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A B S T R A C T

Limestone calcined clay cement (LC3) concrete has attracted world-wide attention as a newly promising low-
carbon concrete. In this study, long-term reinforcement corrosion in LC3 concrete was investigated. Both
chloride and carbonation-induced reinforcing bar corrosion were examined. Open circuit corrosion potential,
polarization resistance, Tafel constants were monitored at regular intervals up to 500 days. Gravimetric mass
loss was measured and compared to the loss of mass calculated using electrochemical methods. The performance
of concrete with flash calcined clay and limestone was similar to that of traditional Portland cement concrete in
long-term investigation. Traditional corrosion methods and classifications used widely to assess of steel in
concrete can be applied to concrete containing LC3 providing a recalibration of polarization resistance range for
passitivity condition.

1. Introduction

Reinforcement corrosion in concrete structures is one of the most
challenging issues in both developed and developing countries.
Corrosion-related deterioration direct cost was considered more sig-
nificant than expenditure spent on medical problems such as obesity
and cigarette smoking or natural disasters [1–5]. In addition, the con-
tinual ageing and degradation of current reinforced concrete structures
escalate the financial burden on maintenance, rehabilitation or even
replacement of deteriorated infrastructure [6]. The corrosion process
can be divided into two stages based on a well-known schematic pro-
posed by Tuutti: initiation stage and propagation stage [7]. In the first
stage, aggressive agents including chloride ions or carbon dioxide dif-
fuse through the concrete porosity toward the steel-concrete interface
until the conditions of reinforcing bars depassivitation are fulfilled
(critical chloride threshold or acidification of passive film to pH
value<9). When reinforcement is depassivitated, the propagation
stage starts with the formation and accumulation of corrosion products
together with rebar cross-section reduction and cracking/spalling of
concrete. Although the ingress of chloride ion or CO2 to trigger re-
inforcement corrosion in initiation stage was relatively well-docu-
mented, many questions in propagation stage have been remained
unsolved due to complex electrochemical redox process involving both
chemical reactions and electrical current exchanges [1,8,9].

Supplementary cementitious materials (SCMs) have been utilized as
ordinary Portland cement (OPC) substitution in construction industry
for several decades to reduce the carbon dioxide emission in cement
production and their utilization has been in increasing demand to fulfil
the target of decarbonation by 2050 [10]. Due to the limited quantities
of traditional SCM such as fly ash and slag on global scale, calcined clay
and limestone have been presented as a potential alternative based on
their substantially worldwide availability [11]. Previous studies re-
ported the synergetic effect of calcined clay and limestone as binder
replacement to form AFm phases in order to compensate early strength
reduction by other SCM [12–14]. Flash calcined clay manufactured by
flash calcination in the duration of a few tenths of a second can di-
minish up to 80% the energy required for Portland cement production
[15,16]. Therefore, a combination of flash calcined clay and limestone
can provide a remarkable contribution to minimize the anthropogenic
CO2 emissions. The durability properties during initial phase of corro-
sion in Portland cement, calcined clay and limestone concrete were
studied in terms of chloride and carbonation diffusion resistance. An
excellent performance in term of chloride diffusion resistance was at-
tributed to refinement of pore structures and chloride binding capacity
whereas low resistance toward CO2 penetration was reported
[13,17–21]. Conventional standard testing methods for durability were
evaluated to compare the performance of calcined clay limestone
blended concrete, traditional plain OPC and fly ash blended concrete
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such as rapid chloride penetration test, concrete resistivity, gas per-
meability, water sorptivity etc. [22–24]. The influence of limestone and
calcined clay on chloride diffusion coefficient, ageing coefficient and
chloride threshold was integrated into probabilistic service life models
showing that LC3 concrete can achieve a longer service life in chloride
environments [25]. Due to limited literature about long-term perfor-
mance of flash calcined clay limestone cement concrete toward re-
inforcement corrosion, this study aims to investigate the corrosion
process in propagation stage of reinforced LC3 concrete. The initiation
phase was accelerated for both chloride and CO2 penetration but pro-
pagation phase remained in natural condition. Open circuit corrosion
potential, polarization resistance, Tafel constants were monitored up to
500 days of corrosion propagation. The performance of LC3 concrete
was compared with OPC conventional concrete to reveal the impact of
flash calcined clay and limestone on concrete performance. The suit-
ability of current corrosion classifications to be used for LC3 concrete
was assessed. Gravimetric mass loss measurements were carried out to
validate the electrochemical experiment specifications.

2. Materials and methodology

2.1. Materials and mix compositions

Ternary combination of General Purpose (GP) cement, flash cal-
cined clay and limestone was used to fabricate LC3 concrete. OPC
constitutes about 90 wt% of GP cement and 7 wt% to 8 wt% of mineral
additions with 2 wt% to 3 wt% of gypsum are allowed in GP cement.
Calcined clay is produced by flash calcination process from Argeco,
France and limestone is branded as Stonedust supplied by Boral
Limited, Australia. The amorphous content of flash calcined clay is
50.9 wt% reported in previous study of authors, which is defined as
low-grade calcined clay [24]. Chemical compositions of binder de-
termined by X-ray fluorescence (XRF) and mineralogical compositions
of GP cement and flash calcined clay analysed by XRD-Rietveld are
presented in Table 1. Sydney sand and 10 mm nominal size Basalt were
utilized as fine and coarse aggregate with the specific gravities of 2.65
and 2.8 respectively. To achieve a concrete compressive strength of
about 45 MPa, which is a minimum standard requirement in chloride
environment, 20 wt% of GP cement was substituted by a combination
of flash calcined clay and limestone with a ratio of 2:1 by mass. The
reason why no> 20 wt% replacement could be achieved is that the
flash calcined clay used was coarser than calcined clays used in other
studies where 50 wt% replacement was achieved [12,24,26]. Moreover,
the kaolinite of the raw clay was 55 wt%, which is defined as low-grade

calcined clay [27]. However, using lower grade clay provides ad-
vantages in blended cements as higher-grade clay diminishes the long-
term hydration of clinker phases leading to the inefficient clinker uti-
lization in low clinker cements [28]. In addition, the proportion of OPC
in the mix design approximately 72 wt% due to actual percentage of
OPC in GP cement as mentioned in the beginning of this section. The
same mix design was used for the accelerated carbonation test. Table 2
shows mix proportioning with all aggregate in saturated surface dry
(SSD) condition. All aggregates were over-dried at 105 °C for at least
24 h to remove any moisture remaining, then cooled down and added
calculated SSD water amount prior to concrete casting.

2.2. Specimen specifications and exposure condition

A specific procedure was followed to assess the corrosion process in
propagation phase, which was successful utilized in previous studies
[29,30]. Fig. 1 presents the details of concrete specimen and embedded
reinforcement. All rebars were 50 mm in length and 12 mm in diameter
with 500 MPa yield strength. Reinforcing bars were cleaned using metal
brush to remove all pre-existing rusts due to atmospheric corrosion and
then weighted and labelled for gravimetric mass loss measurement at
the end of the tests. Subsequently, the bars were stored in a vacuum
desiccator at temperature of 23 °C to prevent any formation of rusts
prior to the fabrication of the specimen. An electrical copper wire was
brazed to one end of the reinforcing bar to facilitate the electrochemical
measurements. To ensure a concrete cover of 15 mm from the exposure
surface, both ends of bars were machined to fit the internal diameter of
two polyvinyl chloride (PVC) tubes. Two holes were drilled in the
mould to fit the two PVC tubes to maintain the 15 mm concrete cover
during concrete casting. The tubes were also filled by silicon sealant to
avoid the penetration of aggressive ions to the steel bars through the
tubes. All reinforcing bars were placed in moulds one day prior to
concrete casting to limit pre-rust formation which could affect the ex-
perimental mass loss assessment.

SSD aggregates, GP cement, flash calcined clay and limestone were
dry-mixed about 5 min and then water was added and mixed for an-
other 5 min. Eventually, fresh mixture filled the moulds by two layers
and a vibrating table was employed for compacting each layer.
Standard cylindrical specimens were also fabricated for testing of
conventional mechanical, physical and durability properties. Moisture
loss of fresh mixture was prevented utilizing appropriate lids. The
specimens were demoulded after one day and placed in proper con-
tainers filled with water to mitigate the risk of excessive leaching issue
during curing duration. In addition, top and bottom sides of corrosion
samples were sealed with anti-corrosion foil to ensure the aggressive
ions diffusion through only peripheral direction. After 7 days in water
curing, the specimens were stored in a room with fixed temperature of
23 ± 2 °C and relative humidity (RH) of 50 ± 3% until 28 days.

As the scope of this study is monitoring reinforcement corrosion in
propagation phase, the initiation stage was accelerated for both
chloride and carbonation diffusion after 28 days of curing. For the

Table 1
Chemical composition and mineralogical composition of binder.

GP cement (wt
%)

Calcined clay (wt
%)

Limestone (wt%)

Chemical composition by XRF
SiO2 19.74 70.42 0.36
Al2O3 4.70 22.34 0.11
Fe2O3 2.98 2.34 0.1
CaO 64.62 0.49 57.51
MgO 1.48 0.16 0.29
Na2O 0.21 0.1 –
K2O 0.64 0.19 –
TiO2 0.31 1.1 –
SO3 2.24 0.02 –
Loss on ignition (LOI) 3.18 1.76 42.61

Mineralogical composition by XRD-Rietveld
C3S 51.2 – –
C2S 16.5 – –
C3A 6.5 – –
C4AF 7.3 – –
Quartz – 49.1 –
Amorphous – 50.9 –

Table 2
Mix composition.

Materials (kg/m3) LC3

Coarse aggregate 1221
Fine aggregate 620.8
GP cement 310.4
Flash calcined clay 50.44
Limestone 27.16
Total binder (GP cement, flash calcined clay, limestone) 388
Water 174.5
Water/binder 0.45
Superplasticizer (wt%/binder) 0.61
Slump (mm) 120
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acceleration of chloride-induced corrosion, the specimens were oven-
dried at 50 °C until constant mass to enhance their capillary capacity
absorption of the chloride solution. Subsequently, they were rapidly
submerged into sodium chloride solution with 35 g/l concentration,
which is employed for previous plain cement concrete specimens [29].
Afterwards, alternate cycles of wetting and drying were conducted with
the exposure condition of 1 week in sodium chloride solution (35 g/l
concentration) and 2 weeks in air exposure at 23 ± 2 °C of tempera-
ture and 50% of RH. Regarding carbonation-induced reinforcement,
specimens after 28 days of curing were placed in carbonation chamber
with carbon dioxide concentration 1% with controlled temperature of
23 °C and RH of 55%. 1% CO2 concentration leads to similar carbo-
nation phases formation as observed in natural conditions with 0.03%
CO2 concentration according to XRD analysis [17,19,31]. Two series of
specimens were used with different exposure periods to accelerate
carbonation. For the first series, accelerated carbonation was stopped
when the carbonation front reached the steel bar (see Section 2.4) and
corrosion experiments then started. In terms of second series, specimens
were stored for an additional six weeks in the accelerated carbonation
chamber before starting the corrosion experiments. After carbonation,
the corrosion specimens were removed from the chamber and then
exposed to alternate wetting/drying cycles which were similar to
chloride-induced corrosion but using tap water instead of sodium
chloride solution. In addition, the passive condition was evaluated by
monitoring specimens immersed in tap water for 6 weeks without any
aggressive ions contamination (CO2 and Cl−) and then subjected to
similar wetting/drying cycles with tap water.

2.3. Mechanical, physical and durability properties, pH and pore solution
composition

Mechanical properties including compressive strength, indirect
tensile strength and modulus of elasticity were measured on standard
cylinders following ASTM C39, C469 and C496 respectively [32–34].
Physical and durability properties including water absorption, ultra-
sonic pulse velocity (UPV), volume of permeable void (VPV), sorptivity,
surface and bulk resistivity were determined in compliance with ASTM
C597, ASTM C642, ASTM C1585 and AASHTO TP95 respectively
[35–38]. The detailed testing protocols for above experiments were
reported in previous works of the authors [24,39].

According to previous study conducted by the authors [24], pH and
pore solution composition were measured by using paste. Paste speci-
mens were cured in airtight containers to maintain saturated conditions
over the first 7 days and then stored in controlled room at 23 ± 2 °C

and 50 ± 3% RH until 28 days, aiming to prevent leaching [24]. Pore
solution was obtained by following a pore solution extraction method
[40]. Subsequently, the pH was measured using a calibrated pH probe
and ions concentration in pore solutions was analysed by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES).

2.4. Chloride content and carbonation depth measurement

Concrete powder was collected utilizing a Germann Profile grinder
for every 1 mm until the depth of concrete cover (15 mm). ASTM C1152
[41] standard was adopted to determine acid soluble chloride which
represents the total amount of chloride in the system. According to
previous study, an ultrasonic bath instead of magnetic hot plate was
employed to boil the testing solution to make chloride ions reactive and
dissolve into solution for titration process [42]. The total chloride
content was presented as percentage of binder mass at the rebar-con-
crete interface (15 mm).

Carbonation front penetration was monitored using 50 mm height
concrete discs cut from standard cylinders. The circumference disc area
was covered by self-adhesive aluminium foil to assure the carbonation
occurs only from the top and the bottom bases. The concrete discs were
subjected to the same exposure conditions as that of corrosion samples.
At several time intervals, at least two discs were taken out of the car-
bonation chamber, split and tested using 1% concentration phe-
nolphthalein solution. In addition, carbonation depth was determined
by the average value of different location measurements excluding
zones within 10 mm from the foil edge due to possible leakage effect
[19]. When carbonation depth was reached, corrosion specimens were
removed from the carbonation chamber and electrochemical experi-
ments were conducted. In the end of the testing period, corrosion
specimens were also split and exposed to 1% phenolphthalein solution
on the fractured surfaces to validate the carbonation front penetration
assessment.

2.5. Electrochemical experiments

All electrochemical tests were conducted utilizing a VMP3 Multi-
channel potentiostat in a controlled room with fixed temperature of
23 ± 2 °C. Three electrode system including reinforcement as working
electrode (WE), Saturated Calomel Electrode (SCE) as reference elec-
trode (RE) and Titanium mesh as counter electrode (CE) was used to
carry out all experiments. The current interruption (CI) technique was
utilized to compensate the ohmic drop (IR) due to electrolyte resistance
and 85% of measured IR value was compensated to prevent the

Fig. 1. Corrosion specimen specifications.
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instrument from oscillation. During all electrochemical experiments,
the specimen was immersed partially in tap water to avoid the limited
oxygen diffusion. In addition, RE and CE were also placed in water next
to corrosion specimens.

The first electrochemical test was carried out to determine an ap-
propriate sweep rate (SR) to attain a quasi-steady-state condition for
potential/current interaction in corroding flash calcined clay limestone
blended OPC-based system. The high sensitivity of electrochemical
protocols was widely employed to measure significantly small corrosion
rates, especially in passive stage of reinforcing rebars. However, fast or
slow SR causes the underestimation or overestimation of polarization
resistance (Rp), resulting in inaccurate corrosion rate calculation [43].
A potentiodynamic cycles known as cyclic voltammetry (CV) protocols
in potentiostat was carried out to investigate the effect of SR on re-
inforcing bars in both passive and active corrosion condition. The
magnitude of± 10 mV around the corrosion potential of specimens
(ΔE = ±10 mV) was used as the beginning and end of cycles. A broad
set of SR from 1 to 1000 mV/min (0.00017 to 0.01667 V/s) were ap-
plied. The potentiodynamic cycles provided a potential-current (E-I)
diagram for each SR value. The apparent resistance Rapp = Rp + Re

with Re representing the electrolyte resistance was determined by the
slope at the beginning of potential excursion. Subsequently, in the Rapp

and SR diagram, an appropriate SR was selected when Rapp value ob-
tained a constant value.

After obtaining suitable SR, open circuit corrosion potential (Ecorr)
and polarization resistance (Rp) of reinforcing steel bars were measured
by well-established methodology linear polarization resistance (LPR)
[44]. Ecorr identified as the potential differences between the re-
inforcement (WE) and RE when deviation during 1 min was lower than
1 mV to ensure the stability of potential. The Rp was calculated based
on the linear slope in polarization curve very near Ecorr [45]:

= ⎛
⎝

⎞
⎠ →

R ΔE
ΔIp

ΔE 0 (1)

A potentiodynamic scanning from -20 mV to 20 mV around Ecorr
(ΔE = ±20 mV) was applied to detect the response from corroding
system (ΔI) for Rp calculation. For active specimens, Ecorr and Rp were
recorded every 3 weeks in the end of immersion duration in sodium
chloride solution or tap water for chloride and carbonation-induced
rebars corrosion respectively. Passive samples were first measured Ecorr
and Rp at 42 days in tap water and several times at the end of wetting
cycles. The testing duration was about 500 days for both active and
passive samples.

Tafel plot known as the intersection method from the extrapolation
of the anodic and cathodic linearity was employed to simultaneously
determine corrosion current (Icorr) and Tafel constant via Stern-Geary
equation [44]:

=
× +

B
β β

β β2.3 ( )
a c

a c (2)

where βa and βc are the anodic and cathodic Tafel constants calculated

as slopes of anodic and cathodic linear sections from the Tafel plot of
Icorr logarithm and overpotential. In this study, the large overpotential
from -250 mV to 250 mV (ΔE = ±250 mV) was utilized to obtain
Tafel plots. However, due to limitation of Tafel test being a destructive
test causing permanent alteration for equilibrium condition of cor-
roding system, it was performed only at specific times throughout the
entire experiment duration.

After conducting Tafel tests on specific specimens, gravimetric mass
loss quantifications following ASTM G1 were carried out to validate the
electrochemical parameters previously selected. Reinforcing bars were
removed by splitting corrosion specimens and slightly cleaned from
remaining concrete residue on the steel surface. A reagent grade che-
mical composition of 1000 ml hydrochloric acid (HCl with specific
gravitiy of 1.19), 20 g antimony trioxide (Sb2O3) and 50 g stannous
chloride (SnCl2) was selected as chemical procedures under testing
temperature of 23 ± 2 °C. The experimental solution was vigorously
stirred by magnetic stirrer during the immersion of reinforcements for
20 to 25 min. Subsequently, the rebars were removed from the cleaning
solution, gently brushed to eliminate corrosion products and weighed to
record the mass losses. This procedure was repeated at several times on
specimen to form a plot of mass loss vs. the number of cleaning cycles
for each reinforcing bar. The mass loss induced by corrosion process
was determined at the point that the graph begins plateau [30]. After
this point, mass losses are considered as the removal of base metal in
steel bar after corrosion products being completely removed.

3. Results and discussion

3.1. Mechanical, physical and durability properties

Table 3 presents the characteristics of the LC3 concrete including
mechanical, physical and durability properties. The compressive
strength of the LC3 concrete with 20 wt% GP cement replacement
(28 wt% OPC replacement) complies with Australian Standard (AS
3600 [46]), American Concrete Institute (ACI 318 [47]) and European
Standard (EN 206 [48]) specification in chloride environments. LC3
concrete performs similarly to conventional OPC concrete in terms of
water absorption, UPV, VPV and sorptivity properties. Noticeably, LC3
concrete resistivity including both surface resistivity and bulk re-
sistivity is significantly higher than that of GP cement concrete with
similar compressive strength [24,49].

3.2. Steel bars depassivation

After oven-drying the specimens and 7 days in sodium chloride
solution, the total chloride content at the depth of reinforcing bars
(15 mm) was measured reaching 0.2% by mass of binder (Fig. 2). At the
same time, the average corrosion potential was in the range of un-
certain corrosion activity (Fig. 2), which indicates that the steel bars
might not be depassivated. As a result, the oven-drying and chloride
solution immersion cycles were repeated several times and corrosion

Table 3
Mechanical, physical and durability properties of LC3 concrete.

Properties at 28 days LC3 GP cement [24] GP cement [49]

Compressive strength (MPa) 49.33 ± 1.39 52.3 ± 1.11 52.9 ± 1.0
Slitting tensile strength (MPa) 4.39 ± 0.08 4.6 ± 0.1 –
Elastic modulus (GPa) 34.5 ± 0.6 31.1 ± 0.9 32.2
Water absorption (%) 6.86 ± 0.17 – 6.3
UPV (m/s) 4551.1 ± 27.0 4508 3910
VPV (%) 15.83 ± 0.46 – 14.9
Initial rate of sorptivity (×10−3 mm/s0.5) 2.53 ± 0.16 – 2.9
Secondary rate of sorptivity (×10−3 mm/s0.5) 0.98 ± 0.11 – –
Surface resistivity (kΩ-cm) 23.32 ± 0.68 19.4 12.0
Bulk resistivity (kΩ-cm) 13.03 ± 0.32 – 4.96
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potential was monitored until depassivation of steel. After 4 cycles, the
average corrosion potential entered in the 90% probability of corrosion
activity zone with the chloride content of 0.8 wt% of binder (Fig. 2).

The carbonation depth of samples from 1st and 2nd set exposed to
1% CO2 and 55% RH are presents in Fig. 3 together with photos of
phenolphthalein indicator test results. After 238 days, the carbonation
front reached at the interface between steel and concrete, leading to the
depassivation of the steel bar (Fig. 3a). This 1st set of carbonation
corrosion specimens was removed from carbonation chamber and
subjected to alternate wetting/drying cycles in tap water for electro-
chemical experiments. The 2nd set of specimens was exposed to car-
bonation up to 284 days to achieve carbonation depth leading to the
depassivation of the whole steel bar (around 16.21 ± 0.21 mm) for the
investigation of long-term corrosion process (Fig. 3b). After conducting

the phenolphthalein indicator test, the 2nd set of specimens was also
exposed to similar wetting/drying cycles.

3.3. Sweep rate from potentiodynamic cycles

Fig. 4 summarizes the effect of different SR on apparent polarization
resistance (Rapp) of corrosion samples containing flash calcined clay and
limestone. The Rapp values of passive, chloride and carbonation-induced
active samples were deduced from the potentiodynamic cycles obtained
using different SR. Fig. 4(a) presents an example of response to trian-
gular wave of potential in passive samples in the form of potential-
current (E-I) diagram. In the E-I diagram, 1/(Re + Rp) was calculated as
the slope at the beginning of potential excursion. Hence, different SR
received different responses from the corroding system, resulting in the
variation of Rapp from Re to Re + Rp. To eliminate the inaccuracy in
calculation of corrosion rate (relating to Icorr), an appropriate SR must
be selected to obtain the constant Rapp value [43,50].

Fig. 4(b) illustrates the alteration of Rapp in term of sweep rate from
0.5 mV/min to 1000 mV/min. The CV test was conducted after
250 days in passive condition on reference passive specimens (not ex-
posed to chloride and carbonation). Active corrosion specimens (both
chloride- and carbonation-induced) were tested after 250 days of wet-
ting/drying cycles. A plateau was noticed in the SR between 5 mV/min
to 10 mV/min for passive samples and another insignificant variation of
SR was observed at very high SR larger than 500 mV/min corre-
sponding to the value of Re. The constant Rapp magnitude at SR from
5 mV/min to 10 mV/min was also detected on active samples but the
decreasing rate of Rapp from the beginning to the end of the SR spec-
trum was very low compared to passive samples, particularly for
chloride-contaminated corrosion. In addition, the lowest Rapp ampli-
tude of chloride active samples can be attributed to the immersion of
these samples into simulated salt water (35 g/l sodium chloride solu-
tion) which is very conductive. Considering all these SR evaluations,
10 mV/min SR was selected to perform all electrochemical experiments

Fig. 2. Variation of corrosion potential versus total chloride content at steel-
concrete interface.

Fig. 3. (a) Photo of 1st set of active sample. (b) Photo of 2nd set of active sample. (c) Average carbonation depth of carbonation-induced corrosion samples.
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for both passive and active samples in this study. The 10 mV/min SR
also satisfies the recommendable maximum SR for steel corrosion in
concrete [43].

3.4. Corrosion potential and polarization resistance

Ecorr measured via open circuit potential are presented in the Fig. 5
for both passive and active corrosion samples up to 500 days. Ecorr
measurement is one of the most common protocols to monitor corrosion
either in the laboratory or real reinforced concrete structures. It is also a
well-developed technique over 40 years, standardized as ASTM C876
[51]. However, the drawback of Ecorr is to provide only a qualitative
assessment, which does not allow deducing the corrosion rate of re-
inforcement. The time-dependent evolution of Ecorr was monitored on
all specimens but only the average values of Ecorr are represented cal-
culated from either two or three acquired points due to the destructive
Tafel test conducted throughout the exposure duration on both passive
and active specimens. Ecorr values from reference plain OPC specimens
are also reported in Fig. 5 from previous study [52]. Despite the slightly
different exposure condition compared to this study, the values for Ecorr
from Aguirre-Guerrero et al. [52] were considered for comparison
purpose together with the classification from ASTM C876 based on
value versus copper-copper sulfate reference electrode (CSE). The cor-
rosion potential measurements in this study and in previous study [52]
were carried out using the saturated standard calomel electrode (SCE)
and Ag/AgCl/sat KCl reference electrode respectively. Thus, for

comparison purpose, 60 mV were added to classification from ASTM
C876 whilst measured values on plain OPC concrete [52] were reduced
by 45 mV to be integrated into Fig. 5.

Regarding passive samples, Ecorr value for the first and second
measurement was around -75 mV after 42 days immersion in tap water.
Then, Ecorr of passive specimens increased and slightly fluctuated be-
tween -40 mV to -30 mV until 500 days, which indicates that Ecorr
magnitude of samples containing flash calcined clay and limestone re-
mained in the range of over 90% probability of having no corrosion.
Overall, the ASTM C876 classification in passive state for conventional
OPC concrete can be also utilized to identify passive state of LC3 con-
crete.

For chloride contaminated active samples, as shown in Fig. 5, cor-
rosion potential of LC3 concrete from initial -368 mV reduced to
-454 mV and -504 mV after the second and third cycles in sodium
chloride solution respectively. Eventually, Ecorr only marginally de-
creased fluctuating insignificantly between -570 mV to -610 mV after
239 days to 500 days. OPC concrete with relatively similar exposure
procedure (15 days of immersion in 3.5% NaCl solution and 15 day of
drying after accelerated initiation phase [52]) exhibited a lower Ecorr at
the start of the testing period but the reduction rate was superior to that
of LC3 concrete. Hence, Ecorr values were comparable after about
270 days in propagation phase for OPC and LC3 concrete.

Ecorr evolution of the two carbonated corrosion sample sets is also
shown in Fig. 5. The two sets of carbonated specimens presented a si-
milar trend in corrosion potential from 7 days to 500 days of exposure
with values rising from -461 mV and -504 mV to about -249 mV and
-292 mV for the 1st and 2nd set of samples respectively. The Ecorr in-
creased during the testing period could be explained by the availability
of CO2 at the steel-concrete interface. The presence of carbon dioxide
mediates in pH reduction of the interfacial zones accelerating not only
the acidification in anodic reaction but also the reaction rate in cathodic
areas [8]. In the beginning, large quantity of CO2 was available leading
to high absolute values of corrosion potential. Then, during the wet-
ting/drying cycles, CO2 diffused from the inner part of specimens with
high CO2 concentration to ambient environment with low CO2 con-
centration, leading to a reduction in CO2 inside the specimens resulting
in higher values of corrosion potential. Nevertheless, the differences
between Ecorr value of passive samples and CO2-active samples were
higher than 150 mV allowing to distinguish passive and active corro-
sion sample as the recommendation from RILEM technical committee
(TC) 235-CTC [53]. A comparison with values obtained on plain OPC
concrete is also presented in Fig. 5 although OPC samples were con-
tinuously placed in an environmental chamber at 1% CO2 concentration
[52]. At the beginning of the depassivation period of reinforcing bars,
OPC concrete specimens produced higher Ecorr values compared to LC3
concrete and fluctuated in the uncertain corrosion activity zone until
240 days. Ecorr was almost constant OPC concrete specimens due to
continuous availability of CO2 in the chamber. Interestingly,
throughout the exposure duration, the significant differences in Ecorr
between the 1st set and 2nd set of specimens were observed. The 2nd set
presented a lower corrosion potential than that of the 1st set since the
2nd set specimens experienced longer CO2 exposure duration leading to
deeper carbonation front penetration and lower pH environment
around steel-concrete interface as reported in previous study [54].
Overall, corrosion potential classification from ASTM C876 can be used
in concrete containing flash calcined clay and limestone.

Fig. 6 shows the evolution of the polarization resistance up to
500 days at both passive and active specimens. The counterpart values
of OPC concrete from previous studies were also presented for com-
parison purpose [29,52]. Linear polarization resistance (Rp) is widely
considered as convenient and reliable technique which allows to rou-
tinely measure corrosion in reinforced concrete structure. It is also the
most preferable protocol to quantify metal loss in corrosive reinforce-
ment or any metal/electrolyte systems. In Rp measurement, consistent
polarization potential (ΔE) around 20-30 mV (20 mV in this study) is

Fig. 4. (a) An example of current response to triangular wave of potential in
passive samples. (b) Relationship between sweep rate and apparent polarization
resistance.
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applied to obtain the polarization current (ΔI) from polarization curve.
Insignificant overpotential together with relatively shorting measuring
time does not generate irreversible change in the corroding system until
next measurement, for instance three weeks in this study. Thus,

polarization resistance measurements can be repeated throughout the
entire exposure period. The corrosion rate classification based on Rp

values of plain OPC concrete from polarization curve [55,56] is also
integrated in Fig. 6. The polarization resistance for OPC concrete active

Fig. 5. Variation of open circuit corrosion potential of LC3 and reference benchmark of OPC.

Fig. 6. Evolution of polarization resistance of LC3 concrete and reference benchmark of OPC.
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corrosion specimens from Aguirre-Guerrero et al. [52] was derived
from “B” coefficient of 26 mV dividing by corrosion rate (icorr). Another
study from Zhang et al. [29] with similar alternating wetting/drying
cycles for chloride-induced specimens was also considered to compare
with this study. Although Zhang et al. [29] investigated the influence of
the top-bar effect, only the average Rp value of five reinforcing bars
located at the bottom of the concrete walls with no interface defects
was considered.

The polarization resistance measured in LC3 concrete passive spe-
cimens was overall slightly lower than that of passive condition clas-
sification for OPC concrete (Rp ~250 kΩ.cm2). The fluctuation was
insignificant in comparison with corrosion potential values with an
average amplitude being around 220–230 kΩ.cm2. Consequently, a
recalibration of Rp classification in passive condition might be required
for LC3 concrete.

In chloride-induced reinforcement corrosion, the average Rp am-
plitude from both OPC and LC3 concrete exhibited similar decreasing
trend over the entire testing period. The value of polarization resistance
of LC3 concrete was remarkably reduced from 35.5 kΩ.cm2 to
8.7 kΩ.cm2 in the first to third cycles in exposure to NaCl 35 g/l and
then decreased moderately until 218 days. After that, the Rp remained
fairly stable around 4.5 kΩ.cm2. It is worth to mention that plain OPC
concrete specimens adapted from previous studies [29,52] showed very
high corrosion rates with Rp values< 2.5 kΩ.cm2 whilst LC3 concrete
specimens remained in the zone of high corrosion rate
(2.5 kΩ.cm2 < Rp < 25 kΩ.cm2). Consequently, during the propa-
gation phase of chloride-induced reinforcement corrosion, combination
of flash calcined clay and limestone performed similarly or better than
conventional OPC concrete.

The polarization resistance of carbonated specimens displayed an
increasing trend versus time with Rp values rising from high rate of
corrosion to low-moderate corrosion rate (Fig. 6). The Rp value from the
1st and 2nd set of carbonation active sample marginally stabilized after
240 days of exposure time. As mentioned for corrosion potential values,
the increasing trend in average Rp values can be attributed to the gra-
dually CO2 disappearance within the interfacial reinforcement-concrete
area [57]. Plain OPC concrete [52] showed a lower polarization re-
sistance of 19.7 kΩ.cm2 up to 240 days. The gap in terms of the po-
larization resistance of 1st set and 2nd set was also noticed but the
difference was not obvious as corrosion potential.

The relationship between corrosion potential and polarization re-
sistance is reported in Fig. 7 with 339 independent data points mea-
sured by LRP technique in both passive and active samples during the
entire testing period. A decreasing trend of Rp value with the decrease
in corrosion potential was undoubtedly observed. Moreover, an ex-
ponential equation could be established correlating Rp and Ecorr with a

good correlation coefficient (R2 = 0.9) as follows:

= ×R e293.4p
E0.006653 corr (3)

Exponential-like tendency in the evolution of polarization resistance
depending on corrosion potential was reported in previous studies for
either plain OPC concrete or concrete containing binder replacement
including silica fume, fly ash and ground granulated blast furnace slag
by means of corrosion current density and corrosion potential correla-
tion [58–60].

The corrosion potential and polarization resistance classifications
are also displayed in Fig. 7. There was no “false positive” data point
(Ecorr < -140 mV but Rp > 250 kΩ.cm2) observed in>90% prob-
ability of no corrosion and uncertain corrosion activity zones. In ad-
dition, 260 out of 308 data points located in “absolute negative” zone
(Ecorr < -290 mV and Rp < 250 kΩ.cm2) included about 84.4% of
active corrosion measurement, which indicates the reasonable relia-
bility of corrosion assessment for corrosion potentials less than
-140 mV. On the other hand, within 31 data points counted in passive
condition zone (Ecorr > -140 mV), no “false negative” values
(Ecorr > -140 mV but Rp < 25 kΩ.cm2) was recorded. However, only
6 measurements created “absolute positive” data point (Ecorr > -
140 mV and Rp > 250 kΩ.cm2), representing only 19.4% of the counts
in passive classification. Hence, this phenomenon confirmed that, for
re-calibration in passive condition, further studies regarding electro-
chemical behaviours in passive state of concrete containing flash cal-
cined clay and limestone is recommended.

To provide more insightful evaluation on the relationship between
corrosion potential and polarization resistance, single-factor analysis of
variance (ANOVA) was performed including data points. The outcomes
of ANOVA are summarized in Table 4 with 95% confidence interval for
Rp average. The polarization resistance measurements were divided
into 13 classes with 50 mV of corrosion potential range from -600 mV to
-50 mV. Only 2 clusters from -200 mV to -100 mV produced significant
differences in standard deviation due to the small number of samples
(only 6 measurements in each potential section). Considering polar-
ization resistance values in 95% confidence intervals in other potential
classes together with F-statistic parameters at 161.2 (remarkably higher
than 1) indicating independent Rp value in each potential group, it can
be concluded that the polarization resistance alteration is statistically
related to the evolution of corrosion potential. Overall, a correlation
between polarization resistance and corrosion potential in LC3 concrete
can be rationally established, providing the possibility to employ cor-
rosion potential monitoring as a semi-quantitative and efficient as-
sessment of steel depassivation.

Fig. 7. Exponential correlation between corrosion potential and polarization
resistance.

Table 4
ANOVA analysis summary with 95% confidence interval for Rp average.

F-statistic p-Value R2

ANOVA summary 161.24 < 0.0001 0.8558

Ecorr range (mV/
SCE)

Data points
(count)

Average Rp

(kΩ.cm2)
Rp range with 95%
confidence interval
(kΩ.cm2)

<−600 21 3.71 3.35 to 4.07
−600 to −550 62 5.13 4.77 to 5.49
−550 to −500 51 7.62 6.72 to 8.51
−500 to −450 25 11.99 10.56 to 13.42
−450 to −400 21 21.44 18.12 to 24.75
−400 to −350 33 28.28 25.40 to 31.16
−350 to −300 35 37.82 34.78 to 40.86
−300 to −250 40 46.79 43.50 to 50.08
−250 to −200 12 57.90 50.73 to 65.07
−200 to −150 6 95.11 23.76 to 166.5
−150 to −100 6 91.93 36.94 to 146.9
−100 to −50 9 203.00 189.2 to 216.8
>−50 18 257.86 208.0 to 307.7
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3.5. Tafel “B” constant and corrosion current density

In terms of corrosion rate determined by linear polarization re-
sistance technique, as shown in Stern-Geary equation (Eq. (2)), the “B”
constant is governed by two parameters: anodic and cathodic Tafel
constants. It is also necessary to evaluate the Tafel constant for cor-
roding system combining flash calcined clay and limestone in binder
composition. These constants were obtained from the extrapolation of
the anodic and cathodic branches of the polarization curves applying a
large over-potentials above corrosion-free potential (ΔE = ±250 mV).
However, due to the destructive nature of “Tafel extrapolation” ap-
proach, this technique was conducted only two to five times for passive,
chloride and carbonated samples over the entire exposure duration. All
results from Tafel plots are reported in Fig. 8 and Table 5 as anodic,
cathodic and B Tafel constants.

βa, βc and B coefficients were systematically evaluated via theore-
tical analysis in a previous study for OPC concrete. Song [61] reported
four different types of polarization condition occurring in reinforced
concretes due to different anodic and cathodic reaction rates. In case of
LC3 concrete in this study, active and passive state without oxygen
diffusion rate-determining factor (transport of oxygen not controlling
the reaction rate in reinforcements due to alternating wetting/drying
cycles) are considered as the two types of possible electrochemical
behaviours. In the former state, the corrosion process of rebars can
consider as oxidation of steel at the anode and oxygen reduction at the
cathode: redox reaction within “corrosion cell” [8]. The anodic Tafel
slopes can be estimated approximately at 30-39 mV due to the Tafel
slope of iron in NaOH solution with pH value higher than 13 at 20 °C.
On the other hand, the cathodic Tafel slope is dominantly subjected to
cathodic processes consisting of oxygen reduction and hydrogen evo-
lution. To be more specific, the βc value range for oxygen reduction
depending on the pH value of the electrolyte and the hydrogen evolu-
tion in sodium hydroxide is 48-120 mV and 120-150 mV respectively.
In general, with the estimation of 30 mV ≤ βa ≤ 39 mV and
48 mV ≤ βc ≤ 150 mV, Tafel B constant fluctuates from 8 to 13.5 mV
(8 mV≤ B≤ 13.5 mV). Regarding passive state, with sufficient oxygen
at reinforcement-concrete interfacial zone, anodic Tafel constant is es-
timated to be infinity whilst cathode is predominantly governed by
oxygen reduction process with the cathodic βc constant as mentioned
above in the range of 48-120 mV. Consequently, B constant in this case
is approximately equivalent to βc/2.3 (21 mV ≤ B ≤ 52 mV).

All data points presented in Fig. 8 are reported in Table 5 which also
includes anodic and cathodic Tafel coefficients to provide more in-
sightful understanding of corrosion kinetics of LC3 concrete. The curve-
fitting analysis using the least Chi-squared (χ2) method was performed
to calculate βa and βc based on the slopes in anodic and cathodic linear

sections of fitted curve. Subsequently, the “B” Tafel values were de-
termined following Eq. (2). The variation of B coefficient over the
testing period is illustrated in Fig. 8. For passive samples, B constant
showed higher amplitude after 42 days of continuous immersion in tap
water (39.7 mV and 60.5 mV) than that obtained for longer exposure
duration (ranging from 16.1 mV to 30.7 mV). As a result, Tafel values
for passive specimens seem to be dependent on the environmental
storage condition of the specimens which is constant with Song's re-
commendation [61] as 4 out of 6 passive Tafel plot measurements po-
sitioned within the theoretical B coefficient range proposed by Song
[61]. By contrast, both chloride and carbonation-induced active sam-
ples reported insignificant fluctuation during the whole testing period.
The average B value together with the standard deviation and the
coefficient of variation are 47 mV, 2.48 and 0.05 respectively for the
entire active samples data group, which indicates a stabilization of
anodic and cathodic reactions during corrosion process from the be-
ginning of the exposure period up to 500 days.

Previous study conducted substantial experimental works on dif-
ferent types of cement including OPC, slag cement and pozzolanic ce-
ment with or without depassivating and inhibitor additives [62].
B = 26 mV in active state and B = 52 mV in passive state for bare steel
were suggested via various comparison between gravimetric and elec-
trochemical mass loss calculated from LRP method as well as exposure
conditions, which also integrates into Fig. 8. These B coefficient values
were then widely accepted to quantify the corrosion rate in both la-
boratory studies and existing reinforced structures. Andrade and Gon-
zalez [62] also explained the dissimilarities between the gravimetric
mass loss and electrochemical counterpart values due to un-
compensated IR-drop but now this difficulty can be efficiently solved by
automated IR-drop compensation in current potentiostat. However, a
wide range of βa, βc and B parameters were reported in current litera-
ture. Locke and Siman [63] revealed that the variation in anodic and
cathodic Tafel constants can range from 320 mV to 1570 mV and

Fig. 8. Evolution of Tafel B constant and suggested value of OPC from Ref. [62].

Table 5
Anodic, cathodic and “B” Tafel constants for both passive and active specimens.

Duration (day) Anodic constant βa
(mV)

Cathodic constant βc
(mV)

B constant (mV)

Passive samples
42 ∞ 91.2 39.7
42 ∞ 139.1 60.5

238 ∞ 37.1 16.1
238 ∞ 48.6 21.1
500 ∞ 70.6 30.7
500 ∞ 50.0 21.7

Chloride active samples
106 274.9 182.9 47.75
106 271.8 173.0 45.96
218 277.1 170.7 45.93
218 298.5 165.6 46.31
309 267.3 162.4 43.92
309 287.9 189.1 49.62
309 302.9 175.9 48.38
393 273.0 179.8 47.13
393 282.3 186.3 48.80
500 299.5 161.7 45.66
500 267.8 176.3 46.22

Short-term carbonation active samples (1st set)
210 280.6 185.8 48.60
210 275.3 209 51.65
500 344.0 144.0 44.13
500 386.5 141.2 44.96
500 303.7 138.4 41.34

Long-term carbonation active samples (2nd set)
210 277.5 206.9 51.53
210 287.1 176.7 47.56
500 276.4 179.5 47.32
500 306.4 165.6 46.74
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380 mV to 1080 mV respectively resulting in parameter B varying
within 76 mV to 278 mV. Garces et al. [64] reported a fluctuation of the
B coefficient from 21 mV to 37 mV in different pH solutions (acid and
neutral solution) with or without chloride ions simulating the concrete
pore solutions. Chang et al. [65] investigated the polarization beha-
viours of reinforcement in fly ash and slag cement concretes showing
that the βa, βc and B coefficients could vary in the range of 230 mV to
800 mV, 192 mV to 263 mV and 52 mV to 86 mV respectively, which is
much higher than the estimated B amplitude of 26 mV for active spe-
cimen proposed by Andrade and Gonzalez [62]. A comparison between
experimental data and numerical model by Michel et al. [66] also in-
dicated significant variations in terms of anodic βa and cathodic βc Tafel
constants in the amplitude of 10 mV to 369 mV and 10 mV to 233 mV
respectively to provide the best fit for experimental corrosion current
density.

In this study, the values of B did not agreed with the suggested
values (B = 52 mV and B = 26 mV for passive and active samples
respectively). For LC3 concrete passive samples, only one measurement
presented relatively agreeing value (60.5 mV versus 52 mV) whilst
other passive data provided lower B coefficient than 52 mV. In Table 5,
all anodic Tafel constant of passive samples approached infinite value,
indicating that parameter B was determined solely from cathodic Tafel
constant βc. More work is certainly required to re-calibrate the “B”
coefficient in LC3 concrete passive stage. By contrast, carbonated and
chloride active specimens displayed higher value than expected (47 mV
compared to 26 mV). Andrade & Gonzalez [62] suggested the both βa
and βc to be equal to 120 mV to generate a B coefficient of 26. The
anodic and cathodic Tafel slopes of LC3 specimens were higher than
120 mV. Indeed, as shown in Fig. 9, electrochemical mechanism of
reinforcement corrosion is principally governed by the current trans-
port between reinforcing bars and concrete [67]. Specifically, anodic
and cathodic processes are controlled by the current transport within
concrete porosity and rebars. For cathodic regions, the flow of ions
governs the transportation of current within concrete. Therefore, the
ability of concrete to resist ions movement, known as electrical re-
sistivity, appears to be controlling the cathodic process in active stage
of reinforcement corrosion [8,67]. The electrical resistivity whereby
surface and bulk resistivity of LC3 were noticeably higher than tradi-
tional OPC concrete [24] as also reported elsewhere [22]. The higher
electrical resistivity induces lower charges transfer leading to higher
cathodic Tafel slope as higher potential step perturbation is necessary to
obtain a similar electrochemical behaviour. Regarding the transport of
current within reinforcing bars, corrosion products located on the sur-
face of reinforcement can work as a barrier for redox reaction. The iron
oxide layers accumulating during corrosion process lead to conductivity
loss in presence of water in rust [68], which reduces the transfer rate of
electronic current. As a result, similarly to cathodic process, anodic
Tafel slope can be higher than the suggested value of 26 mV in active
phase.

One of the widely accepted indexes used to assess corrosion in re-
inforced concrete structures is the corrosion current density also known
as corrosion rate (μA/cm2). From corrosion rate, reinforcing bars cross-
section loss and corrosion penetration can be calculated to predict the

service-life of concrete member. To provide more insightful under-
standing of the corrosion of rebars, the evolution of the corrosion rate
(corrosion current density) up to 500 days were deduced using two
methods based on the linear polarization technique (LRP method from
Section 3.4) by using either the conventional parameter B = 26 mV or
the Tafel intersection technique (Section 3.5). The results are presented
in Fig. 10. Corrosion rates from Tafel extrapolation method were si-
multaneously calculated using anodic and cathodic Tafel slopes (βa and
βc) obtained by least Chi-squared curve-fitting analysis. For chloride-
induced reinforcement corrosion, corrosion rate increased steadily from
the beginning of the exposure period and plateaued after 218 days,
remaining in the high corrosion rate zone up to 500 days. By contrast,
for carbonated active specimens, the corrosion rate started at high rate
of corrosion and then declined toward low or moderate corrosion rate
category. The decreasing trend in corrosion rate is consistent with the
increasing trend of open circuit corrosion potential and polarization
resistance results. Explanation for this observed trend is detailed in
Section 3.4. Overall, using the suggested B value of 26 mV for active
specimens or “B” value deduced from Tafel intersection method led to
comparable values of corrosion current densities. The only dissim-
ilarities observed between the two methods were for chloride active
corrosion samples at 106 days and 1st set of carbonated active speci-
mens particularly at the end of testing period. The first explanation for
these dissimilarities was the limited data obtained from the Tafel ex-
trapolation plot. Indeed, only two or three Tafel measurements were
conducted to acquire the corrosion rate (Table 5). Therefore, the Tafel
intersection method cannot represent electrochemical behaviours of the
entire sample set. Secondly, inaccurate estimation of the corroding area
of the rebars can lead to corrosion rate miscalculation. Indeed, pitting
corrosion in chloride active corrosion sample or reinforcement corro-
sion in 1st sample set involved only a limited corroding area of the steel
bar surface. As a result, considering the whole area of rebars in the
calculation of corrosion current density underestimated the corrosion
rate [45,69]. The relationship between corrosion rate and polarization
resistance can be expressed as follow [44,45]:

=i B
Rcorr

p (4)

The increase of B coefficient in Eq. (4) generates higher corrosion
rates. Therefore, utilizing the measure B = 47 mV from Tafel inter-
section method instead of the proposed value of B = 26 mV from
Gonzalez and Andrade [62] resulted in a larger corrosion rate leading to
a more conservative evaluation of reinforcement corrosion. More re-
search involving Tafel curve based assessment of B coefficient of con-
crete containing flash calcined clay and limestone as well as other SCMs
should be carried out in order to provide more accurate structure
durability design and assessment.

3.6. Gravimetric mass loss and corrosion pattern

Gravimetric mass loss measurements compared to electrochemical
mass losses in Fig. 11. Gravimetric mass losses were determined on the
specimens used for Tafel coefficients measurement. Steel bars were
chemically cleaned using the ASTM G1 procedure. To obtain only the
mass loss from corrosion process, six uncorroded steel bars extracted
from passive specimens were subjected to same cleaning methodology
to assess the mass of pre-existing oxides, which was then deducted from
the total mass loss of corroded bars for both chloride or carbonated
specimens. An average mass loss of 0.307 g with a standard deviation of
0.016 g was measured for passive samples.

Electrochemical mass loss was calculated by employing Faraday's
law at various exposure periods as following:

= × ×
×

m A I t
n Felectrochemical

corr
(5)

where A is the atomic mass of metal (55.85 g/mol for iron), Icorr is the

Fig. 9. Electrochemical mechanism of corrosion of reinforcements in concrete.
(Adapted from [67,74]).
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Fig. 10. Evolution of corrosion rate using two different calculation methods: Tafel intersection and LRP method with B = 26 mV.

Fig. 11. Comparison between gravimetric mass loss and electrochemical mass loss calculated by using three methods: LPR method with B = 26 mV (a), B = 47 mV
(b) and Tafel intersection method (c).
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intensity of corrosion current in ampere, t is exposure time in second, n
is the electron number transferred per atom (2 for iron) and F is the
Faraday constant (96,485.33C/mol). The electrochemical mass losses
were determined using the magnitude of corrosion current intensity
(Icorr) obtained from the Tafel test. In previous studies, bare steel bars or
concrete specimens were continually immersed into the testing solu-
tion, as a result Icorr was constant over time [62,64,70]. The corrosion
samples in this study were exposed to repeated wetting/drying cycles
throughout the testing period, which leads to a change in intensity of
corrosion current from wetting to drying condition. To investigate this
effect, moderate overpotential (ΔE = ±120 mV) which creates in-
significant alteration in corroded system [71] in the end of the wetting
submersion was applied to both chloride and carbonated corrosion
specimens. Subsequently, a larger range of overpotential (ΔE = ±250
mV) was utilized to polarize the reinforcing bars as normal Tafel in-
tersection method. At the end of the 2-weeks drying period, corrosion
current intensities were 50% and 75% of the counterpart magnitude in
the end of wetting period for chloride and carbonated reinforcement
corrosion. Thus, for the integration of Icorr over time, only 75% and
87.5% of the corrosion current intensity vs. time total area was taken
into account for the calculation of electrochemical mass losses fol-
lowing Faraday's law for chloride and carbonation active corrosion
respectively.

Fig. 11(a), (b) and (c) shows the comparison between gravimetric
mass loss and electrochemical mass loss by calculating corrosion cur-
rent intensity using 3 different methods: LPR technique with
B = 26 mV, LPR technique with B = 47 mV and Tafel intersection
technique. The error factor of 2 in Stern-Geary equation for corrosion
current densities was also integrated into Fig. 11 as two dash lines re-
presenting upper and lower boundaries of error bands for the mass loss
measurements. The corrosion current intensity from LPR method was
calculated as the average value from the beginning of the corrosion
period until the Tafel test for each steel bar. In Fig. 11(b) and (c), the
gravimetric mass loss is comparable to that of electrochemical calcu-
lations. All data points were located within two dash lines. In addition,
the Tafel intersection method tends to underestimate the electro-
chemical loss of mass for both chloride and carbonated specimens.
Fig. 11(a) shows that using a parameter B of 26 mV seems less accurate.
To be specific, 2 out of 20 data points were out of the two error band
dash lines. This also reveals that B coefficient of 47 mV is more ap-
propriate for concrete containing flash calcined clay and limestone.
Overall, the good agreement between gravimetric and electrochemical
mass losses confirms the suitability of the SR selected in Section 3.3 for
LC3 concrete specimens to carry out the electrochemical experiments as
an inappropriate SR would underestimate or overestimate the corrosion
rate as well as electrochemical mass loss.

Due to the combined effects of lower ions concentration (Table 6)
and refined porosity in LC3 concrete as previously reported by the
authors using similar concrete mixes [19,24], bulk resistivity measured
was about 3 times higher than that of reference concrete (Table 3). This
can lead to a reduction in ionic current. Moreover, the refined porosity
of LC3 concrete may delay oxygen renewal at the steel-concrete inter-
face leading to further reduction of cathodic reactions and ionic cur-
rents. This can explain the reduction of the Tafel slopes (1/βa and 1/βc)
observed, justifying the higher “B” constant for LC3 concrete.

The corrosion pattern of active chloride and carbonation-induced
reinforcement corrosion bars after 500 days of exposure is showed in

Fig. 12. After Tafel extrapolation test, reinforcing bars were removed
from the concrete samples and then gently brushed to remove all
concrete adhering to the rebar surface. Photos of rebars were taken
before and after carrying out the chemical cleaning process. Noticeably,
corrosion was not observed on the entire steel surface for both chloride
and carbonation corrosion samples. Corrosion products formation was
detected only on the steel surface facing the aggressive ions penetration
(Cl− and CO2) with a concrete cover of 15 mm. Only a uniform cor-
rosion pattern was observed for carbonation-induced reinforcement
corrosion whilst mixed uniform and pitting corrosion patterns were
noticed in chloride-induced reinforcement corrosion. Similar corrosion
patterns were reported in previous studies for conventional OPC con-
crete [29,72,73]. Corroded rebars of 1st set of carbonation-induced
corrosion showed lower corrosion in comparison with 2nd set speci-
mens which is consistent with the electrochemical and mass loss results.

4. Conclusions

The electrochemical behaviours in propagation phase of concrete
containing flash calcined clay and limestone as SCM were investigated.
Open circuit corrosion potential, polarization resistance, Tafel con-
stants, corrosion current density in both chloride and carbonation-in-
duced reinforcement corrosion was monitored up to 500 days. The
gravimetric mass losses were also recorded and compared to the mass
losses from electrochemical experiments. The main outcomes derived
from this study are summarized as follows:

- A SR of 10 mV/min was selected to run all electrochemical experi-
ments after conducting a set of potentiodynamic cycles from
0.5 mV/min to 1000 mV/min. An appropriate SR generated suitable
polarization resistance values resulting in correct corrosion current
density (corrosion rate) validated through gravimetric mass loss
measurement.

- The evolution of the corrosion potential and the polarization re-
sistance up to 500 days in propagation phase was similar to plain
OPC concrete. Corrosion rate classifications for conventional OPC-
based concrete were well-agreed with results obtained on LC3
concrete active specimens. For passive specimens, corrosion poten-
tials were in the category of> 90% of having no corrosion activity
whilst polarization resistance fell into the low/moderate rate of
corrosion. Further studies are recommended to recalibrate the po-
larization resistance range established for traditional OPC reinforced
concrete for passive concrete samples with flash calcined clay and
limestone. An exponential correlation could be derived when con-
sidering the relationship between corrosion potential and polariza-
tion resistance. A remarkably high value of parameter F of 161 from
a single-factor analysis of variance (ANOVA) with 50 mV of corro-
sion potential range indicated the statistical reliability of Rp-Ecorr
relationship, especially for corroded specimens. This relation pro-
motes the capability of corrosion potential to be used as semi-
quantitative method for polarization resistance estimation.

- After conducting the Tafel extrapolation method, significant dis-
similarities in Tafel constants including βa, βc and B were observed
between measured results and suggested values for OPC corroded
systems. LC3 concrete passive samples displayed a range of B coef-
ficient from 16 mV to 60 mV compared to OPC-based value of
52 mV. For corrosion active samples, insignificant fluctuation of

Table 6
pH and pore solution compositions of cement pastes at 28 days.

Concrete type pH Ca
(mg/L)

Na
(mg/L)

Mg
(mg/L)

K
(mg/L)

Al
(mg/L)

Si
(mg/L)

Ti
(mg/L)

S
(mg/L)

GP cement 13.35 76.5 1831 0 6929 1.26 3.06 0.06 209
LC3 13.15 39.0 1039 0 3937 1.53 4.69 0 73.2
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parameter B was recorded with an average value of 47 mV which is
noticeably higher than B = 26 mV in Portland cement concrete. The
high electrical resistivity of LC3 concrete specimens induced high
anodic and cathodic Tafel slopes leading to a higher B coefficient.

- Good agreement between gravimetric and electrochemical mass loss
was observed when considering B value of 47 mV in electrochemical
mass loss calculation instead of B = 26 mV. This study allowed to
recalibrate the B coefficient in active phase for LC3 concrete. The
photos of accumulated corrosion products on reinforcement surfaces
taken before conducting gravimetric mass loss measurements were
all consistent with electrochemical results.

Overall, performance of reinforced LC3 concrete specimens was
comparable to traditional OPC concrete in propagation phase. The
conventional electrochemical methods are suitable for concrete con-
taining flash calcined clay and limestone by using recalibrated
B = 47 mV in propagation phase.
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