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Concrete is the most used material in the construction industry worldwide. Built concrete
infrastructure is exposed to specific environments conditions during the asset’s life, which impose
chemical and physical actions that may lead to premature deterioration. Poor concrete durability and
corrosion of reinforcement bars are the primary cause of structural deterioration and reduced service
life. Most concrete deterioration mechanisms are driven by transport properties, in particular, the
chloride diffusion coefficient. In this paper, the effect of curing in the chloride diffusion coefficient of
conventional concrete is investigated through Electrochemical Impedance Spectroscopy (EIS). Reinforced
concrete samples cured for 3, 7 and 28 days were exposed to accelerated chloride testing for 300 days
(40 wet-dry cycles). Results indicate that the chloride diffusion coefficient reduces significantly with
curing time, evidencing that prolonged curing may decrease the likelihood of corrosion in reinforced
concrete structure when combined with appropriate design and construction processes.
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1. Introduction

Cementitious materials are ancient building materials
and have contributed to the reputation that concrete is a
durable material. Over the centuries, cement compounds
have evolved, and the invention of Portland cement in
1824 has revolutionized the construction industry. Concrete
became the most utilized construction material worldwide,
with annual demand approaching 30 billion metric tons'.
Built infrastructure is vast and sustains our quality of life
(buildings, transport infrastructure, bridges, airports, railways,
and ports) and provide for our wellbeing (energy generation
and distribution, water and wastewater storage facilities).

Designing optimized infrastructure (material choice, processes)
and ensuring that concrete infrastructure performs to its
specifications is of more critical importance now than ever.?

Reinforced concrete structures are prone to corrosion when
exposed to severe conditions such as marine environments?®.
The corrosion process induced by chloride ions is the most
common cause of structural deterioration and loss of concrete
durability, causing substantial economic losses in terms of
maintenance and repair costs*. The corrosion initiation period
is affected by the critical concentration of chloride and by
concrete cover, at the same time that the porosity of the cement
paste directly influences the concrete diffusivity®. Prediction
models are available in the literature®” to assist engineers and
scientists in predicting the performance of reinforced concrete
structures exposed to the aggressive marine environment®.

*e-mail: cesar.avellaneda@ufpel.edu.br.

These prediction models rely on the chloride diffusion
coefficient and the critical corrosion content;

Generally, the calculated diffusion parameters do not
take into account the concrete age. However, the apparent
diffusion coefficient changes over time, depending on the
age and refinement of the concrete pore structure’. The
continuous cement hydration changes the microstructure
of the cement paste and contributes to the reduction of
the penetration rate of chloride ions in prolonged periods
of time®. Therefore, time-dependent properties should be
considered in the evaluation and prediction of the durability
of concrete structures'’.

Electrochemical impedance spectroscopy (EIS) is
traditionally used to characterize ionic transport and
electrochemical reactions''. This technique can be used
to predict the electrical properties of reinforced concrete
during the curing process and when exposed to chloride
ions, assisting on the determination of the corrosion
potential and the polarization resistance of the steel rebar
(electrode)'?.

Impedance measurement employs alternating small-
amplitude (AC) signals over a wide frequency range
as a disturbance. Experimental data are often plotted
in a complex plane known as the Nyquist diagram,
which represents the real and the imaginary impedance
components. The Nyquist diagram consists of a series
of points, and each point represents the magnitude and
direction of the impedance vector of a particular frequency'.
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From the diagram, the polarization resistance and solution
resistance (R and R)), the capacitance of the electrical double
layer (C,) or the constant phase element (CPE) and the diffusion
or Warburg coefficient (Z ) can be obtained. With these
parameters, series of material properties related to corrosion
and durability can be determined. The kinetic reactions and
diffusion are characterized by Faradaic impedance Z, with the
Warburg impedance Z, describing the diffusion behavior'*'.

From the Nyquist diagram, plotted as Z=2"i + Z”, the
total impedance can be calculated by Equation 1'“.

ZF (1)

2= Rt T07:C,

where Z_ is the Faradaic impedance calculated by, Z,.=R  +Z ,
Z is the Warburg impedance calculated by Z = aww‘%(l -1),
o, is the Warburg coefficient, R_is the electrolytic solution
resistance, ® is the angular frequency, R is the charge
transfer resistance, and C, is the capacitance of the electrode/
electrolyte interface.

In the most corrosive processes involving a double
electric layer, lim Zr =R, with R being the the polarization
resistance proposed by Stern'®.

The Warburg coefficient (c,,,) is related to the chloride diffusion
coefficient (D) using Equation 2, for areversible reaction R ,— 0"7.

_ RT
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where R is the gas constant, T is the absolute temperature, F

Ow

is the Faraday constant, A is the surface area of the electrode,
and C is chloride concentration.

The diffusion coefficient is calculated using Equation 3'%:
RT "
V2AF? 6, C

where D is the diffusion coefficient of the chloride in m?s-'.

D= (3)

The coefficient o, can be expressed in terms of admittance
Y, through Equation 4.

Ow = %YOQW) “)

and rewritten in terms of the impedance Z,, (Equation 5)

=1 5
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Table 1. Properties of materials used the production of concrete.

expressed in Q''s'2,
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Low Y, values imply high impedance Z and high
Warburg conductivity. Since is inversely proportional to the
diffusion coefficient D, high o values are desirable for higher
corrosion resistance'.

In order to monitor the diffusional behavior and
transport of chloride ions over time, this work investigates
the performance of reinforced concrete specimens cured for
3, 7 and 28 day, and exposed to saline environment using
accelerated techniques for over 300 days. The apparent
diffusion coefficient (D) was calculated using the Warburg
impedance.

2. Materials and Methods

2.1 Materials

The materials used in the production of conventional
concrete (CC) were high-early strength Brazilian Portland
cement (CP V-ARI), two types of granite coarse aggregate
and quartz sand, and water. No additives nor admixtures were
added to the concrete. CP V-ARI contains higher clinker
content and a higher fineness compared to general purpose
cement, resulting in higher early strength, being largely
used in precast applications. One batch of conventional
concrete was used to prepare all samples investigated in
this work. Table 1 presents the properties of materials used
for concrete production. The concrete was mixed according
to the Brazilian Standard ABNT NBR 12655: 2015%. The
mix proportion is shown in Table 2.

2.2 Methods

Concrete cylinders (100 mm diameter and 200mm height)
were cast according to the Brazilian Standard ABNT NBR
5738: 2016*, for the evaluation of compressive strength
and impedance measurements. Cylinders were demolded
after 24 hours of casting and samples were cured in calcium
hydroxide saturated solution at 23 +2 ° C.

2.2.1 Compressive strength

The concrete compressive strength was evaluated according
to the Brazilian Standard ABNT NBR 5739: 2018%2. The
compressive strength was evaluated at 3, 7, 28 and 91 days
of curing. Three cylinders were tested at each curing age.

Properties Portland CPV High Early Strength Cement ~ Gravel 0 Stone  Gravel 1 Stone Sand
Specific Mass (g/cm?) 3.21 2.65 2.66 2.604
Unitary Mass (g/cm?) - 1.35 1.51 1.548
Index of Voids (%) - 48.68 42.0 -
Maximum Diameter (mm) - 9.50 19 1.18
Table 2. Concrete Mix Proportions in kg/m®.
Mix w/c ratio Water Cement Sand Gravel 0 Gravel 1
CcC 0.5 191.3 382.6 733.6 321.7 750.7
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2.2.2 Electrochemical impedance spectroscopy

Figure 1 shows the sample used for the electrochemical
analysis. The cylinders were cast with the insertion of an § mm
steel rebar electrode and an inert graphite electrode of 8 mm.
The steel bar is classified as CA-50, with 500 MPa tensile
strength. The rebar was placed with a 40 mm cover against
the lateral surface, as this is the minimum cover recommended
for aggressive marine environment®. The spacing between
the steel bar and the graphite electrode was 20 mm.

Graphite CA50

200.00

G Chloride ingress
6.0k« < . 4

i cf T (mm)

,100.00

Figure 1. Samples used for the electrochemical impedance analysis.

Three different curing period were investigated: 3, 7 and
28 days. Six samples were cast for each curing age. Samples
were submerged in calcium hydroxide solution for the chosen
curing time and then transferred to a saline solution tank,
with a 3.5% sodium chloride (NaCl) solution. Alternate dry
and wet cycles were performed to accelerate the corrosion
process of embedded steel rebar, previously used in other
corrosion studies'***?. One cycle consisted of 5 days under
drying condition (exposed in air, laboratory environment) and
2 days under wetting condition (tank with NaCl solution).

Impedance measurements were performed using an
IVIUM STAT Potentiostat/Galvanostat, applying an alternating
signal with a 25 mV for a frequency range from 0.05 to 10°
Hz. For the EIS measurements, the volumetric measurement
was adopted, considering the ingression of chloride ions in
all directions (Figure 2).

2.2.3 Chloride Penetration

Chloride penetration is known to be time-dependent, and
the penetration also affects the apparent diffusion coefficient
D, due of the retarding effect on the diffusion process as a
result of chloride binding and refinement of the concrete
pore structure over time'’. The penetration of chloride and its
transport rate throughout concrete are also largely dependent
on the characteristics of cement paste, in terms of concrete
pore structure, concrete mixing ratio, conditions of cure and
exposure®. After 40 drying and wetting cycles, a concrete sample
cured for 28-days was broken in two halves and submitted to
the AgNO, spray test*'. This test was carried out to quantify the
penetration depth with extended exposure to the chloride solution.

Figure 2. Electrochemical measurements - cylindrical concrete blocks, (a) upper view and (b) front view.
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As the chloride penetration is not uniform, the NT BUILD 492
recommends taking measurements every 1 cm, with the
result being the average of all measurements.

2.2.4 Scanning electron microscopy (SEM)

The morphology of the concrete specimens cured for
28 days (before and after the chloride penetration test)
was evaluated by scanning electron microscopy, using a
JSM-6610 LV Scanning Electron Microscope by JEOL, at
CEME-SUL Laboratory/Brazil.

3. Results and Discussion

3.1 Compressive strength

The average concrete compressive strength and standard
deviation at different curing time are shown in Table 3. The
average compressive strength at 28 days is 42.38 MPa, which
falls within the recommended compressive strength for
reinforced concrete structures exposed to marine environment®,

3.2 Electrochemical impedance spectroscopy

3.2.1 Nyquist Diagram

In order to analyze the corrosion process of the steel
rebar, EIS measurements were carried out as a function
of time. Figure 3, 4 and 5 shows the Nyquist plots starting
from the initial measurement after the 3, 7 and 28-day
curing period, respectively, and ending after 40 cycles,
which represents 300 days of continuous monitoring. The
curves show the average of six samples measured for each
curing time. The electrical resistivity gives insights on the
concrete microstructure and durability, as the resistivity
indicates how much the material controls the movement
of free electrons’. The frequencies related to maximum
impedance and the initial diffusion process are indicated in
the Figures 3 to 5. The frequencies did not change for the
different curing times over the 40 wet and dry cycles. For
the maximum impedance, the frequency was 709.6 kHz, and
at the initial diffusion process, the frequency was 8.2 kHz.

Figures 3, 4 and 5 show a gradual increase of real
impedance (Z’) in the first 20 to 28 cycles, depending on the
curing time, representing an increment in concrete resistivity,
probably due to cement hydration processes and refinement
of concrete microstructure. It is understood that the more
porous the concrete and the more interconnected pores, the
lower the electrical resistivity and, consequently, the higher
the likelihood of corrosion’.

Table 3. Compressive strength at the ages of 3, 7, 28 and 91 days.

Initial
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Figure 3. Nyquist Diagram - Cylindrical CC, cured for 3 days and
submitted to 40 wetting and drying cycles.
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Figure 4. Nyquist Diagram - Cylindrical CC, cured for 7 days and
submitted to 40 wetting and drying cycles.
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Figure 5. Nyquist Diagram - Cylindrical CC, cured for 28 days and
submitted to 40 wetting and drying cycles.

3 days (MPa)

7 days (MPa)

28 days (MPa)

91 days (MPa)

Average
Compressive 29.39+3.66

Strength

31.76+0.99

42.38+1.26

46.02+0.89
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After 32 cycles, for all curing ages, a slight and gradual
decrease of the real impedance (Z’) was observed, which
represents higher conductivity. These results follow previous
results reported in the literature®.

Assignificant increase in impedance (Z”) was observed for
the 28-day cured samples compared to 3 and 7-day curing.
As seen in Table 3, the compressive strength of 3-day (29.39
MPa) and 7-day cured samples (31.76 MPa) are very similar,
possibly indicating similar concrete microstructure at both
ages. This similarity is also reflected in the impedance of
the 3-day and 7-day cured samples, as seen in the Nyquist
diagrams (Figure 3 and 4). At 28-day curing, the concrete
compressive strength is 42.38 MPa, which is 33% higher than
the compressive strength at 7-day. As the compressive strength
increases, the impedance also increases, as seen in Figure 5.

3.2.2 Equivalent circuit model

John et al.* proposed a circuit for measuring corrosion
in reinforced concrete samples, where the impedance at
low-frequency responses is related to the charge transfer
process, and at high- frequency is attributed to the presence
of a surface film. The equivalent circuit used in this work is
shown in Figure 6, following the model [R(QR)([RW]Q)]"8343.
The circuit introduces the constant phase element (CPE)
in the equivalent circuits, which leads to an increased
accuracy when compared to ideal capacitors®®. The layers
model includes the electrolyte resistance R, the constant
phase element CPE, and resistance R, of concrete, the
CPE, and R of the oxide layer on the steel bar, and the
Warburg impedance Z .

Electrode

Graphite & CA50

N A

<,
4 Warburg
Impedance

JUL

Layer
Concrete

Oxide Steel
Bar Layer

Figure 6. Equivalent Circuit Model [R(QR)([RW]Q)].
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The Nyquist diagrams were analyzed by the proposed
equivalent circuit shown in Figure 6. The fitting curves
shown in Figure 7 demonstrate that the equivalent circuit
was able to represent the impedance of the steel-concrete
system accurately.

The resistance R, constant phase element CPE and admittance
Yo of the samples cured for 3, 7 and 28-day, for 4 cycles are
shown in Table 4, using the simplified equivalent circuit [R(RQ)
(RQ)]. Results show that the concrete resistance increased 34%
from 3-day to 28-day curing in the first 4 cycles, with a decrease
in the CPE from 4.88x10°® to 4.80x10°F.cm™, probably due to
the higher density of the hydration products and the refined pore
microstructure of the 28-day cured concrete samples. Braganca
etal.’ reported similar behavior, with a decrease in capacitance
from 10 F.em? at 28-day to 1,5x10” F.cm? at 264-day.

Also, the electrolyte resistance doubled at 28-day compared
to 3-day, due to the refinement pore size, distribution, and
tortuosity of capillary pores and chemical interactions between
adsorbed ions and cement compounds?®.

The resistance of the oxide film formed on the steel bar was
1.10 TQ.cm?, with a non-ideal capacitance of 8.77x10° F.cm™.
The CPE, remained stable for all curing times, indicating
no damage to the protective oxide film on the steel bar up
to cycle 4, as expected for a limited exposure time.

3.2.3 Polarization resistance (Rp)

The results of average polarization resistances are
presented in Figures 8, 9 and 10 for 3, 7 and 28-day curing,
respectively, with error bars, demonstrating the concrete
resistive behavior over 40 cycles.

Figure 8, 9 e 10 shows an increase in the concrete
polarization resistance R over time as a general trend. It was
observed that, for the 3-day and 7-day curing, the R values are
similar from cycle 2 to 18, with no significant variation. For
the 28-day curing, the same trend is observed; however the
R values are higher compared to the 3 and 7-day. The same
trend was reported by Sabbag and Uyanik in their studies with
reinforced concrete samples after 100 days of exposure®. At
the end of cycle 40, a reduction in the Rp was observed, due
to the exposure to chloride ions and the process of degradation
of the material, as previously explained.

Figure 11 shows the comparison of R values at 3, 7 and
28-day curing. There is a 10% increase in the polarization
resistance R from 3-day to 7-day curing, and an increase
of 40% from 7 to 28-day curing.

Diffusion coefficient D calculated from the coefficient
of Warburg impedance

Table 4. The resistance R, constant phase element CPE and admittance Y, of the equivalent circuit components for samples cured at

3, 7 and 28 days

Cycle Curingtime R kQ.cm? R.kQ.cm?  Yos,nl pMho CPE_.F.cm? R _TQ.cm’ Yo.,n2uMho CPES F.cm?
3-day 4.06 3.73 24.4n=0.5 4.88x10* 1.10 57.9 n=0.66 8.77x10°
4 7-day 5.26 437 9.41n=0.621 1.07x10% 1.10 59.8 n=0.702 8.52x10°
28-day 8.37 5.03 3.32 n=0.691 4.80x10° 1.10 57.7n=0.614 9.40x10
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Figure 7. Electrochemical impedance curves - Nyquist Diagram — Fitting, (a) 3 days, (b) 7 days and (c) 28 days curing.
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The diffusion coefficient D was calculated using the
impedance of Warburg, where the coefficient was calculated in
terms of admittance Y, . Figure 12 shows the diffusion coefficient
of Warburg for the different curing period based on the mean R
values, using Equations 3 and 5, where the Warburg impedance
is a constant phase element for a phase angle of 45°.
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—— 28 Days
* —m— 7 Days
—4— 3Days
6,00x10" | |

4,50x10™

3,00x10™

Diffusion (m’s™

ne o4
1,50x10™ MY atteeteq 0 oo

-
T ogE -
e © tye
—_ 5
®0e00%0000,, o _e-e
0,00 1 Il 1 1 I | I 1 I
v © ) N © v ® o ©

Cycles
Figure 12. Warburg diffusion for different curing times.

The diffusion coefficient at cycle 1 were 6.8x10'2,4.9x1012,
and 1.17x10'2 m?/s for the 3, 7 and 28-day curing, respectively.
The 3-day curing samples showed a higher diffusion coefficient,
indicating a higher probability of corrosion. At 300 days (40
cycles), the diffusion coefficient were 0.9x107'2, 0.7x10'? and
0.3x10"2 m?/s, for samples cured for 3, 7 and 28-day, respectively.
The diffusion coefficient of 3-day cured samples was, therefore,
three times higher than the 28-day cured samples.

Areduction in the diffusion coefficient was observed for
all curing times throughout the cycles. However, the reduction
was not as significant for the samples cured for 28-day, as the
initial diffusion coefficient was already low due to the extended
cure before the exposure to the first cycle, evidencing the
importance of curing in preventing the ingression and transport
of chlorides in early ages. Similar results were reported by
Wu et al.!® for concrete samples exposed to natural marine
environment in the Gulf of Beibu, China, with a diffusion
coefficient of 1.18x10"> m?/s, 1.01x10-> m?/s and 0.83x10"'> m?/s
for an exposure period of 35, 62 and 80 months. It is clear
from the results that the 28-day cured concrete can delay the
diffusion processes, demonstrating the benefits of extended
curing for more durable concrete structures.

3.3 Chloride penetration

Figure 13 shows the presence of chlorides in the 28-day cured
sample after the AgNO, spray test. The light grey area shows the
chloride penetration depth and the brown are shows the chloride
free zone. The chloride penetration depth found after 40 cycles was
21.1 mm. The results confirm the ingression of chlorides ions in the
sample. Note that for some steel reinforced concrete components,
such as slabs, the minimum recommended cover is 20 mm,
which means only after 40 cycles, the chloride ions would
have reached the bars and the corrosion processes would
have been initiated.
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Figure 13. Chloride Penetration of samples with 28-day
curing for 40 cycles.

3.4 Scanning electron microscopy (SEM)

Figure 14 shows the SEM images of the concrete sample
cured for 28-day and the sample after the exposure to 40
cycles. The concrete microstructure is denser after 40 cycles,
indicating improved pore refinement and lower number of
interconnected pores.

x1,000 10pym

Figure 14. Morphology of samples of concrete cured for 28 days (left) and after the exposure to 40 cycles (right).
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4. CONCLUSION

Based on the results presented in this paper, the main
findings are as follow.

The polarization resistance (R,) of concrete samples cured
for 3 and 7-day was very similar throughout the first 40 wetting
and drying cycles. Significant differences were found only for
the concrete samples cured for 28 days. The results showed that,
for all curing times, there is an initial increase in the polarization
resistance (R,), followed by a decrease after 32 cycles. This
behavior might be related to the ingress of chloride ions and
the initiation of deterioration processes in the material. The
polarization resistance of conventional concrete over further
exposure (beyond 40 cycles) is under investigation in order
to effectively evaluate the changes observed after 32 cycles.

The samples cured for 28 days have lower diffusion
coefficient throughout the 40 cycles compared to 3 and 7-day
curing, highlighting the importance of extended and proper
curing on the durability of conventional concrete structures.
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