.4. The mean and stan-
dard deviation of the stable data, µst and σst are calculated and kept as
reference for detecting the corrosion initiation point. Then the electro-
chemical monitoring is continued till the reading 1/Rp reaches a value
higher than µst + 3σst, where the specimen is considered to be initiated
in corrosion. In Fig. 11, the initiation value is represented by big hollow
squares superimposed on the existing hollow markers. Moreover, the
steel specimen extracted at the time of corrosion detection is presented
next to the electrochemical data.

In OPC and PC-FA specimens, due to lower resistivity of cover in the
early ages of testing, LPR and EIS techniques did not have a significant
variation in the corrosion initiation time. In OPC specimens, both LPR
and EIS techniques detected corrosion initiation in the same number of
cycles for all the specimens. In PC-FA specimens, some of the specimens
(S2, S4, and S5) had one cycle delay in the detection of corrosion initia-
tion using LPR when compared to EIS. However, this is not the case
with highly resistive LC3 systems. There is a significant delay in the de-
tection of corrosion initiation when LPR technique was used due to the
high resistivity of the mortar cover.

The steel specimens from OPC and PC-FA systems indicate that the
rust spots were superficial, the pit depth was not evident, and the re-
gion of corrosion initiation was scattered. This is due to the low resistiv-
ity offered by these systems for ionic conduction. However, the pit
depth was significant in the case of highly resistive system as the path of
ionic conduction is restricted due to the high resistivity.

The resistivity plays a major role in resisting the transport of chlo-
ride ions to the steel surface. There is a linear correlation between elec-
trical resistivity and the chloride ion transport [65]. The ionic resistiv-
ity of the cementitious system (C-S-H and C-A-S-H gel), refined pore
structure, less ions in the pore solution for ionic exchange (less alkalis
in the pore solution) are some of the reasons for the delayed ingress of
chloride ions in the high resistive systems [3,4]. However, due to this
resistivity, there will be a significant ohmic drop in the measurement of
electrochemical response and the measured electrochemical response
may be distorted leading to misinterpretation of the ongoing corrosion
process. Therefore, the testing techniques and data interpretation such
as initiation criteria play major role in detecting the corrosion initiation
in such highly resistive cementitious system. Also, the Clth obtained
from two different testing techniques may not be similar as the electro-
chemical response may have significant variation due to the mode of
acquisition.

Ideally, LPR and EIS should give similar electrochemical response
when the electrolyte resistance (mortar resistivity) is negligible as in
the case of metal-aqueous systems. LPR is one of the preferred tech-
niques due to its simplicity and time-efficient data acquisition. As dis-
cussed earlier, LPR technique gives the total response of the system
(mortar, interface and steel) and works perfectly for low resistive mor-
tar cover such as OPC systems [66]. However, as the electrolyte resis-
tance becomes very high or the system becomes complex with multilay-
ered physical components such as mortar, S-B interface, coating on the
steel, etc., it is necessary to account for each of the components in the
electrochemical response for correctness in the data interpretation.
Also, one may argue that the LPR with the current interruption tech-
nique works in these cases of high electrolyte resistance. However, the
authors could not acquire a good response in the corrosion cell designed
for this study with the chosen input parameters. Further details on the
selection of the input parameters can be found in Rengaraju et al. [54].
In this study, only the LPR technique without current interruption was
employed and EIS and LPR data were compared. Further to substantiate
the claim that EIS detects the corrosion earlier, the pit depth was char-
acterized by tomography.

4.7. Characterization of pit by tomography

Figure 12 shows the longitudinal-section of tomographic image of the
corrosion pits observed in LC3 specimens when autopsied. Compared
to low resistive systems, the pit depth was significant in case of LC3.
There were no corrosion spots on other portions of the steel rebar in
LC3 whereas the corrosion spots were more scattered over the initia-
tion region in OPC and PC-FA systems as mentioned earlier. A cross
sectional loss as high as 4% at some sections of the rebar (S1 and S4)
was observed, indicating a deeper pit in case of LC3. This kind of deep
pit forms over time rather than a single exposure cycle indicating that
the data acquisition using EIS technique is necessary in case of highly
resistive cementitious systems.

4.8. Clth analysis in the mortar at S-B interface

Figure 13 shows the Clth values obtained from literature for OPC
and from hr-ACT test method for the OPC, PC-FA, and LC3 binders re-
spectively. The highest mean value of Clth is obtained for OPC (i.e.,
0.4% by weight of binder) followed by PC-FA and LC3 systems, which
is in the same order as that of their alkalinity (pH of the system) [10].
It is to be noted that the mean value for LC3 is lower than that for OPC
and PC-FA, and hence, it creates an illusion that scatter for LC3 is in-
significant. The chloride-induced corrosion produces hydrochloric acid
as an intermediate product, which reduces alkalinity. To compensate
the alkalinity at the interface, Ca(OH)2 dissolution takes place and
OH– ions moves towards the sites of reduced alkalinity. This buffering
action will take place depending on the availability of Ca(OH)2. In the
highly resistive SCM systems, the buffering action will be less as they
consume Ca(OH)2 during the early age of the hydration for the poz-
zolanic reaction. This action results in a lower pH in the pore solution
and reduces the buffering capacity at the S-B interface compared to
the conventional OPC system. When the chloride ions reach the steel
surface and alter the passive film in the vacancy, there is a further
drop in pH, leading to lower Clth in S-B systems with SCMs. Hence,
highly resistive SCM-based systems lead to deeper pits, and the corro-
sion spots are more concentrated when compared to the less resistive
concrete systems. So, the corrosion initiation must be detected as early
as possible in such highly resistive SCM systems .

4.9. Synergistic effect of Clth and Da on service life

It is to be noted that whenever OPC is replaced with SCM-based con-
cretes, the Clth can reduce. However, lower Clth does not always indicate
shorter service life. Due to the compact microstructure and high ionic
resistivity for the ingress of deleterious agents in SCM-based concretes,
their diffusion coefficients (Da) are usually less than that of OPC sys-
tems. Therefore, the adverse effects on service life due to reduced Clth is
compensated by the reduction of Da in SCM based concretes. This can
be illustrated by an example here. Consider a bridge deck of 50 mm
cover with a concrete of strength 30 MPa. To calculate the service life,
the following parameters are important, namely Clth, Da, and m (i.e.,
ageing co-efficient - the effect of hydration on the microstructure of
concrete as the concrete ages). Table 3 gives typical values of these
properties (obtained from literature) for various low and highly resis-
tive binders. This data set is then used to estimate the service life in
Life-365TM software [74]. The estimated values of service life clearly
show that the usage of highly resistive binders with low Da enhances
the service life in spite of their effect on lowering the Clth. For example,
the first row with OPC system exhibits a life of about 7 years and the
second row with fly ash exhibits a life of 29 years - an increase by 3
times. This is primarily due to the synergistic effect of Clth and Da.
Therefore, to enhance the service life, the usage of SCMs in concrete is
recommended and it is highly recommended to evaluate the effect of
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Fig. 11. Electrochemical response from EIS and LPR techniques and visual observation from OPC [w/b = 0.5], PC-FA [w/b = 0.5], and LC3 specimens [w/b = 0.4]

Clth, Da, m, and cover depth while choosing a steel-cementitious binder
system. Note that the values given in Table 3 are for the purpose of
demonstration of this concept and can change as a function of mixture
proportions.

4.10. Precautions to be taken during the hr-ACT test

The following precautions are recommended while conducting hr-
ACT test.

• Specimen preparation: It is the crucial step in any corrosion related
experiments and should be given the utmost importance. The steel

specimen should be ensured that the portion under the ribs are clean
and no visible corrosion spots on the steel are present. The lollipop
specimen has very low cover at the bottom due to its conical nature
and corrosion might start from there due to moisture. Sufficient care
should be taken while casting the specimen leaving enough cover at
the bottom. Also, once demoulded, the specimen should be
thoroughly checked for honeycombs and other defects, and epoxy
coated at the designated portions before subjecting it to chloride
exposure.

• Specimen validation: The quality of the specimens should be
validated before taken for continuous monitoring. The resistivity of
the cover mortar in the initial reading (with the same steel type and
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Fig. 12. Image of the pits captured by tomography in LC3 specimens.

Fig. 13. Clth for corrosion initiation of the rebar in OPC, PC-FA, and LC3
mortar compared with literature [67–73].

Table 3
Service life estimation from Life-365 TM for different binders (cover
depth = 50 mm).
Example of binder
type

Clth(%
bwob)

Da(×10−12

m2/s)
m Estimated

service life (in
years)

Percent
increase in
service life

Ordinary Portland
cement (OPC)

0.4 25 0.4 7 Control case

Fly ash 0.3 5 0.55 29 300%
OPC + Slag 0.3 5 0.55 29 300%
OPC + Fly

ash + Slag
0.2 5 0.6 28 300%

OPC + Silica
fume

0.1 3 0.4 15 100%

LC3 0.1 3 0.5 23 200%

* % bwob – percentage by weight of binder.

binder type) should be around ± 30% of the value and should not be
greater than 50% value obtained from other specimens in the same
group. Hence, it is recommended to cast extra specimens for arriving
at the required number of specimens (say, around 10 specimens).

• Monitoring: The specimens should be subjected to the cyclic wet dry
regime (five days dry and two days wet) in a strict manner before
taking the measurements. As the EIS spectra is prone to artefacts
(distortions), it should be checked for the correctness of the data
before further analysis.

• Equivalent electrical circuit: The equivalent electrical circuit given
in this paper is applicable for lollipop specimen with uncoated steel
subjected to chlorides. If the specimen is subjected to carbonation or
combination of chlorides and carbonation exposure condition or if
the specimen is with inhibitors or coated steel, the equivalent
electrical circuit should be chosen accordingly.

• Chloride threshold: The mortar powder from the interface should be
collected within 2 mm depth by filing/grinding using dremmel tool
and should not go deeper to avoid too much variation in the
measured values.

5. Conclusions

The definition of highly resistive (hr) systems based on surface resis-
tivity was established and a new test method for detection of corrosion
initiation and determination of chloride threshold (Clth) of such systems
was developed. The steel–cementitious binder (S-B) interface in its mi-
crostructural level will have interaction of cement paste and the steel,
and the surrounding microclimate determines the corrosion behavior to
the larger extent. Hence, the results obtained from the mortar speci-
mens is comparable to that of the concrete specimens [67]. Therefore,
the following conclusions were drawn from this experimental work in
mortar.

• Any cementitious system irrespective of the binder, binder content,
age (at the start of testing), w/b having surface resistivity greater
than 37 kΩ.cm is considered as highly resistive cementitious system
and the cover resistivity should be accounted for while making data
interpretations with respect to corrosion studies.

• A new test method (hr-ACT) is developed for determining Clth of
steel-cementitious systems with high resistivity (ρ > 37 kΩ.cm)
subjected to chloride exposure. The time required to determine the
Clth is about 3–4 months. Higher the resistivity of the system, longer
will be the test duration.

• As new cementitious materials of high resistivity are coming into the
market, hr-ACT developed using EIS technique can be adopted with
the chosen equivalent electrical circuit. However, a modification of
the circuit is suggested if the system contains advanced construction
materials such as corrosion inhibiting admixtures or special type of
rebars.

• Clth of steel is a function of the surrounding cementitious binder.
The Clth of OPC, PC-FA and LC3 was in the order of 0.4, 0.3 and 0.1
percent by weight of binder, respectively. The pH at the S-B
interface and buffering capacity reduces due to pozzolanic reaction
in highly resistive SCM-based systems and hence reduces the Clth.

• A lower Clth does not always means shorter service life. The adverse
effects of lower Clth on service life can be overcome by a lower Da,
which is possible with the use of cements with pozzolanic materials
and limestone calcined clay systems.

• One should not select a steel–binder system based on its Clth alone.
The synergistic effects of Clth, Da, m, and cover depth on the service
life must be considered while choosing the steel-binder system.
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