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ABSTRACT 
 
This paper presents a Potentiostatic Step Voltammetry approach to corrosion rate measurement of 
reinforcements in concrete. We have termed this approach PSV-TE since it is based on the Tafel extrapolation 
method, but with the added advantage that long and slow potentiodynamic scans are no longer required to 
obtain the Tafel slopes. In this way, the irreversible polarization of rebars is prevented, so PSV-TE is 
considered to be a non-destructive method. The Tafel slopes are obtained by fitting the current-time response 
of the system to a theoretical model which we have outlined and validated previously. In this way, the 
concrete’s electrical resistance and double layer capacity are also obtained. In this study, the optimal PSV-TE 
design has been established and validated on a range of reinforced concrete specimens. Results show minimal 
deviation between PSV-TE and reference methods. Therefore, PSV-TE is part of the corrosion monitoring 
system we have patented. 

 
KEYWORDS: potential step voltammetry; non-destructive technique; steel corrosion; reinforced concrete; 
durability. 
 
 
1. INTRODUCTION 
 
In the 70s, different electrochemical techniques were developed to evaluate corrosion processes in different 
metal-electrolyte systems [1], including reinforced concrete [2]. These types of techniques analyse the 
electrochemical response of steel-concrete systems by applying a perturbation that displaces them from their 
equilibrium state. The parameter usually determined to quantify the process is the corrosion current density, 
iCORR. For many years, Tafel extrapolation (TE) was considered one of the most accurate methods for 
determining iCORR. It consists of extrapolating the anodic and cathodic linear regions of the polarization curve 
to the corrosion potential (ECORR). These linear regions are usually obtained when the electrode potential is 
moved far away from the ECORR by applying a slow potentiodynamic scan. As a consequence, TE 
measurements are time consuming and can produce irreversible polarization of the electrode [3]. In practice, 
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the most widely used method is Linear Polarization Resistance (LPR), proposed by Stern and Geary [4]. It is 
based on the linear relationship between current and potential in the vicinity of the ECORR. The polarization 
resistance (RP) is determined from the slope of this linear region and enables us to calculate iCORR by using the 
Stern-Geary equation: 

𝑖஼ைோோ ൌ
𝐵

𝐴 ൉ 𝑅௉
 ( 1 )

 
where A is the area of the embedded steel in cm2. The Stern-Geary constant B is obtained from anodic (bA) 
and cathodic (bC) Tafel slopes: 

𝐵 ൌ
𝑏஺ ൉ 𝑏஼

2.303 ൉ ሺ𝑏஺ ൅ 𝑏஼ሻ
 ( 2 )

 
In corrosion of steel in concrete, B is assigned a value of 13 or 52 mV for active and passive samples, 
respectively. In practice, adopting 26 mV as an averaged B value is recommended, since the resulting error of 
2 can be considered negligible when determining iCORR in passive reinforcements [5, 6]. Although the 
potentiodynamic polarization technique is one of the most widely used to perform LPR measurements, there 
are a number of factors that limit its application for on-site measurements [6, 7]. The most common 
alternatives are those based on the transient response analysis, which stand out for their speed. On one hand, 
there are those methods where RP is determined from the time constant of galvanostatic [8], coulostatic [9], or 
potentiostatic [10] potential transients. On the other hand, there are those methods where RP is obtained by 
curve-fitting analysis of the galvanostatic [11] or potentiostatic [12] transients, although the difficulties in 
finding an accurate model for steel-concrete systems has limited their implementation in practice [13]. 
Research carried out to obtain RP from electrochemical impedance spectroscopy (alternate current) has also 
been important [14], as have been efforts to find an accurate model for the steel-concrete system using this 
technique. 
 
In any case, as indicated above, all RP methods always introduce a certain degree of inaccuracy. This is widely 
known; however, it has generated some interest in exploring alternatives that allow iCORR to be determined 
with an accuracy closer to the TE method but without disturbing the system. The first proposed methods 
consisted of calculating iCORR from the steady-state current of a series of potentiostatic pulses [15] or from a 
number of points from the polarization curve [16]. However, the equations used involve laborious calculations 
or are only applicable under very specific conditions [17]. Simpler methods are those based on the graphical 
analysis of the polarization curve near the ECORR [18] or of a potential transient [19], despite the possible 
inaccuracies characteristic of any graphical method. To solve this problem, some authors proposed directly 
fitting the polarization curves to theoretical models [20]. However, the software implemented in this method 
did not always provide consistent results [21-22]. One of the most interesting proposals consisted of obtaining 
just the linear regions of the polarization curves needed to apply the TE method [23]. However, these 
approaches were based on galvanostatic or galvanodynamic techniques, which do not allow us to control the 
applied polarization level. Consequently, these methods did not go beyond specific laboratory research. 
 
Therefore, there are enough reasons to continue researching corrosion rate techniques. In recent years, the 
potentiostatic pulse technique has been applied in different areas of interest, such as electronic tongues [24], 
quality control of water [25], beverages, and food [26]. The advantage of this technique lies in selecting and 
controlling the polarization applied to the sample. In addition, as we already described in previous papers [27, 
28], potential steps can be arranged in symmetrical patterns in order to ensure that no irreversible polarization 



3 

takes place on the electrode surface. Therefore, the potentiostatic pulse technique can be repeatedly 
implemented without damaging the studied system, which is highly advantageous in monitoring routines. 
 
In recent years, authors have been focused on exploring the possibilities of potentiostatic pulse voltammetry to 
assess the corrosion rate of reinforced concrete. While potentiostatic pulse technique has already been used in 
studies of steel corrosion in concrete [10, 12], the corrosion rate measurement is primarily based on the LPR 
method. In this paper we outline an alternative approach with Potentiostatic Step Voltammetry (PSV) in 
which the corrosion rate is accurately obtained, since it is based on the Tafel extrapolation method (TE). We 
have termed this method PSV-TE, and its main advantage is that the usual long and slow voltammetry scans 
are not required to obtain the Tafel slopes, so the corrosion rate determination is faster and possible 
irreversible polarization of rebars is prevented. In previous works [27, 28] we have outlined and validated 
both the pulse pattern and the theoretical model on which the PSV-TE is based. This method has been 
conceived for use in the embeddable corrosion monitoring system for steel reinforced structures which we 
have patented [29]. 
 
2. PRINCIPLES OF THE METHOD 
 
The goal of the proposed PSV-TE approach is to construct each of the linear regions of the polarization curve 
(anodic and cathodic) through several single points in order to determine the corrosion current using the Tafel 
extrapolation method, but in a rapid and non-disturbing way. As seen in Fig. 1-a, the abscissa of each of these 
points corresponds to the applied overpotential (η), which must lay within a range in which the polarization 
curve shows a linear trend. The value of the ordinate corresponds to the Faradaic current (IF) that passes 
through the system for such η. 
 

 

Figure 1. Principles of the proposed PSV-TE approach: (a) representation of a polarization curve together with the IF-η 
points obtained by curve-fitting the response to (b) a symmetrical potentiostatic pulse pattern of various amplitudes. 

 
For some authors, IF corresponds to the steady-state current when applying a potentiostatic pulse [30], which 
entails applying long pulses that could irreversibly alter the system [13]. An alternative is to use a shorter 
pulse and fit the resulting experimental curve to an equivalent circuit (CEq) that models the steel-concrete 
interface [31]. Over the years, different variations of the Randles simple model have been proposed [32]. In 
our current paper, the model shown in Fig. 2 is adopted, since a close approximation of this circuit has been 
used previously to model the steel-concrete response when applying a potential step [31]. It will be referred to 
hereinafter as mixed CEq. This circuit considers the two main general processes involved in corrosion of 
reinforcement, namely the Faradaic and the non-Faradaic processes. As we already described in a previous 
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work [27], these two processes should be considered in parallel, so that two well-differentiated branches 
appear in the proposed circuit. On the one hand, the R1-[C1/RP] branch corresponds to the Faradaic process, 
where R1 is the resistance associated with the ionic transport of those species involved in the corrosion 
reaction given by RP. The capacitor C1 represents the capacitive behaviour of the steel-concrete interface in 
the in the localized corrosion area. On the other hand, the R2-C2 branch corresponds to the non-Faradaic 
process, where R2 is the ionic resistance of those species (Ca+2, Na+, K+, OH-) not involved in the electron 
transfer (corrosion reaction) whose capacitive behaviour is given by C2. 
 
Here we present Eq. (3), first proposed to model the current-time response of the adopted circuit (Fig. 2) when 
applying a potentiostatic pulse (ΔV). This equation is derived from the generic expression validated in a 
previous work [27] when the pulse pattern is intended to be in a symmetrical arrangement as shown in Fig. 1-
b. 
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It is shown as follows how the relevant corrosion parameters are obtained from Eq. (3). To begin with, we 
apply t = 0 in Eq. (3): 

𝐼଴ ൌ ∆𝑉 ൉ ൬
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  ( 4 ) 

I0 is the non-Faradaic current that passes through the mixed CEq (Fig. 2) for t = 0 and it depends on the 
resistance to the ionic movement through the concrete pore solution (R1 and R2), which is usually known as 
the electrical resistance of the medium (RS). The value of RS for the mixed CEq is obtained by applying: 

1
𝑅ௌ

ൌ
1

𝑅ଵ
൅

1
𝑅ଶ

  ( 5 )

The Faradaic current that passes through the circuit, once the steady state has been reached, corresponds to IF, 
whose value can be determined from Eq. (3) when t → ∞: 

𝐼ி ൌ
∆𝑉

𝑅ଵ ൅ 𝑅௣
ሺ 6 ሻ

In common steel-concrete systems, R1 + RP is high enough to assume that the double layer capacity (Cdl) of 
the steel-concrete interface can be estimated from capacitors C1 and C2 (Fig. 2) according to: 

𝐶ௗ௟ ൌ
𝐶ଵ ൅ 𝐶ଶ

𝐴
ሺ 7 ሻ

where A is the evaluated area of steel in cm2. 
 
According to Fig. 2, the value of the ohmic drop at steady state corresponds to IFꞏR1. Therefore, it is easy to 
determine the value of the applied overpotential (η): 

𝜂 ൌ ∆𝑉 െ ሺ𝐼ி ൉ 𝑅ଵሻ ሺ 8 ሻ
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Figure 2. Mixed Equivalent Circuit proposed to model the response of the steel-concrete interface to a potential step. The 
voltage in steady-state condition is depicted at different parts of the circuit. 

 
The different components of the mixed CEq are determined by fitting Eq. (3) to the experimental I-t curve 
from a potentiostatic pulse. The fitting procedure consists of minimizing the sum of error squares. IF and η are 
obtained by applying Eqs. (6) and (8), respectively. 
 
If three pulses of different amplitudes are applied (ΔV1, ΔV2, and ΔV3 within the linear region of the 
polarization curve), the three IF-η points needed to construct the anodic or the cathodic Tafel line are obtained, 
based on whether +ΔV or -ΔV pulses (Fig. 1) are applied. Therefore, to determine both Tafel lines in a single 
test, it would be enough to apply a sequence that includes three anodic pulses (+ΔV1, +ΔV2 and +ΔV3) and 
three cathodic pulses (-ΔV1, -ΔV2 and -ΔV3). Therefore, we propose using the pulse sequence found in Fig. 1-
b. This sequence starts from the corrosion potential (ECORR) and alternates anodic and cathodic excitation 
pulses, applying relaxation steps between them (return to ECORR), that is: ECORR/+ΔV1/ECORR/-
ΔV1/ECORR/+ΔV2/ECORR/-ΔV2/ECORR/+ΔV3/ECORR/-ΔV3/ECORR. As we have outlined previously [27, 28], this 
sequence is intended to ensure that the accumulated charge at the end of the test is practically zero and, 
therefore, that no irreversible polarization of the sample occurs. 
 
Curve-fitting analysis of the excitation pulses of Fig. 1-b gives the six IF-η points required to construct both 
Tafel lines (Fig. 1-a), whose slopes bA and bC can be applied to Eq. (2) to obtain parameter B. The iCORR value 
is obtained from the intersection of both lines or from only one of them at η = 0 if the opposite half-reaction is 
diffusion-controlled. The values of RS (Eq. (5)), Cdl (Eq. (7)), and RP correspond to the average of the six 
excitation pulses. 
 
In summary, PSV-TE has been conceived as a non-destructive method to obtain the parameters RS, RP, Cdl, 
iCORR and B in a single test without significantly polarizing the studied system. Therefore, PSV-TE is the 
measurement method employed in the corrosion monitoring system that we have patented for use in 
reinforced structures [29]. 
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3. EXPERIMENTAL 
 
3.1. Concrete specimens 
 
Twenty-seven cylindrical specimens of dimensions ø50 x 100 mm were manufactured using micro concrete 
with a water/cement ratio of 0.8. The detailed composition is shown in Table 1. 
 
 
This dosage, outside the standards limits for structural concrete, was intentionally used in the experimental 
design in order to achieve a high degree of porosity, which accelerates the diffusion of aggressive agents. It 
was considered the most efficient way to achieve a significant amount of corrosion mass loss over a 
reasonable period of time, and then be able to validate the PSV-TE method against the gravimetric method. To 
study the corrosion processes, a corrugated carbon steel bar of 10 mm in diameter and 100 mm in length was 
embedded in each of the specimens (Fig. 3). Both ends were sealed with epoxy resin, although one was left 
partially uncovered in order to connect the wiring needed to apply the tests. The effective working surface of 
embedded steel in each sample was 18.42 cm2. 
 
Table 1. Composition of the micro concrete. 

Component kg/m3 
Cement CEM I 42.5R 250 
Water 200 
Sand (0/4) 1471 
Gravel (4/6) 638 
 
 

 
 

Figure 3. Diagram of the concrete specimen and experimental setup for electrochemical measurements. Dimensions are 
in mm. 

 



7 

 
3.2. Laboratory conditions 
 
After 48 hours of casting, all the specimens were demoulded and placed in a curing chamber until they 
reached the age of 28 days. After this period, the specimens were divided into 3 groups (A, B, and C) of 9 
samples each. In order to enhance the steel corrosion, the specimens of group A were subjected to an 
accelerated carbonation process by exposing the specimens in a carbonation chamber with 3% carbon dioxide 
at 65% relative humidity. According to the results obtained from the phenolphthalein tests carried out in 
twinned samples, it took 42 days to carbonate the entire concrete cover, which was 20 mm thick. After this 
phase, groups A and B were submerged in a 35g/L NaCl solution, while group C was inserted into a saturated 
solution of Ca(OH)2 (pH ≈ 13). The NaCl solution simulated the concentration of chlorides in seawater and 
the saturated lime solution kept the concrete in a non-aggressive environment. The specimens were kept under 
such conditions for 48 months. 
 

 
3.3. Measurement procedure 
 
Fig. 3 shows the experimental set up used to apply the different electrochemical techniques. It is a three-
electrode cell in which the embedded rebar is the working electrode (WE). As a reference electrode (RE), a 
saturated calomel electrode (SCE) was used. As a counter-electrode (CE), a stainless-steel mesh was mounted 
externally surrounding the specimen so that the electric field was as homogeneous as possible. Between the 
concrete surface and the CE, a wet cloth was placed to ensure optimal electrical contact. The equipment used 
to perform the electrochemical measurements was the Autolab PGSTAT 100. All experiments were carried 
out inside a Faraday cage at room temperature (20 ± 2°C). 
 
The measurement procedure unfolded as follows: 
 

1. Initially, the electrical resistance between the CE and the WE (RCOND) was measured in each specimen 
by means of the conductivity-meter Knick Portavo-904. These measurements were subsequently used 
to validate the RS value determined by PSV-TE. 

2. Prior to applying each polarization technique, the corrosion potential (ECORR) of the embedded 
rebar was determined by measuring the open circuit potential (OCP) versus a SCE placed as 
shown in Fig. 3. The ECORR to be considered corresponds to the OCP value once stability was 
reached (dE/dt ≤ 0.03 mV/s). This measurement was made with the same instrument used to 
apply the polarization techniques. 

3. The first technique applied was cyclic sweep voltammetry (CSV) starting from ECORR and reaching ± 
20 mV at a scan rate of 10 mV per minute. The RP was obtained from the slope of the linear region 
that appears in the voltammogram once the ohmic drop was compensated for. The iCORR parameter 
was obtained by applying Eq. (1) with B = 26 mV. This is the Linear Polarization Resistance method 
of Stern and Geary, hereinafter referred to as LPR. From the distance between the lesser sloping sides 
of the voltammogram in the ECORR (ΔIEcorr), the double layer capacity (Cdl) was determined as: 

𝐶ௗ௟ ൌ
∆𝐼ா௖௢௥௥

2 ൉ 𝑣 ൉ 𝐴
  ሺ9ሻ
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where v is the scan rate in Vꞏs-1 and A is the working area of the embedded rebar in cm2. This method 
for obtaining Cdl has previously been used by other authors [6] and it will hereinafter be referred to as 
CSV. 

4. Next, the PSV-TE method was applied (Fig. 1). In order to study the optimal design of the pulse 
pattern initially proposed in Fig. 1-b, different pulse duration (Δt) values in the range from 10 to 120 
seconds were tested. The applied potentials ±ΔV1, ±ΔV2 and ±ΔV3 presented in Fig. 1-b correspond to 
70, 105 and 140 mV. The iCORR and the rest of the corrosion parameters (RS, RP, Cdl, and B) were 
obtained according to the methodology explained in Section 2. 

5. Finally, iCORR was determined through Tafel extrapolation of the semilogarithmic representation of the 
polarization curves (log | I | vs η) obtained by applying the linear sweep voltammetry technique at a 
scan rate of 10 mV per minute. Initially, an anodic scan was applied from ECORR to ECORR +140 mV. 
To ensure that the ECORR returned to the values initially recorded (with a difference of ±5 mV), the 
cathodic sweep from ECORR to ECORR -140 mV was applied after a period of 24 hours. This method 
will hereinafter be referred to as TE. 

 
The complete measurement procedure was applied once a month for the 48 months of study. However, the 
PSV-TE and the conductivity-meter measurements were applied weekly. The objective was to obtain a 
thorough follow-up of iCORR with PSV-TE and thus to be able to accurately calculate the theoretical mass loss 
by corrosion (Δm) according to: 

∆𝑚 ൌ
𝑖஼ைோோ ൉ 𝐴 ൉ 𝑡 ൉ 𝑀

𝑛 ൉ 𝐹
  ሺ 10 ሻ

where t is the monitored period in seconds, M is the atomic mass of steel (55.1 g/mol), n is equal to 2 (number 
of electrons released in the oxidation process), and F is the Faraday constant (96485 Cꞏmol-1). 
 
At the end of the study, the samples were broken in half by an indirect tensile test (Brazilian test) to determine 
real Δm and thus validate the PSV-TE measurements. To do so, the gravimetric method was used following 
the guidelines of the standard ASTM G1-03 [33]. 
 
3.4. Statistical parameters 
 
Where calculating the deviation between two parameters was required, one of them being the exact or 
experimental value (Xi) and the other the predicted or calculated value (Pi), the corresponding Relative Error 
(Ɛr) was determined: 

Ɛ௥ ൌ ฬ
𝑋௜ െ 𝑃௜

𝑋௜
ฬ ൉ 100  ሺ 11 ሻ

Likewise, to determine the deviation between the fitted and the experimental curves, the Mean Absolute 
Percentage Error (MAPE) was used: 

𝑀𝐴𝑃𝐸 ൌ
∑ ቚ

𝑋௜ െ 𝑃௜
𝑋௜

ቚ ൉ 100௡
௜ୀଵ

𝑛
 

ሺ 12 ሻ
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In this case, Xi and Pi correspond to the values of the experimental and fitted curves respectively, while n is 
the number of points. Another parameter that has been used in the successive sections to compare two data 
sets is the coefficient of determination R2 obtained from the regression between Xi and Pi. It should be noted 
that, in all the statistical parameters described here, Pi is the value of interest we want to analyse by 
comparison with Xi, the reference value. 
 
 
4. RESULTS AND DISCUSSION 
 
To facilitate the analysis and discussion of the results, this section has been divided into two phases: 
 

Design of the method: i) Here we demonstrate the validity of the mixed equivalent circuit (CEq) found in 
Fig. 2 for modelling the steel-concrete systems by applying the PSV-TE technique. After validating 
this model, ii) we analyse the most efficient design of the potentiostatic pulse sequence to be used in 
PSV-TE. It is a matter of determining the optimal pulse duration (Δt) and the ±ΔV1, ±ΔV2 and ±ΔV3 
values (Fig. 1-a) in order to obtain the Tafel slopes quickly and reliably. 

Validation of the method: Here we compare the results of RS, RP, Cdl and iCORR obtained by PSV-TE to 
reference methods. 

 
4.1. Design of the method 
 
4.1.1. Equivalent circuit 

Of all the specimens, three representative measurements have been selected here: high (sample 1), moderate 
(sample 2) and low (sample 3). These are three well-differentiated measurements which were selected from all 
the results achieved over the study (48 months) in accordance with the corrosion level criteria established in 
the standard UNE 112072 [34]. As a result, the high corrosion sample belongs to group A, the medium 
corrosion sample belongs to group B and the low corrosion sample belongs to group C. 
 
To check whether the mixed CEq of Fig. 2 adequately models steel-concrete systems, we analysed the 
correspondence when fitting Eq. (3) to the experimental current-time curves. Taking into account that the 
objective here is not to determine iCORR, the complete pulse sequence of Fig. 1-b was not analysed, but rather 
just a single pulse of +70 mV. The pulse duration (Δt) was long enough to reach the quasi-steady state. In 
other words, the current remained practically constant towards the end of each pulse. For samples 1 and 2 
(high and medium corrosion levels) Δt was 120 seconds, whereas for sample 3 (passive state) Δt was 50 
seconds. 
 
As shown in Fig. 4, Eq. (3) gives accurate fittings for all corrosion levels. The obtained R2 value was always 
higher than 0.98 and the MAPE coefficient presented small values in all cases (< 0.7%). Therefore, the mixed 
CEq is valid for modelling the response of steel-concrete systems when applying potentiostatic pulses such as 
those included in the sequence of Fig. 1-b. 
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Figure 4. Current-time curve obtained by applying a pulse of ΔV = +70 mV (black line) together with the fitted curve 
(red dashed line) for the model given by Eq. (3) in three samples with different corrosion levels: high (a), medium (b) 
and low (c). The curve fitting results are displayed for each sample (inside the box). 

 
 
4.1.2. Pulse sequence 
 
This section studies the design of the pulse pattern of PSV-TE and its ability to provide high reliability when 
determining iCORR by using TE as the reference method. To do this, the three samples selected for section 4.1.1 
are also analysed here. 
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The polarization curves obtained with TE for the three specimens over a range of ECORR ±140 mV are shown 
in Fig. 5 in a semilogarithmic scale. In all cases, these curves present Tafelian behaviour, since both the 
anodic and the cathodic branches exhibit a linear trend from an overpotential (η) of approximately ±60 mV. 
Therefore, for the sequence in Fig. 1-b, ±ΔV1, ±ΔV2 and ±ΔV3 must be within the range of 60 to 140 mV, so 
the following values were selected: ±70, ±105 and ±140 mV. This polarization is high enough to ensure that 
the linear parts of the polarization curve are obtained. Otherwise, inaccurate results are obtained since Tafel 
slopes are determined too close to the ECORR at the polarization curve (Fig. 1-a) and, consequently, the 
corrosion rate value is underestimated. In any case, the polarization must not be much higher than necessary in 
order to avoid an undesirable excessive polarization of the embedded steel. 
 
Each pulse was applied for the duration (Δt) previously established in Section 4.1.1. An accurate curve fitting 
of the experimental response was achieved, since MAPE and R2 coefficients are in the same order as those 
shown in Fig. 4. As seen in Fig. 6, the Faradaic current (IF) values obtained from this fitting are very close to 
the polarization curves. 
 
 

 
Figure 5. Semilogarithmic plot of the polarization curves of three specimens with different corrosion levels. 

 
 
As an example, Fig. 7 compares the accumulated charge (Q) in specimen 1 when applying TE and PSV-TE. It 
shows that a large amount of charge remains accumulated after applying TE. This explains the 24-hour period 
necessary between cathodic and anodic scans to get the samples back to their equilibrium state (ECORR). This 
gap could underlie the small deviations observed between both techniques in specimens 2 and 3. On the other 
hand, the residual charge after applying the PSV-TE was minimal. This fact is reflected in the | QPSV-TE | / | 
QTE | ratio obtained for sample 1, which was 3.34% and 2.71% with respect to the anodic and the cathodic TE 
scans. Very similar values were also obtained in samples 2 and 3. 
 
In any case, the iCORR and B values from both methods correspond well (Fig. 6). In addition, the value of these 
parameters is consistent with the corrosion level of the samples. Parameter B decreases as iCORR increases, 
which is consistent with the results of prior studies [35]. In all cases, the R2 coefficient of the Tafel lines, both 
anodic and cathodic, was equal to or greater than 0.99 for both methods. 
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Figure 6. Comparison of the results obtained for samples 1 (a), 2 (b) and 3 (c) with TE (black) and PSV-TE (red). 

 

 
Figure 7. Comparison between the accumulated charge in specimen 1 when applying PSV-TE versus TE (for both anodic 
and cathodic scans). 
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For practical reasons, it is convenient to reduce the duration of the pulse pattern when determining iCORR, but 
ideally it should be done without losing reliability. To determine the optimal pulse duration (Δt), the 
experimental current-time curves were fitted, progressively reducing the Δt value. As an example, the analysis 
of the pulse ΔV = +140 mV obtained for specimen 1 is shown in Fig. 8-a. It is clear that as Δt decreases, the 
quality of the fitting worsens. In fact, the MAPE (Eq. (12)) exceeds 5% for values with Δt less than 30 
seconds in specimens 1 and 2 (Fig. 8-b). In the case of specimen 3, the goodness of fit does not substantially 
worsen until the pulse duration is shorter than 20 seconds. 
 
 

 
Figure 8. Current-time curve fitting corresponding to the pulse ΔV = +140 mV applied to specimen 1 for different Δt 
values (a). MAPE values related with the goodness of fit according to the Δt used (b). 

 
Fig. 9 shows the Relative Error (Ɛr) (Eq. (11)) associated with the different corrosion parameters as a function 
of the Δt used. This error was calculated with respect to the value of the parameter obtained for the maximum 
Δt. In specimen 1 (high corrosion), Cdl is the most affected parameter. In specimen 2 (intermediate corrosion), 
a similar variation is observed in all the parameters (with the exception of RS). In specimen 3 (passive state), 
iCORR is strongly altered up to values of Ɛr over 100% for the shortest duration. 
 
It should be noted that, as the Δt is shortened, the transient response of the steel-concrete interface moves 
further away from the quasi-steady state, which is the hypothetical ideal condition we should consider to 
reliably determine the corrosion parameters, and which can be found at a pulse duration of 50 seconds. Fig. 9 
shows that as the pulse duration (Δt) is shortened, the Relative Error (Ɛr) with respect to the longest duration 
increases. This increase is magnified as the corrosion level decreases, which means that approaching the 
steady-state (by using potentiostatic pulses with the maximum Δt possible) is highly necessary in order to 
obtain reliable results in passive specimens. This behaviour may be due to the fact that the amount of 
experimental data gathered with the instrument is reduced as the pulse duration is shortened. This could be 
considered an additional error source, especially when the current response measured is too low (passive 
specimens) and, consequently, the reduced amount of experimental points could present certain dispersion, 
which could lead to unreliable results when carrying out the curve fitting analysis by using the model from 
Fig. 2. This could explain the strong increase in Relative Error (Ɛr) observed for the low corrosion specimen 
in Fig. 9-c. 
 
Nonetheless, in general, the Ɛr value exceeds 25% when Δt is less than or equal to 40 seconds. Taking into 
account this reasonable limit, the Δt value used in the pulse pattern of Fig. 1-b is set at 50 seconds regardless 
of whether the rebar is in active or passive state. 
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Figure 9. Relative error (Ɛr) for the different corrosion parameters as a function of the Δt used in the pulse pattern. 
Results for specimens 1 (a), 2 (b), and 3 (c) are shown. 

 
 
4.2. Method validation 
 
In this section, we validate the capability of the proposed PSV-TE approach to determine the different 
corrosion parameters in embedded rebars. For this purpose, we analyse the results of the set of 27 concrete 
specimens exposed to environments of different aggressiveness. 
 
As stated above (see Section 4.1.2), the pulse pattern (Fig. 1-b) has a duration (Δt) of 50 seconds per pulse, 
and the applied potentials (±ΔV) correspond to 70, 105 and 140 mV. Although the samples were tested 
periodically during the 48 months of the study, only results for three specific ages (16, 32 and 48 months) are 
presented here in order to facilitate the analysis. 
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4.2.1. Polarization resistance and corrosion density 
 
Fig. 10-a shows the correlation between the RP values obtained by PSV-TE and LPR. Both methods 
correspond well (R2 = 0.9265), with slightly lower values observed for PSV-TE with respect to LPR (< 2% 
according to the slope of the regression line). Fig. 10-b shows good correlation obtained when comparing 
iCORR from PSV-TE versus TE. Although the R2 coefficient is very similar to that obtained in the LPR versus 
TE regression (Fig. 10-c), the deviation of the regression in Fig. 10-b is lower. In particular, PSV-TE tends to 
overestimate iCORR by about 3% with respect to TE, whereas LPR tends to underestimate iCORR by about 22%. 
 
The LPR deviation may be due to the fact that the B coefficient used in Eq. (1) was set at 26 mV for all cases. 
Fig. 11 shows the experimental value of B obtained from TE and PSV-TE for each group of samples. As usual 
in these cases, the samples in the passive state (group C) present the highest values. In general, it is observed 
that the B values from TE are higher than those determined by PSV-TE. These differences are magnified in 
group C (passive state), where TE presents considerable dispersion. In any case, the obtained values do not 
seem too far from those outlined in the literature [36]. Using the experimental value of B in iCORR calculations 
did not lead to an improvement in the LPR versus TE regression, but rather the opposite (Fig. 10-d). 
Therefore, as other authors have previously argued [35], it is difficult to establish an accurate correlation 
between parameter B and iCORR. 
 

 
Figure 10. Logarithmic regression of the RP value obtained by PSV-TE and LPR (a), and linear regression between the 
iCORR value obtained using TE versus PSV-TE (b), TE versus LPR (c) and TE versus LPR + experimental B (d). 
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Figure 11. Box plot where the values of the B coefficient obtained by means of TE and PSV-TE are compared. 

 
Moreover, Fig. 12 compares the mass loss (Δm) calculated from the PSV-TE iCORR measurements for the 48-
month follow-up, and the real mass loss determined by the gravimetric method at the end of the study. The R2 
coefficient is 0.9635, which indicates a good linear correlation between both methods. The slope of the 
regression line is 0.9097, which indicates a slight overestimation (≈ 9%) of the Δm by PSV-TE. 
 

 
Figure 12. Regression between the mass loss of steel due to corrosion (Δm) obtained by the gravimetric method and the 
PSV-TE method for all concrete specimens at the end of the study. 

 
4.2.2. Double layer capacity 
 
A good agreement between the Cdl values determined by PSV-TE and CSV was obtained (R2 = 0.9527), as 
shown in Fig. 13-a. The values obtained by PSV-TE are approximately 27% higher. In general, an increase in 
the Cdl value is observed as the corrosion level increases. This phenomenon could be related to the 
accumulation of corrosion products at the steel-concrete interface that behave as electrolytic capacitors. In 
fact, if Cdl is plotted versus iCORR (Fig. 13-b), a certain direct linear relationship is observed (R2 = 0.8667). 
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Figure 13. Regression between the Cdl values obtained by CSV and PSV-TE (a) and regression between iCORR and Cdl 

determined by PSV-TE (b). 

 
4.2.3. Electrical resistance of the medium 
 
Fig. 14 shows the correlation between the RS parameter obtained by PSV-TE and the electrical resistance 
measured by the conductivity-meter (RCOND) for the 27 specimens. In order to ensure a homogeneous 
distribution of results, the values presented here do not correspond exclusively to the values at 16, 32 and 48 
months, but to shorter time intervals. 
 
It should be noted that RS and RCOND are not totally equivalent. The RS parameter corresponds to the electrical 
resistance between the RE and the WE (according to the model in Fig. 2), while RCOND was determined by 
applying alternate current between the CE and the WE. In this case, the distances of the RE and the CE with 
respect to the WE were similar (Fig. 3), which makes RS-CE/WE ≈ RS-RE/WE, and therefore RCOND ≈ RS. In fact, 
good agreement between both parameters is observed (R2 = 0.9748), with the values obtained by PSV-TE 
being approximately 10% higher (Fig. 14). 
 

 
Figure 14. Regression between the electrical resistance measured with the conductivity-meter (RCOND) and the RS values 
obtained by PSV-TE. 

 

4.2.4. Precision of the method 
 
Once the accuracy of PSV-TE was validated (see Sections 4.2.1, 4.2.2 and 4.2.3), its precision was also 
verified. To this end, three samples from each group were tested at the end of the study by all three 
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electrochemical methods: LPR, TE and PSV-TE. To determine the precision of these methods, each of the 
samples was measured five times within a short time interval (10 days), and the corresponding coefficient of 
variation (CV) was then calculated. Fig. 15 shows the CV value for each of the corrosion parameters in 
relation to the group of samples and the method used. 
 
 

 
Figure 15. Values of the coefficient of variation (CV) of the different corrosion parameters obtained by applying LPR, 
CSV, TE, and PSV-TE five consecutive times on three samples of each group (A, B and C). 

 
As for the electrical resistance (RS), PSV-TE has CV values very similar to those obtained with the 
conductivity-meter (RCOND). For group C, in passive state, the precision of both methods is very similar. When 
determining the RP, some differences are observed between LPR and PSV-TE. The CV is smaller in LPR as 
the corrosion level decreases (group C). This phenomenon could be related to the shape of the voltammogram 
(Fig. 16). When the sample is in active state, the linear section where RP is determined is not easily observed. 
On the contrary, when the sample is in passive state, the linear zone is perfectly defined. With PSV-TE, the 
greater variability of RP appears in the passive specimens. This could be related to the very low current 
intensities recorded in these samples at the end of the pulses (quasi-steady state), which compromises the 
sensitivity of the electronic device employed. 
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Figure 16. Polarization curves obtained by cyclic sweep voltammetry in samples of group A (a) and group C (b) 
respectively. 

 
There are no significant differences between PSV-TE and CSV when determining Cdl. In this case, the CV 
reaches its minimum value in group C. In the case of CSV, this effect could again be related to the shape of 
the polarization curve. As seen in Fig. 16-b, the voltammogram for the passive samples takes the form of a 
clearly defined parallelogram and, consequently, the distance between the lesser sloping sides (required to 
calculate Cdl) is easy to determine. 
 
As for the iCORR parameter, certain differences between all the different methods are observed. Specifically, in 
the active samples (groups A and B) the precision of PSV-TE is greater than that of the other methods. The 
differences with LPR are magnified especially in group A, where the specimens are more corroded. In fact, 
this trend was previously observed in the RP parameter. In comparison, the differences between PSV-TE and 
TE are much smaller, with CV values of the three methods being very similar in the passive specimens (group 
C). With regard to the B coefficient, PSV-TE is slightly more precise in groups A and B, mirroring the TE 
method in group C. 
 
In general, the precision of PSV-TE does not differ significantly from that of the other reference methods. In 
fact, CV values higher than 15% have not been obtained in any case. 
 
 
5. CONCLUSIONS 
 
We have proposed a Pulse Step Voltammetry approach (PSV-TE) for corrosion rate measurement of 
reinforcements in concrete. It is based on the Tafel extrapolation method, but performed by fitting the 
potentiostatic pulse response to a theoretical model. From the experimental validation of PSV-TE, the 
following conclusions have been drawn: 
 
The electrical resistance (RS), the polarization resistance (RP), and the double layer capacity (Cdl) of the steel-
concrete interface are obtained by fitting the PSV-TE curves to a modified Randles circuit which we have 
described and validated in previous works [27, 28]. 

 
PSV-TE is based on the well-known Tafel extrapolation method for calculating the corrosion current 
density (iCORR), but Tafel slopes are obtained more quickly than with the original method and, 
consequently, without risk of producing the irreversible polarization of rebars. This is achieved by 
applying a pattern that alternates anodic and cathodic pulses of ECORR ±70, ±105 and ±140 mV, 
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interposing relaxation steps (return to ECORR) between them. A pulse duration of 50 seconds can be 
used, for both active and passive embedded rebars. 
 
As compared to reference methods, PSV-TE tends to slightly overestimate the corrosion rate. This 
deviation is around 3% with respect to the classical Tafel extrapolation method, and close to 10% with 
respect to the gravimetric method. The precision of PSV-TE to determine RS, RP and Cdl is somewhat 
higher in the samples in active state and similar in the samples in passive state. 

 
In general, the results presented here indicate that PSV-TE is a non-destructive method which can be used 
successfully to determine the corrosion rate of steel in concrete in addition to other relevant parameters such 
as RS, RP, Cdl, and Tafel slopes. In this regard, PSV-TE could be an interesting tool to implement in corrosion 
monitoring routines of reinforced concrete structures. 
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FIGURE CAPTIONS 
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Figure 1. Principles of the proposed PSV-TE approach: (b) representation of a polarization curve along with 
the IF-η points obtained by curve fitting the response to (a) a symmetrical potentiostatic pulse pattern of 
various amplitudes. 

Figure 2. Mixed Equivalent Circuit proposed to model the response of the steel-concrete interface to a 
potential step. The voltage in steady-state condition is depicted at different parts of the circuit. 

Figure 3. Scheme the concrete specimen and experimental set up for electrochemical measurements. 
Dimensions are in mm. 

Figure 4. Current-time curve obtained by applying a pulse of ΔV = +70 mV (black line) together with the 
fitted curve (red dashed line) for the model given by Eq. (3) in three samples with different corrosion levels: 
high (a), medium (b) and low (c). The curve fitting results are displayed for each case (inside the box). 

Figure 5. Semilogarithmic plot of the polarization curves of three specimens with different corrosion levels. 

Figure 6. Comparison of the results obtained for samples 1 (a), 2 (b) and 3 (c) with TE (black) and PSV-TE 
(red). 

Figure 7. Comparison between the accumulated charge in specimen 1 when applying the pulse sequence 
technique of PSV-TE and when applying TE (anodic and cathodic). 

Figure 8. Current-time curve fitting corresponding to the pulse ΔV = +140 mV applied to specimen 1 for 
different Δt values (a). MAPE values related with the goodness of fit according to the Δt used (b). 

Figure 9. Relative error (Ɛr) for the different corrosion parameters as a function of the Δt used in the pulse 
pattern. Results for specimens 1 (a), 2 (b), and 3 (c) are shown. 

Figure 10. Logarithmic regression of the RP value obtained by PSV-TE and LPR (a), and linear regression 
between the iCORR value obtained by TE – LPR (b), TE – LPR + experimental B (c) and TE – PSV-TE (d). 

Figure 11. Box plot where the values of the B coefficient obtained by means of TE and PSV-TE are 
compared. 

Figure 12. Regression between the mass loss of steel due to corrosion (Δm) obtained by the gravimetric 
method and the PSV-TE method for all concrete specimens at the end of the study. 

Figure 13. Regression between the Cdl values obtained by CSV and PSV-TE (a) and regression between iCORR 
and Cdl determined by PSV-TE (b). 

Figure 14. Regression between the electrical resistance measured with the conductivity-meter (RCOND) and the 
RS values obtained by PSV-TE. 

Figure 15. Values of the coefficient of variation (CV) of the different corrosion parameters obtained by 
applying LPR, CSV, TE, and PSV-TE five consecutive times on three samples of each group (A, B and C). 

Figure 16. Polarization curves obtained by cyclic sweep voltammetry in samples of group A (a) and group C 
(b) respectively. 


