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� The time to cracking in HPC is less than half the time in UHPC.
� The addition of nS to UHPC effectively reduces the corrosion rate of steel bars.
� A new corrosion test procedure has been used to assess the corrosion rate.
� The corrosion test procedure was found to be useful to assess the corrosion rate.
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This study aims at studying the effect of nano-silica (nS) addition to ultra-high performance concrete
(UHPC) on the corrosion resistance of steel bars embedded in the latter. In order to conduct a comparative
study, a high performance concrete (HPC) and an UHPC without nS were also considered in the experi-
mental program. An accelerated corrosion test along with multi-steps potentiodynamic polarization
technique, including Tafel plot and linear polarization resistance (LPR), was used to determine the corro-
sion rate of the samples tested. The accelerated corrosion tests showed that the time to cracking in HPC is
less than half the time in UHPC. It was found that nS addition to UHPC effectively reduces the corrosion
rate of steel bars embedded in the latter.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, sustainability should be the major priority of the
construction sector. Regarding this matter, being concrete the
world’s most widely used construction material, it requires special
attention. Sustainability in concrete structures involves design for
long-term durability, having simultaneously a minimal impact on
the environment considering the structure’s life-cycle [1].
Therefore, long-term durability is a prominent feature of sustain-
ability of concrete structures, since extending their service life,
through enhanced durability, has considerable advantages in terms
of optimizing resources and of reducing maintenance operations
[2]. Considering that reinforced concrete structures experience
deterioration during their service life, caused by physical and
chemical attacks, the definition of durable concrete structure
corresponds to that in which degradation occurs at reduced rate
and thus it does not affect its structural performance within its
life-time [3].

The most important deterioration mechanism registered in con-
crete structures is the corrosion of reinforcing bars, mainly due to
carbonation or chloride ingress in concrete. It is estimated that
circa 60% of Europe’s annual budget of the construction sector is
spent on the rehabilitation of existing structures, corresponding
to US$ 5 billion, only in Western Europe [4]. The annual direct cost
of corrosion for highway bridges in the U.S. is estimated at US$ 8.3
billion, referring to the budget to replace or maintain structurally
deficient bridges [5]. Therefore, the development of innovative
durable materials and methods aiming at extending the life-time
of both existing and new structures, without or with reduced
maintenance costs, is a key-issue. Regarding concrete structures,
durability depends mainly on the cover. In this scope, the ideal
scenario consists in designing a composite concrete-to-concrete
cross-section, having a high durability concrete cover and a current
concrete bulk.

The superior mechanical properties and higher durability of
ultra-high performance concrete (UHPC) has been widely reported
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[6–8]. This makes it an ideal material for several structural applica-
tions, particularly rehabilitation of concrete structures [9–13], and
an ideal material for the high-durability cover previously referred
to. In previous studies [14,15], the authors proved that the addition
of nS particles leads to a reduction of capillary pores and to a
refinement of the pore structure of UHPC. It has also been proved
that the inclusion of nS improves the durability of concrete
[16,17]. He et al. [18] concluded that an addition of nS and
nano-clay significantly improves the chloride penetration resis-
tance as well as the general ionic permeability of Portland cement
based mortars. It is also reported that the addition of nS, especially
at higher replacement levels, enhances the chloride and electrical
resistance of concrete [19–21].

The study herein reported is part of a wider research project
aimed at developing an ultra high durability concrete (UHDC)
cover that can be applied in new constructions, as well as in the
rehabilitation of existing structures, with the goal of considerably
enhancing their life-time. In this scope, it was decided to conduct
the experimental research described ahead, with the specific goal
of assessing the influence of nano-silica addition in the durability
of UHPC, namely by evaluating the chloride induced corrosion
resistance using acceleration corrosion tests along with
multi-steps potentiodynamic polarization technique. In order to
compare results, an UHPC without nS and a high performance
concrete (HPC) were also considered in the experimental program
described ahead.
2. Experimental program

2.1. Materials properties and mixture proportions

Portland cement type I 52.5R, an addition of silica fume (SF) presenting a speci-
fic area of 18.41 m2/g, and an addition of nS with an average particle size of 15 nm
were adopted in the present study. In Table 1 the relevant physical and chemical
properties of cement and silica fume are shown and, in Table 2, the properties of
nS are summarized. SEM micrographs of nS particles are also presented in Fig. 1,
where it can be seen that these exhibit a spherical shape. In UHPC mixtures, silic-
eous sand aggregate, with 0.6 mm of maximum aggregate size, was used.
Medium sand, with 5 mm maximum size, and coarse limestone aggregate, with
16 mm of maximum aggregate size, were also used in HPC mixture. A polycar-
boxylic acid based superplasticizer (SP), with solids content between 28.5 and
31.5 wt.% and density of 1.087 g/cm3, was adopted as admixture.

The mixing procedure involved several steps. First, in order to prevent agglom-
eration and also to promote a uniform distribution of very fine particles, all powders
and siliceous sand were dry mixed during 5 min at low speed. The addition of dry
nS was not possible, due to its very low density, which would cause particles to dis-
perse in the air. Therefore, nS was first dissolved in water already containing the
superplasticizer, and then gradually added to the mixture. After 5 min, the mixture
became fluid [22,23].

Three different sets of mixtures were considered for this test (Table 3), consist-
ing of UHPC containing nS, UHPC without nS, and high performance concrete (HPC).
The mixture proportion of UHPC was obtained based on extensive series of both
numerical and experimental studies conducted by the authors [24–27]. Also
according to previous studies by the authors [14,15], a 3 wt.% replacement of
cement by nS in cement paste was assumed as optimum, i.e. as the value leading
to the best material performance.
Table 1
Chemical composition and physical properties of cement and silica fume.

Chemical analysis (%) Cement Silica fume

SiO2 20.9 93.6
Al2O3 4.60 1.3
Fe2O3 3.15 0.90
CaO 62.0 0.4
MgO 2.00 1
SO2 3.60 0.4
K2O <1 1.52
Na2O <1 <1
Specific gravity 3.14 2.17
2.2. Test procedure

2.2.1. Accelerated corrosion test
An accelerated corrosion test was used to determine the corrosion resistance of

concrete specimens [28–30]. In this context, concrete cylinders, embedding a
16 mm diameter rebar were immersed in a 5% NaCl solution by weight of water.
Two specimens were produced for each concrete mixture. A solution tank was pre-
pared and filled up to mid-height with all concrete specimens, which were tested at
the age of 28 days. The corrosion procedure started by applying an anodic potential
of 30 V across the specimens, using the steel rod as positive electrode and the steel
mesh as negative electrode. The variation of current with time and the time up to
failure of the reinforced concrete specimens were recorded for each specimen using
a data logger. Cracking of specimens was easily identified since the current
increased abruptly [31]. A schematic picture of the experimental setup for the
accelerated corrosion test is shown in Fig. 2.
2.2.2. Potentiodynamic polarization tests
Potentiodynamic polarization tests were performed using a CompactStat run-

ning with IviumSoft 2.124. The measurements were carried out using a
three-electrode system in the same set-up of accelerated corrosion test above
described. The corrosion cell consisted of a working electrode (steel rebars), a coun-
ter electrode (steel plate) and a silver/silver chloride reference electrode Ag/AgCl
(3 M KCl). Fig. 3 shows the setup for potentiodynamic polarization tests. The main
objective of potentiodynamic tests was to measure the corrosion current density
and corrosion rate of steel bars embedded in the concrete specimens. The corrosion
current is the rate with which the anodic or cathodic reactions are occurring on the
working electrode. The current is expressed in terms of the current per unit area of
the working electrode, or the corrosion current density (Icorr). However, the corro-
sion current density cannot be directly measured in the absence of any applied
potential, since the production of electrical charges at the anode is exactly equal
to its consumption at the cathode to maintain equilibrium of the charges with a
zero net current [32]. Hence, several analysis techniques such as polarization resis-
tance, Tafel, and cyclic polarization have been used to measure the corrosion cur-
rent density. The difference was the range to which the specimen was polarized
and how the data from the test was analyzed [33]. In this study both Tafel plot
and linear polarization techniques were used to determine the Icorr and corrosion
rate of steel bars. The LPR test was performed first to minimize the effect of poten-
tial perturbation of the reinforcing steel between the two experiments [32].
2.2.2.1. Tafel analysis. Tafel technique involves applying a potential scan to the spec-
imen starting from Ecorr and extending to a few hundred millivolts (about 250 mV)
either in the cathodic or in the anodic direction. In this study the Tafel plots were
recorded between �1.00 and +1.00 V at a scan rate of 1 mV/s.

The Tafel equations estimate a straight line for the variation of the logarithm of
the current density with potential. The currents are shown in logarithmic plots
known as Tafel plots. This type of analysis is referred to as Tafel slope analysis
[34]. A schematic picture of Tafel plot is shown in Fig. 4. It presents a linear part,
and the slopes known as Tafel constants, namely the anodic Tafel constant and
the cathodic Tafel constant. Although these two constants are not required for cor-
rosion rate calculations in Tafel technique [35], they can be used for the calculation
of corrosion rate using polarization resistance technique as described in the follow-
ing section.

In order to calculate the corrosion rate, first the corrosion current density (Icorr)
needs to be determined. The latter can be calculated using Tafel slope analysis. As
shown in Fig. 4, the intersection of the projection of the linear part of the plot with
Ecorr gives lcorr. The relation between current density and potential of anodic and
cathodic electrode reactions under charge transfer control is given by the
Butler–Volmer equation (Eq. (1)) [36]:

IðEÞ ¼ Icorr � e2:303�E�Ecorr
ba � e2:303�E�Ecorr

bc

h i
ð1Þ

where I(E) – net current differential between the anodic and cathodic reactions;
E – applied potential; Icorr – the corrosion current; Ecorr – potential, where I(E) = 0;
ba and bc – respective rates of the anodic and cathodic current change versus
potential.

Once lcorr is determined, the following equation (Eq. (2)), derived from Faraday’s
law, can be used to calculate the corrosion rate [37,38]:

CR ðlm=yÞ ¼ 3:27� lcorr � E:W:

d
ð2Þ

where Icorr is calculated form Eq. (1), and E.W. is the equivalent weight of steel in g
and d is the density of the reinforcing bar in g/cm3.
2.2.2.2. Linear polarization resistance technique. The linear polarization resistance
(LPR) technique has been widely used in determining corrosion rates of steel rebars
in concrete [39]. In this technique, a potential scan is applied to the specimen rel-
atively to its Open Circuit (OC) potential in a range much smaller than that used in



Table 2
Properties of nS.

Formula Specific surface area (m2/g) Purity Crystal phase Diameter (nm) Density (g/cm3) Morphology

SiO2(nS) 160 ± 20 >99.9 (%) Amorphous 15 ± 5 <0.15 Spherical

Fig. 1. SEM micrograph of nS particles.

Fig. 2. Accelerated corrosion measurements set-up.
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the Tafel plot technique. In this study the specimens were polarized from
Eoc � 20 mV to Eoc + 20 mV. The polarization resistance is defined as the ratio
between the potential variation and the current variation.

The polarization resistance (Rp) can be related to the corrosion current density
(Icorr), using the Stern–Geary equation (Eq. (3)) [40]:

Icorr ¼
B
Rp

ð3Þ

where B is a constant based on both anodic and cathodic Tafel constants (Ba and Bc)
[41], and it can be calculated using Eq. (4).

B ¼ Ba � Bc

2:303ðBa þ BcÞ
ð4Þ
3. Results and discussion

3.1. Accelerated corrosion test

An accelerated corrosion test was performed to determine the
behavior of steel rebars embedded in concrete specimens. The cur-
rent required to keep constant the voltage of the corrosion cell was
recorded through time. In Fig. 5 the mean variation of corrosion
current with time is plotted for each mixture. It can be observed
that the measured value was constant during a certain period of
time, for all specimens, beyond which an abrupt increase occurs.
This significant current change corresponds to the instant when
concrete specimens cracked due to rebar corrosion [30,31], as illus-
trated in Fig. 6.

The corrosion time of the specimens were marked in Fig. 6 as
well as been presented in Table 4. It can be seen that the time
needed to crack HPC specimens was 3600 min, i.e. less than half
the time obtained with UHPC specimens, the latter varying in the
range of 7000–8800 min. In addition, it can be seen that the time
to cracking was effectively increased by adding nS. Although
Table 3
Composition of UHPC mixture (by weight, kg/m3).

Sample Cement Coarse aggregate Sand (2–5 mm)

HPC 475 971 386
UHPC 941.5 – –
UHPC-nS 921.5 – –
the increase in time needed to reach cracking can be considered
as an increase of corrosion resistance of steel rebar in concrete
specimens, it does not represent the real corrosion resistance of
the latter for the reasons presented next. In fact, this test identifies
the instant cracking of the specimens occurs, and not the instant of
corrosion initiation. Furthermore, with this test the corrosion rate
is not determined, being this the main parameter in prediction
models of service life of RC structures [42]. After performing some
trial accelerated corrosion tests, the average time needed to crack
specimens was determined. Afterwards, this period was divided
into three main zones (Fig. 5) in which the corrosion rate of the
steel bars was measured by potentiostatic polarization tests at
three different steps. As shown, the time of corrosion test at each
step was defined according to the time to crack analysis. The time
step for each of the three mixtures is presented in Table 4.
However UHPC and UHPC-nS specimens were tested at the same
time at each step of polarization test.
3.2. Tafel analysis results

Tafel analysis was conducted to determine the corrosion rate of
the specimens. The Ecorr and Rp were calculated from Tafel plots at
the zero current intersection point. Table 5 summarizes the
obtained results of Tafel analysis.

Figs. 7–9 show the Tafel curves recorded for three samples of
HPC, UHPC and UHPC-nS at three steps of Tafel polarization test.
Sand (0–0.6 mm) SF nS Water SP

272 119 – 161 12
873 255 – 189 31
873 255 28.5 189 31



Fig. 3. Corrosion rate measurements set-up.

Fig. 4. Idealized Tafel plot.

0

500

1000

1500

2000

2500

3000

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Co
rr

os
io

n 
Cu

rr
en

t 
(m

A
)

Time (min)

HPC
UHPC
UHPC-nS

S2 S3

S1 S2 S3

S1

S1 S2 S3

Crack

Fig. 5. Typical curve of corrosion current versus time at the test age of 28 days for
HPC, UHPC and UHPC-nS.

184 E. Ghafari et al. / Construction and Building Materials 94 (2015) 181–188
The measured values of Ecorr at the first step of the polarization test
were: +0.046, �0.408, and �0.116 V, for HPC, UHPC and UHPC-nS,
respectively. The corresponding values of Icorr were: 307, 222 and
101 lA. The higher corrosion density in HPC indicates a lower
polarization resistance (299 X), which in turn results in a higher
corrosion rate.

The evolution of corrosion potential and current corrosion den-
sity during the three steps of Tafel polarization test are shown in
Figs. 10 and 11, respectively. It can be seen that, at the second step
of polarization test, the corrosion potential of UHPC increased to
�0.132 V, whereas the corrosion current decreased to 67 lA. This
effect is due to the development of a protective oxide layer on
the surface of the steel rebars. The decrease of Icorr indicates that
the steel rebar remained passivated even when more chloride ion
reached the surface. According to Table 5, the polarization resis-
tance of UHPC increased up to 3619 X, which is 4.42 times higher
than the value obtained in the first step of polarization Tafel test.

A similar behavior was observed for HPC, in which the forma-
tion and growth of a passive film on the surface of the steel rebar
led to a significant increase in the polarization resistance. In spite
of a dramatic decrease of the corrosion current density, HPC
showed a continuous time-dependent decrease of the corrosion
potential along the second step of polarization test (Fig. 10).
Results showed that Rp increased to 2494 X, which is almost 8.3
times higher than the value obtained in the first step of the poten-
tial test.

Fig. 10 also shows that the corrosion potential of UHPC-nS
slightly increased at the second step of the polarization test.
From Fig. 11, it can be seen that the corrosion current kept an
approximately constant value, while the resistance slightly
increased up to 2844 X, which is only 1.1 higher than the value
in the first step of polarization test. This negligible variation in
corrosion density and polarization results implied that the chloride
ions have not reached the surface of steel rebars. A delay in the
formation of the oxide layer for these specimens may explain their
higher corrosion resistance.

By increasing the time of the accelerated corrosion, more chlo-
ride ions can diffuse through the capillary pores of concrete toward
the steel rebar, leading to an increase in the corrosion current den-
sity. Only after the chloride ions reached a certain concentration,
the active corrosion could be initiated.

Fig. 10 shows a significant decrease in the value of the corrosion
potential at the third step of polarization test for all three speci-
mens. For HPC, the corrosion potential dropped suddenly
0.395 V, reaching circa �0.690 V, and the corrosion current density
increased significantly from 109 lA (passive state) to 790 lA
(active corrosion). Results show that the polarization resistance
of HPC dropped almost 10 orders of magnitude, namely from
2491 to 261 X.

The corrosion potential of UHPC also dropped significantly
down to �0.475 V, whereas the corrosion current density
increased up to 375 lA. The polarization resistance of UHPC
decreased sharply down to 401 X, which is almost 8 times lower
than the value obtained in the second step of polarization test.

Similarly to HPC and UHPC, a significant decrease in the poten-
tial current of UHPC-nS was observed. Results show that the Ecorr of
UHPC-nS dropped down by a significant amount of �0.511 V,
reaching �0.580 V. However, as shown in Fig. 6, a slight increase
was observed in the corrosion current density. The polarization



Fig. 6. Typical corrosion specimens after the accelerated corrosion test.

Table 4
The corrosion time of specimens and the three steps of potentiodynamic polarization
test.

Sample Time (min)

Crack Step 1 Step 2 Step 3

HPC 3600 0–500 500–1750 1750–3000
UHPC 7000 0–1750 17,501–4200 4200–6500
UHPC-nano 8800 0–1750 1750–4200 4200–6500
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resistance dropped only circa 2.6 orders of magnitude, from 2844
to 1066 X. These results proved that the nS addition effectively
improves the corrosion resistance of rebars embedded in the
UHPC sample.
Fig. 7. Tafel curves of HPC, UHPC and UHPC-nS at the first step of polarization test.
3.3. Linear polarization resistance results

Figs. 12–14 shows the linear polarization resistance (LPR)
curves recorded for three mixtures (HPC, UHPC and UHPC-nS) at
three steps of LPR test. In order to calculate the corrosion current
density, B was calculated from the anodic (ba) and cathodic (bc)
Tafel slopes, which were determined by Tafel analysis. All the
polarization test results are presented in Table 5. The variation in
polarization resistance of HPC, UHPC and UHPC-nS during all steps
of LPR test is shown in Fig. 15. One can see that, at the first step of
the polarization test, the UHPC-nS exhibited the highest Rp value,
while HPC showed the lowest amount of Rp. At the second step
of the LPR test, a significant increase in the polarization resistance
Table 5
Tafel test and LPR results for HPC, UHPC and UHPC-nS.

Sample Time Tafel analysis

Ecorr (V) Icorr (lA) Rp (X

HPC First step 0.046 307 299
Second step �0.195 109 2494
Third step �0.690 790 261

UHPC First step �0.408 222 818
Second step �0.132 67 3619
Third step �0.475 375 401

UHPC-nS First step �0.116 101 1580
Second step �0.044 94 2844
Third step �0.377 219 1066
can be observed for all specimens. This can be related to the forma-
tion of the passive layer. In fact, the variation in the polarization
resistance of UHPC-nS between two steps was lower than in other
mixtures, which implies the better corrosion resistance perfor-
mance of UHPC with nS addition. The results of LPR test at the third
step indicate that the polarization resistance of HPC dropped sig-
nificantly down to 252 X, which is almost 7 times lower than the
value obtained in the second step of the polarization test. Also
the Rp of UHPC and UHPC-nS dropped down by 5.8 and 2.1 order
of magnitude, respectively. In general, the results analysis of LPR
tests indicate a similar corrosion behavior for all mixtures as
LPR

) Ba (V/dec) Bc (V/dec) Icorr (lA) Rp (X)

1.17 0.40 314 412
1.45 0.96 155 1615
1.73 0.66 824 252

1.50 0.35 131 940
1.33 0.96 92 2643
1.73 0.67 465 451

1.63 0.94 182 1420
1.49 1.05 126 2121
1.86 0.75 223 1039
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compared with Tafel analysis results. As shown, the higher polar-
ization resistance of UHPC-nS along with lower corrosion current
indicate the enhancement of corrosion resistance of this mixture.
3.4. Determination of corrosion rate

The corrosion rates of the mixtures were calculated using both
the Tafel technique and the LPR test. Fig. 16 shows the corrosion
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rate of steel rebars for HPC, UHPC and UHPC-nS, obtained by Tafel
and LPR techniques at three different steps of the polarization test.
The corrosion rate decreased in the second step, due to the forma-
tion of a passive film. However, as more chloride ions reached the
surface of steel rebars, the corrosion rate significantly increased.

The results obtained by Tafel analysis indicate that the corro-
sion rate of HPC increased from 0.05 up to 0.36 mm/y. Also the cor-
rosion rate of UHPC increased from 0.03 to 0.17 mm/y. However
UHPC-nS showed the lowest increment (up to 0.1 mm/y) in corro-
sion rate, only 2.5 times the rate at passive corrosion.

In Fig. 16, HPC shows the highest corrosion current density at
the first and at the third steps of polarization tests, whereas
UHPC-nS has the lowest corrosion rate. The active corrosion rate
of HPC is 2.1 higher than the corresponding value of UHPC and
3.6 times higher that of UHPC-nS. It has to be noted that UHPC
and HPC showed almost the same corrosion potential at the third
step of Tafel polarization test. However, the corrosion rate of
UHPC is two times lower than that of HPC. Thus, the corrosion
potential itself cannot be considered as a reliable indicator of the
real corrosion behavior of steel rebars embedded in concrete
specimens.

The inclusion of nS was found to be effective in reducing the
corrosion rate of steel rebars embedded in UHPC, since the active
corrosion rate in UHPC-nS was much lower, by 41%, than that in
UHPC. The corrosion rate obtained by LPR test also corroborates
the results of Tafel analysis. However, the corrosion rates achieved
using the LPR technique are higher than those obtained using the
Tafel plot technique. A similar result has been reported in other
studies [32].

The difference in corrosion rates is different enough to assert
that an nS addition to UHPC reduces the corrosion rate of steel
rebars, since it leads to a more refined pore structure. In fact, most
aspects of concrete durability are directly related with its porous
structure, since capillary pores are responsible for fluids’ migration
in the concrete matrix. Therefore, as the value of capillary pores
decreases, the resistance to aggressive environments improves
significantly.

The accelerated corrosion tests, combined with the multi-steps
corrosion potential tests, were efficient in studying the corrosion
behavior of steel rebars in concrete specimens. The obtained corro-
sion rate at first and third steps can be considered as an indication
of corrosion resistance behavior of concrete under acceleration
test.
4. Conclusions

The presented study aimed at assessing the influence of
nano-silica addition on the corrosion resistance of steel rebars
embedded in UHPC. A new multi steps accelerated corrosion test
was conducted, and the corrosion rate of steel rebars was deter-
mined at different time intervals. Based on the obtained results,
the following conclusions are highlighted:

(1) The accelerated corrosion tests showed that the time to
cracking in HPC is less than half the time in UHPC. In
addition, UHPC-nS presented the best corrosion resistance
performance, being time to cracking effectively increased
with the nS addition.

(2) The use of nS in UHPC delays the initiation of corrosion in
steel rebars, and thus it contributes to extending the service
life of concrete structures. Results of Tafel and LPR tests
indicate that the inclusion of nS effectively increases the
polarization resistance of steel rebars in concrete. The higher
polarization resistance of UHPC-nS, along with the lower
corrosion current, indicates the enhancement of corrosion
resistance of UHPC-nS.

(3) Corrosion rate measurements, based on LPR and Tafel tech-
niques, point out that the UHPC specimens containing nS
addition has the lowest corrosion rate (when compared with
HPC and UHPC specimens).

(4) In general, results analysis of LPR tests indicate a similar
corrosion behavior for all the three concrete mixtures, as
compared with Tafel analysis; however, the LPR results
show higher corrosion rate for the samples at similar testing
condition and age.

(5) The accelerated corrosion test along with multi steps poten-
tiodynamic polarization technique is an efficient test to
assess the corrosion resistance of steel bar embedded in con-
crete specimens. Moreover, the corrosion potential itself
cannot be considered as a reliable indicator of the real corro-
sion behavior of steel bars embedded in concrete specimens.
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