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Impedance spectroscopy in reinforced concrete:
Procedure for monitoring steel corrosion
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An original experimental protocol is devised to monitor the corrosion of a reinforcing steel
embedded in a cement-based material by impedance spectroscopy. The principle of this
method is based on the use of a sinusoidal potential applied to measure the impedance
response. Preliminary tests were performed from a three-point configuration measurement
using classical reference electrodes. Results highlighted the limitations of the introduction
of such a reference electrode at high frequencies. Simulations from electric circuits
suggested an explanation for these high frequency artifacts. They are mainly due to the
high impedance value of the reference electrode which leads to the generation of some
artifacts in the impedance response of the studied system. Finally a convenient solution is
proposed to eliminate these perturbations and so obtain a suitable measurement of the
impedance response of the reinforcing steel/cement based material system at high
frequencies. © 2003 Kluwer Academic Publishers

1. Introduction

Reinforcing steel embedded in concrete is naturally
protected from corrosion by the high alkalinity of
the cement-based materials. However, the aggressive
species such as chloride ions can destroy this pas-
sive layer and attack the reinforcing steel causing
its corrosion. Among the various issues, early detec-
tion of corrosion initiation and propagation is of pri-
mary importance. Many electrochemical techniques
have been developed to monitor the evolution of the
reinforcing steel electrochemical state. The most suit-
able method in aqueous medium is the non-stationary
method of impedance spectroscopy [1]. This non-
destructive method allows the dissociation of the var-
ious relaxation times of a complex system leading to
various information on the processes involved over time
[2]. The large frequency range used in this method al-
lows obtaining data both at high and low frequencies.

Since 20 years, it has been largely applied to study the
microstructure of cement based-materials [3-5] (high
frequency domain) and the kinetics of the electrochem-
ical reactions on the steel surface [6-8] (low frequency
domain).

Introducing a reference electrode in a three-point
measurement allows to control the electrochemical po-
tential of steel (i.e., the working electrode) and to evalu-
ate its response. However special attention must be paid
to the three-point configuration at high frequencies. At
these frequencies, this configuration can generate some
measurement perturbations like capacitive or inductive
loops. These distortions were highlighted by various
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researchers [9-13]. According to Hsieh et al. [10], who
studied the effects of the reference electrodes in three-
point configuration on solid electrolyte systems (Yttria
Stabilized Zirconia System), these distortions are due
to a tension divider phenomenon. Ford et al. [14] and
Xie et al. [15] reported this problem on cement-based
materials and assigned it to the contact surface between
the reference electrode and the sample.

Then the aim of the first part of this work is to develop
an experimental set-up capable of eliminating the ex-
perimental perturbations associated with the measure-
ment configuration set-up. This first part illustrates the
effects of the introduction of a reference electrode in
a three-point configuration at high frequencies, which
can lead to an inappropriate interpretation of the re-
sponse of the system. The origins of and a feasible
remedy for eliminating these artifacts are discussed.

2. Materials and conservation

The specimens were made up of a circular reinforc-
ing steel plate (60 mm-diameter, Fe E240) and a ce-
ment paste or mortar (Fig. 1). The cement-based ma-
terials were prepared according to European standard
(EN 196-1). Table I presents the composition of the
cement-based materials.

The external surfaces of the specimens were cov-
ered with an epoxy resin to force the chloride ions
to migrate along the specimen axis. Before being
tested, the specimens were cured during 28 days in an
alkaline solution. This solution (0.025 M of NaOH and
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TABLE I Composition and characteristics of the cement-based
materials

Material Paste Mortar
Deionized water/CPA CEM I 52.5 (w/c) 0.5 0.5
CPA CEM 1 52.5/Sand (c/s) 0.33

Reinforcing steel
(working clectrode)

Reference
electrode |

__ Electrical
Count connection
ounter
electrode
] V=11
T . Mortar or
cement paste
—
solution —1| +H

Figure 1 Schematic description of the corrosion cell.

0.083 M of KOH) simulates the interstitial liquid pres-
ent in the porous network of cement-based materials
[16] and thus ensures the specimen saturation. During
the test, the specimens are exposed to this solution to
which 0.5 M of NaCl were added.

3. Experimental cell and measurement set-up
Fig. 1 presents the experimental cell that is the adap-
tation of an existing chloride electrodiffusion cell. A
three-point configuration was used: a counter electrode
(large platinum mesh), a working electrode (cement-
based material/reinforcing steel system) and a reference
electrode (Saturated Calomel Electrode (SCE)).

The measurement set-up consists of a potentiostat
associated to a Frequency Response Analyser (FRA)
(Fig. 2).

The potentiostat applies a constant electric field that
accelerates the chloride diffusion within the cement-
based material. The impedance data are recorded loga-
rithmically down in the frequency range, from 1 MHz
to S mHz. A small sinusoidal voltage signal of 20 mV is

Thermostat
Cell “ . — bath
Data acquisition D.at.a.
acquisition
CE RE WE JRS 123
GPIB Potentiostat
CE : counter 4| Oscilloscope
electrode
RE : reference Chl Ch2
electrode Frequency Response
WE : working 1 Y g
Analyzer
electrode

Figure 2 Schematic of the measurement set-up.
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overimposed to ensure the linearity of the response. The
whole device (including the potentiostat and the Fre-
quency Response Analyzer) has an input impedance
equivalent to that of an electric circuit made up of a
10 G2 input resistance and a 50 pF internal condenser
placed in parallel.

4. Results and analysis

In this first part of the work, measurements were car-
ried out by applying a sinusoidal potential perturba-
tion only (i.e., without additional electric field) and
the impedance results were limited at high frequencies
(1 kHz—-1 MHz).

4.1. Preliminary results

A preliminary study used a 1 cm-width cement paste
specimen to study the influence of the reference elec-
trode type on the impedance response of the system.
Typical Bode plots illustrating its impedance response
with different reference electrodes (two SCE and a Mer-
cury oxide reference electrode, respectively) are shown
in Fig. 3, modulus (a) and phase angle (b) versus fre-
quency, respectively. The response is only plotted at
high frequencies. Note that, for lower frequencies than
1 kHz, measurements for the three tested electrodes are
similar.

Results show that, in the 10 kHz—1 MHz frequency
range, the impedance response is modified by the pres-
ence of the reference electrode. These distortions pre-
clude any analysis of the processes involved in the HF
domain (>10 kHz). To model the phenomena associ-
ated with the introduction of reference electrodes, the
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Figure 3 Influence of the reference electrode type. Two SCE (called
SCELI and SCE2) and one Mercury oxide electrode (Hg/Hg, SO4) were
tested: (a) Modulus and (b) Phase angle.
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Figure 4 Equivalent electric circuit simulating the reinforcing steel/
cement-based material system.

response of an electric circuit made up of resistances
and condensers was studied. The elements of the circuit
were selected to simulate the impedance response of
a reinforcing steel/cement-based material system. This
simplified electric model is composed of three elements
whose numerical values are specified in Fig. 4 [9]:

— Zweg represents the equivalent impedance of the
system made up of the reinforcing steel and the cement-
based material (Working Electrode). It is composed of
two RC elements ((Rwgi, Cwgi) associated with the
cement-based material and (Rwgy, Cwga) associated
with the reaction phenomena which take place on the
steel surface). This last element includes a high resis-
tance value and a condenser value around 1 u«F [2]. As
a consequence, its response will not be presented in the
following graphs in the frequency domain studied in
this first part of the work,

— Zcg simulates the counter-electrode (CE)
impedance,

— Zwt corresponds to the reference electrode
impedance. A large range of resistance value (from
10 €2 to 100 k€2) was studied. An equivalent circuit as-
sociating a 10 k€2 resistance and a 1000 wF condenser

placed in parallel was also tested.

Fig. 5 shows the influence of the reference electrode
impedance on the impedance response of the equiva-
lent circuit. As previously observed in the experimen-
tal measurements, the impedance response is strongly
influenced by the value of the reference impedance
in the 10 kHz-1 MHz frequency domain. This result
shows the relevance of the method to model the experi-
ment. Moreover, an increase of the reference electrode
impedance value leads to an increase of the associated
distortions. In addition, the coupling of a high resistance
value (10 k€2) and a high condenser value (1000 ©F)
has a similar effect to a low-value resistance and allows
to eliminate the influence of the reference electrode on
the whole impedance of the system. Fig. 6 plots versus
frequency:

(i) the input impedance of the measurement set-up
(association of the FRA and the potentiostat),

(ii) the threshold value based upon tolerable deviation
particular to the instrument employed (a value of 1%
from true impedance is proposed, as suggested by Hsieh
etal. [9)),

(iii) and the impedance values of the electric elements
used to simulate reference electrode.

450 A (@)
400 - Dunuunu
—~ 350 4 Dnunn a
) S0oea00408066¢ @ggw@magg?
E 300 4 000000 Qééégwééé o
O “o Q@ =]
% 2501 oR=100hms %, %, 4
<
S 2001 oR=10kohms %, K
o L3
S 150{ ©R=100kChms ‘o N
= ° %o, mEiDm
100 A +R =10 kOhms - C = 1000 uF °°°Oooooo$£ig
%
50 A a theory
0 ‘
1.00E+03 1.00E+04 1.00E+05 1.00E+06
Frequency (Hz)
0+ s
rae@s%%om%%o B8y, (b)
-20 - ©00,, 0oy, iy
°00, ag, ﬁggx
-40 % 0, gy
' %, a Z‘Xg%
5 801 oR=100hms ° o Ragbseess
) -
2 -80- % © aa
® a R= 10 kOhms o o
3 -100 - oo a
8 49| ©R=100kOhms o, o
o o o
-140 { +R=10kOhms - C = 1000 uF %, e,
3 9,
-160 - Cotm0an
180 1 theow S000000000aanse
1.0E+03 1.0E+04 1.0E+05 1.0E+06

Frequency (Hz)

Figure 5 Influence of the reference electrode impedance value on the
impedance response of the equivalent electric circuit presented on Fig. 4:
(a) Modulus and (b) Phase angle—(legend indicates Zt value).
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Figure 6 Input impedance modulus of the measurement set-up
(Potentiostat + FRA), the 1% threshold and the modulus impedance
value used as reference electrode to measure the impedance response
of the equivalent electric circuit.

Distortions on the system impedance response ap-
pear when the magnitude of the reference electrode
impedance exceeds the threshold.

4.2. Experimental device proposed

In their study on YSZ (Ytrria-Stabilized Zirconia) sys-
tem and other solid electrolytes, Hsieh et al. [9, 10]
put measurement distortions in three-point configura-
tion down to a voltage divider effect, which introduce
errors on modulus and phase angle of impedance re-
sponse. For such a measurement configuration, the re-
lationship between the measured impedance Z s and
the true impedance Z.q is [9]:

(D
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Figure 7 Experimental set-up used to estimate the impedance response
of the equivalent electric circuit with a SCE reference electrode.

In this case, the r value is defined by the following
expression:

r = Zinput (2)
Zinput + Zref

where Z..t is the reference electrode impedance and
Zinput> the input impedance of the measurement appa-
ratus (FRA + Potentiostat).

By considering three measurement configurations,
Hsieh et al. [9] show that the r value can be also deduced
using a combination of these tree impedance spectra:

. Zopis + Z1Lo — Zn
ZZpts

3)
where Zs, Z1.0 and Zyy are the impedance responses
for three different measurement configurations.

An experimental study was conducted to calculate
value of r parameter by using the SCE reference elec-
trode in a three-point configuration (Fig. 7). The r value
is deduced from Equation 3. The test circuit is described
in Fig. 4. A conductive solution was used to ensure
a good current transfer between the counter-electrode
and the working-electrode. Graphite sheets were used
to ensure the electric contact between the solution and
the test circuits.

Fig. 8 plots impedance data for the three measure-
ment configurations. The difference between Zyy and
Z1 o highlights the negative effect introduced by the use
of the reference electrode on the measured response (in
the absence of voltage divider effect, Hl and LO config-
urations should propose the same impedance spectra).

According to Figs 5 and 6 and Equations 1 and
3, to get the measured impedance close to the real
impedance of the system, Z.¢ must be negligible in
comparison with the input impedance Zi,py (r must
converge to unity). However, measurements show that,
in the frequency range varying from 25 kHz to 1 MHz,
the reference electrode impedance (calculated from r
parameter) is significant in comparison with the input
impedance of the measurement apparatus (Fig. 9).

5. Application and discussion

To avoid these distortions, a solution consists in reduc-
ing the reference impedance value. The test performed
on electric circuits described in Fig. 4 showed that the
coupling of a high value condenser to a high value re-
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Figure 8 Impedance response of the equivalent electric circuit in the
three points measurement configuration proposed by Hsieh et al. [9]: (a)
Modulus and (b) Phase angle.
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Figure 9 Modulus of the SCE impedance.

sistance allowed to reduce strongly the reference elec-
trode impedance at high frequencies and eliminate its
influence on the impedance response measurement. So,
from these observations, a particular device was pro-
posed. It associates the SCE reference electrode placed

Condenser
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C

L~ 1000 uF
Reference
electrode \ Piatinum

- SCE -
e,

Figure 10 Corrected system schema.



in parallel with a platinum wire (weak resistive and non-
reactive in chloride environment) and a high condenser
value (1000 wF), as described in Fig. 10. The condenser
reduces the impedance of the reference system in the
HF domain and does not modify the intrinsic proper-
ties of the SCE electrode which role is to measure and
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Figure 11 Impedance response of the tested equivalent electric circuit—
Comparison between measurements with the SCE only and measure-
ments with the SCE and the condenser: (a) Modulus and (b) Phase angle.
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Figure 12 Impedance response of the reinforcing steel/cement-based
material system—Comparison between measurements with the SCE
only and measurements with the SCE and the condenser: (a) Modulus
and (b) Phase angle.

control the electrochemical potential of the reinforcing
steel.

In a first application, tests were performed on elec-
tric circuits (Fig. 7) by substituting the SCE electrode
for the corrective device described in Fig. 10. The
impedance spectra (Fig. 11) are similar to the theoret-
ical responses given by considering the known values
of the different elements of the electric circuit. Distor-
tion effects observed previously have disappeared in the
HF domain. In a second application, the corrector de-
vice was then applied in our experimental cell (Fig. 1).
Fig. 12 presents the impedance responses of the rein-
forcing steel/cement-based material system. Good re-
producibility is observed in the entire high frequency
domain (1 kHz—1 MHz). These results highlight the
relevance of the suggested solution.

6. Conclusion

An experimental procedure, based on the adaptation of
an electro-diffusion cell and on the use of the impedance
spectroscopy method, is developed to monitor in a non-
destructive way the corrosion of a reinforcing steel
embedded in a saturated cement-based material by
chorides.

The preliminary results showed that the use of a clas-
sical reference electrode (SCE, mercury oxide) in a
three-point configuration for measuring the impedance
of a steel/cement-based material system requires spe-
cial attention. It generates some experimental pertur-
bations at high frequencies. Simulations on electric
circuits (from resistive elements) have led to the identi-
fication of the origins of these artifacts. They are due to
the high-value impedance of the reference electrode. A
convenient solution is proposed to eliminate these per-
turbations and obtain a reproductive response, essential
for a correct exploitation of the impedance spectra at
high frequencies. The solution consists in associating
a platinum wire of low value diameter (100 pm) and
a 1000 uF condenser placed in parallel to the classical
reference electrode.

The results obtained using this original set-up show
the relevance of the proposed device. The experimen-
tal set-up is now well adapted to characterize the pro-
cesses at high frequencies involved in the corrosion of
reinforcing steel in cement-based materials.

As for the low frequency domain, it will be the pur-
pose of the second part of the work. Let us just indicate
that the aim is to accelerate the corrosion process by
accelerating the chloride diffusion within the cement-
based material coating; i.e., by applying an electric
field.
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