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Abstract

Chloride penetration in reinforced concrete induces depassivation of the steel rebars and initiation of the corrosion process leading to

degradation of the structure. The coupling of ‘‘low-frequency’’ impedance response with SEM observations and multielementary analyses

emphasized that the strong decrease of the capacitive part is related to the corrosion initiation. This experimentally determined incubation

period is used in an electrodiffusion model based on Fick’s second law to quantify the chloride concentration threshold responsible for

corrosion initiation on the reinforcing steel surface. This work thus allowed quantifying the incubation period and the critical chloride

concentration, referred to in Tuutti’s diagram [K. Tuutti, Corrosion of steel in concrete, CBI Research Report no. 4.82, Swedish Cement and

Concrete Research Institute, Stockholm, Sweden, 1982].
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Corrosion of reinforcing steel is of great concern because

it is probably the most widespread cause of degradation in

reinforced concrete. Initially, reinforcing steel embedded in

concrete is naturally protected from corrosion by the high

alkalinity of its interstitial solution [1]. However, this passive

state can be inhibited by the destruction of the passive film

by aggressive ions (chlorides, sulfates) or by an acidification

of the environment near the rebar (carbonation). Corrosion

of reinforcing steel is the natural result of chloride penetra-

tion in reinforced concrete. Tuutti [2] suggests that from the

point of view of the reinforcement corrosion, the service life

of a concrete structure can be subdivided into an incubation

period (t1) and a propagation period (t2) (Fig. 1).

� The incubation period (t1) corresponds to the chloride

penetration within the porous materials and their

accumulation in the vicinity of the rebar. Its duration

depends on the concrete cover and on the chloride

concentration required to start the corrosion process.
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� The propagation period (t2) corresponds to the stage

when the chloride ions depassivate the reinforcing steel

surface, leading to the development of the corrosion and,

at term, to the local ruin of the structure.

Among the various electrochemical methods widely de-

veloped in the literature, electrochemical impedance spec-

troscopy (EIS) seems to be the most reliable technique in

monitoring the corrosion process in reinforced concrete [3–

6]. This method, contrary to the stationary techniques (anodic

polarization method), allows the characterization, in a non-

destructive way, of both the diffusion of aggressive species

within the cement-based materials and the kinetics of elec-

trochemical reactions that occur on the steel electrode surface.

The aim of this work is to study the chloride action on

depassivation of a steel rebar embedded in a cement-based

material and to quantify the incubation period t1 (Fig. 1)

through the use of the impedance method. Moreover, we will

show how to determine the chloride concentration threshold

required on the reinforcing steel surface to activate the

corrosion process. For this purpose, an original accelerated

monitoring procedure of the corrosion process of a reinforc-

ing steel/cement-based material system is suggested. It is

based on the combination of a nondestructive electrochemical

method (EIS) and the application of a constant electric field.



Fig. 1. Schematic sketch of steel corrosion sequence in concrete [2].
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This electrical field is used to accelerate chloride ion transfer

within the cement-based material.
2. Scope of the study

Impedance is commonly depicted as a complex function,

having both real and imaginary components. It is usually

plotted in the Nyquist diagram, as imaginary part vs. real

part, providing a convenient tool for determining various

electrical response behaviors. Fig. 2 presents a typical

diagram for an electrochemical cell. The salient features of

the spectrum are labeled as follows:

� the electrolyte resistance Re given by the high-frequency

limit of the diagram,
� the charge transfer resistance RCT given by the diameter

of the high-frequency loop,
� the polarization resistance RP given by the low-frequency

limit.

Although this typical behavior has not been systemati-

cally checked experimentally, researchers [6,7] have agreed

to describe the impedance spectra in three distinct features

over a large frequency domain (1 mHz–10 MHz): high,

intermediate and low frequencies.
Fig. 2. Typical Nyquist diagram.
The low-frequency loop (1 mHz–10 Hz), referred to as

the RP parameter, varies according to the electrochemical

state of the reinforcing steel surface.

Consequently, in the present work, we focus on the use

of the impedance response in this low-frequency domain

and on the evaluation of the RP parameter variation.
3. Tests and materials

3.1. Cell and experimental setup

Fig. 3 presents the experimental cell based on the adap-

tation of an existing chloride electrodiffusion cell. A three-

point configuration was used: a counter electrode (large

platinum mesh), a working electrode (reinforcing steel) and

a reference electrode [saturated calomel electrode (SCE)].

This configuration allows one to characterize the reaction

phenomena, which take place only on the working electrode

surface (reinforcing steel) [7]. The measurement setup con-

sists of a potentiostat connected to a frequency response

analyzer (FRA) (Fig. 3). The potentiostat applies a constant

electric field (DC field) that accelerates chloride diffusion

within the cement-based material. In parallel to this DC field,
Fig. 3. (a) Experimental cell. (b) Schematic view of the experimental setup.



Table 1

Composition and average thickness of specimens

Materials Designation w/c Average

thickness (mm)

Standard

value (mm)

P0.7 P0.7(1) 0.7 1.1 0.02

P0.7(2) 0.7 0.85 0.1

P0.7(3) 0.7 1.04 0.01

P0.5 P0.5(1) 0.5 1.12 0.02

P0.5(2) 0.5 1.09 0.02

P0.5(3) 0.5 0.975 0.05

P0.3 P0.3(1) 0.3 1.12 0.02

P0.3(2) 0.3 1.06 0.02

P0.3(3) 0.3 0.975 0.02
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the FRA applies an alternating signal (AC field) to determine

the impedance of the studied system. The amplitude of the

signal is limited to 20 mV to ensure the linearity of the

response (this value has been checked experimentally) [7].

The impedance data are recorded logarithmically down in

the frequency range, from 5 mHz to 1 MHz.

3.2. SEM and multielementary analysis

The reinforcing steel surface was observed by using a

Jeol 5410 LV scanning electron microscope after the

corrosion test. In association with SEM observation, ener-

gy dispersive X-ray (EDX) analysis and multielementary

cartography were performed to characterize the corrosion

products.

3.3. Diffusion coefficient calculation

The diffusion coefficient measurement was performed

from a classical electrodiffusion cell (Fig. 4). A potentiostat

was used to apply a constant electric field across the cement-

based material specimen. A four-point configuration was

used (two platinum mesh and two reference electrodes) to

control the potential imposed on the specimen’s faces. The

downstream compartment contains a simulated pore solution

(0.025 M NaOH and 0.083 M KOH). The upstream com-

partment is filled with a similar solution with a known

chloride concentration (0.5 M NaCl). The experimental

procedure has been described by Amiri et al. [8]. Potentio-

metric titration tests with silver nitrate were performed in the

downstream compartment after the NaCl addition. The

measurement of the ionic flux in steady state allows one to

deduce the diffusion coefficient Dss from Eq. (1) [8]:

Dss ¼
RT

zCl�F

L

U

DCVa

DtAC0

1� e�
zF
RT
U

� �
ð1Þ

where Va is the downstream compartment volume (m3), A is

the cross-section area (m2), DC is the variation of chloride
Fig. 4. Electrodiffusion cell.
concentration in the downstream compartment during a time

range Dt (mol/m3), L is the specimen’s thickness (m), C0 is

the chloride concentration in the upstream cell (500 mol/m3),

R is the gas constant (J/mol K), T is the reference temperature

(K), zCl � is the chloride ion valence, F is the Faraday

constant (J/V mol) and U is the difference of potential (V).

3.4. Materials

The specimens were made up of a 65-mm-diameter

reinforcing steel disc (type: Fe E24). After being sand-

blasted and rinsed with deionized water, the disc is covered

on one face with a cement-based material whose composi-

tion, manufacturing and conservation details are described

below. The other face (electrically connected) and the side

faces of the cement-based material/reinforcing steel system

were covered with a polyurethane resin to limit the chloride

transfer to a one-dimensional direction (Fig. 3).

For the impedance measurements, previous studies [9,10]

have described the experimental protocol. It was shown that

the transfer acceleration by the DC field had to be limited to

5 V/m (maximal value) in order to cancel some artifact

measurements. This value allows a real but insufficient

acceleration of the chloride transfer. Note that some natural

exposure tests were performed (without applied electric

field). However, after about 3 months, no impedance vari-

ation was observed. There were no signs of corrosion

initiating at the steel surface. Therefore, we cannot actually

check how much gain in test duration the external field

provides. Some tests are yet in progress.

Consequently, to reduce the chloride transfer duration

and to avoid long laboratory tests, we needed to limit the

coating thickness to a few millimeters, which implies that

the representativeness and the homogeneity of the material

limit this study to the cement pastes.

After the core sampling of the cement paste on the

reinforcing steel disc, a thickness of 1 mm is obtained by

sawing and polishing the cement coating just before the

accelerated tests.

For all specimens and tests (impedance measurements

and electrodiffusion), the specimens manufactured have a

prismatic form (100� 100� 200 mm3). After demoulding

(24 h after manufacturing), the specimens were cured for 28



Fig. 5. Equivalent circuit model for impedance simulation.
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days in an alkaline solution that is identical to that of the

tests and simulates the cement-based material pore solution

(0.083 M KOH and 0.025 M NaOH). This curing was

performed to ensure the specimens’ saturation and to reduce

leaching.

To avoid wall effects, samples were obtained by a

technique of core sampling to have a cylindrical form of

65-mm diameter and 10-mm thickness. The lateral surface

was covered with epoxy resin to ensure a unidirectional

chloride transfer (Fig. 3).

Cement pastes were made from Portland cement CEM-I

52.5 (according to European Standards EN 197-1) and

deionized water. Three deionized water/cement (w/c) ratios

were studied: 0.7, 0.5 and 0.3 referred to as P0.7, P0.5 and

P0.3, respectively (see Table 1).

During the test, the specimens were exposed to the same

solution with 0.5 M of NaCl added.
Fig. 6. Nyquist plots in low-frequency domain. (a) P0.7(1), (b) P0.5(1), (c)

P0.3(1). Legend indicates exposure time.
4. Results

4.1. Impedance measurements

The impedance spectra were modeled by using an

equivalent circuit model (Fig. 5) in which the RC parame-

ters were used to assist data interpretation. ‘‘Zplot’’ software

was used for running experiments and fitting curves with the

electrical circuit. Globally, the fit errors are less than 5%,

except for P0.3 for which the fit errors on the calculation of

RP reached 20%.

Fig. 6 shows the impedance response at various time

measurements, plotted in the Nyquist diagram for specimens

P0.7, P0.5 and P0.3. The impedance response variations are

similar for the three tested materials. Three phases are

denoted:

� an increase of the capacitive part during the first hours,
� a stable phase (no significant variation of the impedance

response) during a duration that would depend on the

cement-based material mix,
� and a decrease of the capacitive part.

Fig. 7 presents the polarization resistance RP evolution

(obtained from the low-frequency impedance response) vs.

time for P0.7, P0.5 and P0.3, respectively. Here again, the

three tested materials show a similar trend: an initial

increase, followed by a constant response and, finally, a

decrease phase.
The reinforcing steel polarization induced by the applied

electric field and the high alkalinity at the surface of steel

make this possible later in a passive region during the first

hours of the test. This supports passive film reinforcement

and provides further protection of the steel against corrosion

[11].

Thus, this adherent surface film slows down the corrosion

rate of the reinforcing steel. This is described by the evolution

over time of the polarization resistance RP. The increase of RP

characterizes the reinforcement of this passive layer in an

initial period. After a given time, the system stabilizes

thermodynamically and RP reaches a plateau (establishing



Fig. 8. (a) SEM micrograph showing the reinforcing steel surface after the

decrease of the LF loop specimen P0.5(1); exposure time: 165 h. (b) EDX

analysis of the crystals observed.

Fig. 7. Polarization resistance values vs. exposure time. (a) P0.7, (b) P0.5,

(c) P0.3.
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the combined protection: alkalinity and polarization). At the

same time (increase and plateau), chlorides migrate within the

cement-based material. When they reach the reinforcing steel

surface in a sufficient quantity (which corresponds to the

threshold value), they break the passive film and corrosion by

pitting starts. This modifies the electrochemical processes at

the reinforcing steel surface (anodic oxidation of steel with

oxygen reduction) and causes the drop of the RP value [10].

Again, it seems that the applied electrical field leads to an

acceleration of the corrosion development, allowing better

observation of the corrosion initiation.
Differences of RP data for the same w/c ratio can be

attributed to the microheterogeneity of the contact cement

paste/steel and that of the steel surface (i.e., to the sand-

blasting process), then to the heterogeneity of the passive

film.

Further analysis was performed on other P0.5 specimens.

Similar impedance procedure was followed. However, just at

the beginning of the RP value decrease, the cement coating

was destroyed and the steel electrode surface was inspected

by SEM (Fig. 8(a)) and EDX analysis (Fig. 8(b)) to control its

passive state. Direct visual observation indicates that the

corrosion process was activated. The reinforcing steel surface

is not homogeneous because the whole surface has not

undergone the same mechanisms. Two distinct areas were

observed: one presenting a pitting corrosion and another one

without corrosion products. The latter appeared to be rich in



Fig. 10. Incubation period for the three studied materials.
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calcium and corresponds to the passive layer that protects the

steel surface from aggressive environments.

4.2. SEM observations and EDX analysis

The corroded areas were observed by SEM (Fig. 8(a)).

EDX analysis (Fig. 8(b)) details the composition of corro-

sion products on the electrode surface related to the chloride

attack: except for iron, chloride and oxygen were detected.

An additional analysis was performed by the elaboration

of a multielementary (Cl, Ca, Fe, O elements) cartography

used to visualize the spatial distribution of these elements

from the cross section of a specimen. Fig. 9(a) depicts the

interface area between the reinforcing steel (white) and the

cement paste (black) observed by SEM. The cartography

(Fig. 9(b)) again confirms the presence of chloride (Picture 3)

among the other elements at the steel/cement paste interface.

To conclude, these various analyses show that the begin-

ning of the RP value drop is associated with corrosion

activation. Indeed, this localized corrosion process is associ-

atedwith the breakdownof the protective passive film induced

by the arrival of the chloride ions on the reinforcing steel

surface. These results are in agreement with previous studies

that have suggested a correlation between this resistance RP

and the corrosion rate (Stern–Geary equation) [12–14].
Fig. 9. (a) SEM micrograph of a cross section of a specimen after a

corrosion test. (b) Multielementary cartography associated—O (Picture 2),

Cl (Picture 3), Ca (Picture 4), Fe (Picture 5).
4.3. Determination of the incubation period

The incubation period is deduced from the variation over

time of the RP polarization resistance, which is the time from

which the diameter of the low-frequency loop begins to

decrease. Fig. 10 shows the incubation period of the three

studied materials for different average thicknesses of cement

coatings. On this graph, the uncertainties associated with the

inaccuracy of the thickness measurements are also noticed

(see Table 1). The differences observed in Fig. 10 are due to

the variation of the specimen thickness. As shown in Section

3.4, 1-mm thickness is an average value obtained from nine

measurement points. Indeed, the polishing device does not

allow obtaining a face exactly parallel to the reinforcing steel

plan. Moreover, the variability in the porous structure, from

one specimen to another (for a similar mix), also explains the

nonhomogeneous evolution of the RP resistance.

4.4. Critical threshold in chloride concentration

The incubation period is associated with a critical

chloride concentration cumulated on the reinforcing steel
Fig. 11. Cumulative chloride concentration in the downstream compartment

for the three studied materials.



Table 2

Diffusion coefficient values

Cement-based

material

Porosity, ep Diffusion coefficient

of chloride ions, Dss (m
2/s)

P0.3 0.1446 1.36� 10 � 12

P0.5 0.273 5.95� 10 � 12

P0.7 0.473 1.34� 10 � 11
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surface. The determination of the concentration threshold

responsible for the corrosion activation was the subject of

some studies in the literature [15,16]. However, there is no

agreement on an exact quantitative amount of chloride

required for depassivating the reinforcing steel surface

[17].

A first approach is proposed as an example of a meth-

odology to quantify the critical chloride threshold level

based on Fick’s second law. It requires knowledge of the

diffusion coefficient of the cement-based material.

4.4.1. Steady-state diffusion coefficient Dss

Fig. 11 shows the cumulative chloride concentration in the

downstream compartment vs. time for each studied w/c ratio

(0.7, 0.5 and 0.3, respectively). The steady-state diffusion

coefficient Dss is deduced from Eq. (1) (Table 2). The

diffusion coefficient increases with an increase of the w/c

ratio. These results are in agreement with those of El-Belbol

[18].

4.4.2. Adopted model

In a first approach, the time-dependent distribution of

chloride concentration over the depth to which the steel is

embedded can be obtained from the solution of Fick’s

modified second law assuming the cement-based material

as a homogeneous semi-infinite medium.

This model has two main shortcomings. First, the

material is heterogeneous (made of solid and liquid

phases). Second, resolution conditions are not really adap-

ted to our experimental configuration: because of the low

thickness of the steel coating (1 mm), the boundary

conditions are different from those corresponding to a
Fig. 12. Influence of the binding rate value, k, on profile of chloride con
semi-infinite electrodiffusion. Nevertheless, let us give a

first approach.

According to Tang and Nilsson [19] and Xu and

Chandra [20], for the initial condition C(x, t = 0) = 0 and

boundary condition C(x = 0, t) =C0 (constant value), the

chloride distribution at a depth x and a time t within a

cement-based material under an electrodiffusion test is

expressed by:

Cðx; tÞ
C0

¼ 1

2
e
zCl� FEe

2RT
x

"
e�bxerfc

x� 2bDnsst

2
ffiffiffiffiffiffiffiffiffiffi
Dnsst

p
� �

þ ebxerfc
xþ 2bDnsst

2
ffiffiffiffiffiffiffiffiffiffi
Dnsst

p
� �#

ð2Þ

where C0 is the chloride concentration in the solution in

contact with the cement-based material (mol/m3), x is the

depth (m) and Ee is the external electrical field (V/m).

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zCl�F

2RT
Ee

� �2

þ k

Dnss

s
ð3Þ

where Dnss is the non-steady-state diffusion coefficient. As

referred to in Ref. [19], Dnss =Dss/[ep(1 +Bcb/Bc)], where
ep is the porosity of the cement-based material and Bcb/Bc

is called chloride-binding capacity.

k is the binding rate between chlorides and hydrated

components of the cement-based material (mainly C3A).

The porosity ep was obtained from the w/c ratio by using

Powers and Brownyard’s model [21] (Table 2).

To monitor the concentration over time at the steel

surface, the depth x must be equal to the thickness of the

cement-based material. The diffusion coefficients have been

previously calculated (Table 2) (see Section 4.4.1). The

numerical values for the other parameters are: Ee = 5 V/m,

R = 8.314 J/mol K, F = 96,500 C, T= 303 K, zCl � =� 1 and

C0 = 500 mol/m3.

Fig. 12 shows the influence of the binding rate value on

the chloride concentration profile at the steel surface. We

note that the increase of k value induces a slight decrease of

the chloride concentration. Consequently, it should be noted
centration at the steel surface vs. exposure time for P0.5 sample.
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that considering no binding rate between chlorides and

hydrated components slightly overestimates the actual chlo-

ride concentration, as observed in Fig. 12.

Because of the lack of precise values in the literature and

given its slight influence on the chloride concentration, the

binding rate k was neglected.

4.4.3. Calculation of critical chloride concentrations

Fig. 13 shows, in similar graphs, the variations over time

of the nondimensional chloride concentration at the rein-

forcing steel surface (given by Eq. (2)) and the RP resis-

tance, respectively (one example per w/c ratio). The critical

threshold in chloride concentration corresponds to the

beginning of the RP resistance drop (obtained from imped-
Fig. 13. Profile of chloride concentration at the steel surface and variation of

RP value (D) vs. exposure time for specimens P0.7, P0.5 and P0.3,

respectively.

Fig. 14. Nondimensional chloride concentration corresponding to the

critical threshold initiating the corrosion at the reinforcing steel surface.
ance responses). Fig. 14 summarizes the results of the

nondimensional chloride concentration required to activate

the corrosion process for the tested materials.
5. Discussion

The results highlight the influence of the w/c ratio (i.e.,

porosity) on the chloride threshold level: we observe an

increase of the chloride threshold level with the decrease of

the w/c ratio. This emphasizes that the steel coating quality

is an important factor that may affect the threshold level

and, consequently, the service life of the structure.

This result is in agreement with those of some research-

ers [15,16]. Pettersson [15] reported that the threshold

chloride concentration in pore solution expressed under

pressure from mortar specimens with w/c ratios ranging

between 0.75 and 0.3 varied between 0.28 and 1.8 mol/l.

This behavior is attributed to the decrease in the pH of the

concrete pore solution by the dilution effect of an increas-

ing of w/c ratio and to the modification of the chloride-

binding capacity. It is well known that voids at the steel–

concrete interface have a significant effect on the chloride

threshold level attributed to the absence of calcium hy-

droxide at these locations that would otherwise resist a

local fall in pH [17].

Thus, the differences observed between the experimental

results seem to be mainly due to the disparities between the

thickness values that constitute the average thickness of the

specimens (see Table 2).

The RP variations over time (Fig. 7) highlight the high

sensitivity of the impedance response to the microstructure

properties of the cement-based material: any variation of

these properties has a great influence on the required time to

initiate the RP drop, and, consequently, to activate the

corrosion process. The differences between the thicknesses

also explain the localized nature of the corrosion, which

occurs at the reinforcing steel surface (pitting corrosion).

However, Fick’s second law does not take into account these
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heterogeneities. It assumes a homogeneous front of chlor-

ides. This point has to be improved.

Lastly, as shown by the multielementary analyses (Figs.

8 and 9), chlorides are not the only species responsible for

the activation of the corrosion process. The oxygen (as

hydroxyl ions, OH� ) also acts [22,23].
6. Conclusion

A first approach of a useful tool to determine in a

comparative way the concentration threshold value to initi-

ate the corrosion of a reinforcing steel embedded in a

cement-based material is proposed.

The results highlight the correlation between the imped-

ance response and the corrosion activation. The coupling of

the impedance spectra in the low-frequency domain with the

SEM observations and the multielementary analyses

showed that the strong decrease of the capacitive part in

the impedance response is linked to the chloride corrosion

initiation.

This relationship leads to the quantification of the incu-

bation period required to activate the corrosion process

previously qualitatively defined by Tuutti [2]. This period

corresponds to a chloride concentration threshold responsi-

ble for the corrosion initiation on the reinforcing steel

surface. This concentration threshold was quantified from

Fick’s modified second law.

However, the corrosion observed by SEM was localized

(pitting corrosion). This form of corrosion, due to the

heterogeneity of the cement-based material, highlights the

limitations of Fick’s second law to describe the chloride

transfer within the cement-based materials. Moreover, the

model used, based on a semi-infinite electrodiffusion, does

not allow considering in a correct way the boundary con-

ditions of our experimental configuration. Therefore, it

would be useful to improve the modeling by carrying out

an appropriate model in which the chemical bindings

between chlorides and hydrated components will be taken

into account to reduce the calculated chloride threshold

concentration uncertainties. In addition, the multielementary

analyses have shown that chlorides are not the only species

that play a role in the corrosion activation. Other ionic

species, as hydroxyl ions, also participate. Therefore, it is

necessary to complete this study by taking into account the

action of these elements in the corrosion development in

reinforced concrete. That will allow proposing some quan-

titative relationships that may be used to refine the threshold

level for a known set of conditions.

As is proposed in this work, this methodology may be

used as a comparative test only, since the external field to

which specimens were exposed during the tests leads to

some distortions in the steel behavior. Similar tests, without

external field, are in progress in order to improve this

method by attempting to correlate the results obtained with

the steel behavior under natural conditions, especially for
the relationship between the evolution of RP parameter and

that of the corrosion process.

To conclude, we plan to extend our study using more

realistic specimens (made up of concrete), the final objective

being the prediction of the service life of structures.
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