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Developing efficient monitoring systems to control reinforced concrete structures (RCS) is still an open research
line in the building sector. Thus, in this work was proposed the novelty use of Ni voltammetric sensor to control
the concrete conditions by means of PCA model. The efficiency of voltammetric sensors are verified in other
sectors like food or wastewater treatment, where the sensors are used in liquid media, in the study was intended

verify the high potential use of this sensors in porous materials such as concrete. With this purpouse the sensor
response was characterized in three different concretes (w/c = 0.6, w/c = 0.5 and w/c = 0.4) and three different
concrete conditions (water satured conditions, presence of chlorides and concrete carbonation). Then, was
developed a PCA model, where was verified the capability of the sensor to classify the concrete state. The
validation of the model pointed an acceptance range between 78.3% and 95.4% (with a 95% confidence index).

1. Introduction

Noble metals like Au or Pt present catalytic performance that can
help to distinguish and very accurately estimate the presence of different
species, which is why they are widely used as electrodes and electro-
chemical sensors [1-7]. However, as these raw materials have been
exhausted in recent years, are expensive and their price continues to
rise, the study of replacing these metals for other non-noble ones, which
are suitably catalytic in nature and allow costs to lower, has proliferated
in industry [8]. One of these metals is Ni [9-11].

Ni and its oxides are very important in practical terms in a wide
range of technological applications: electrochemical sensors, secondary
electrodes in batteries, electrolytic H production, organic compounds
oxidation, etc. [12-18]. The literature contains a certain number of
works that have studied the Ni(OH)2/NiOOH reaction owing to the
reversible nature of the process [19]. This reaction is complex and one
that is presented within the range between H20 oxidation and reduction
curves. Under basic conditions, Ni is covered with a hydrated Ni(OH),
layer [19-21] that reacts, can lead to the REDOX Ni(II)/Ni(III) reaction,
and different products form.

The fact that its performance in alkaline media has been widely
studied, it is low-cost and catalytic in nature, and the REDOX Ni(II)/Ni
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(III) reaction is reversible [22-25], all make using Ni to manufacture
voltammetric sensors to monitor RCS’ state very interesting. This would
allow the number of control points to increase in relation to the sensors
manufactured with noble (more expensive) metals, improve the moni-
toring system’s robustness, and facilitate developing simple estimation
models by means of the reversible Ni(II)/Ni(IIl) reaction.

This study presents the bases for developing a novel system that
would allow a Ni voltammetric sensor to be employed to determine
concretes’ state (e.g., presence of chlorides, carbonation, variations in O
and Hy0 availability in the porous network). This is a novel study
because, although voltammetric sensors are widely utilised in solution
[26,271, their use in concrete is scarce, if not non-existent.

Unlike other sensors that are more widespread in concrete, such as
potentiometric sensors [7,28], dynamic electrochemical techniques are
applied in voltammetric sensors, such as cyclic voltammetry (CV). In CV,
a potential signal is applied that varies according to the triangular
sawtooth pattern over time. If the reaction run with the species of in-
terest is achieved when a given potential is reached, the response in the
sensor’s current can be characterised in the implied potentials zone.
Thus reduce the effect of reactions overlapping that can occur in the case
of sensors where the measured realiced is passive such as: potential
sensors and galvanic sensors. Moreover with CV results, multivariate
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analysis techniques can be applied [29], which would allow the largest
possible amount of information to be acquired from a system with many
variables by simplifying the sample space to a smaller sized one. In this
way, more than one parameter of interest can be controlled with a single
sensor, thus optimising the system from the point of view of both ma-
terial and economic resources.

This work centres on studying and characterising the Ni voltam-
metric sensor to obtain information about the conditions of concrete left
in different environments. With this purpose the response of the sensor
embedded in concretes made of three different qualities and submitted
to distinct environmental exposures was studied (Phase 1). After ana-
lysing the results, a model to determine concretes’ state by means of a
principal component analysis (PCA) was specified (Phase 2).

2. Materials and methods
2.1. Sensor system

2.1.1. Electrochemical techniques applied in the sensor

The CV and IS (Impedance Spectroscopy) techniques were applied
with Autolab PGSTAT10. Data were collected by the Nova 1.11
software.

Both the CV and IS techniques were applied using the 3-electrode
configuration, where the working electrode (WE) was the Ni sensor
and stainless steel (SS) plates were used as the counterelectrode (CE). A
saturated calomel electrode (SCE) was employed as the reference elec-
trode (REF).

CV was applied within the potentials range at which the REDOX Ni
(ID/Ni(IlI) pair reaction occurs (Eq. (1)), and where the oxidation and
water reduction curves begin (a pH~13) [17].

Ni(OH), < NiO(OH) + H" + ¢~ @

The Ru value [30] was obtained by means of IS, which was employed
to correct the ohmic drop effect in the voltagrams obtained with CV. The
sweep frequencies range went from 100,000 Hz to 1,000 Hz. The sweep
at high frequencies was justified by being similar to the simple Randles
circuit (Rs-Rp/Cdl). The efficient value of the applied signal was 10 mV.

2.1.2. Sensors fabrication process

To manufacture the Ni electrode, Ni thread was used (99% purity
and 1 mm diameter). The electric connection was made employing
multifilar cable with Teflon casing. The connection between the cable
and the metal was protected by a heat-shrink tube and epoxy resin
(Fig. 1).

2.2. Experimental

In this experiment, concrete samples were employed that measured
4 x 4 x 16 cm®. They were made of three different concrete types in
which Ni sensors, along with the SS CE, had been embedded (Fig. 2-A).
Table 1 summarises the average surfaces of the employed Ni sensor,
the CEs, and the surface area ratio average between the two (Scg/Swe)-
The concretes employed to manufacture samples were those

Ni ELECTRODE
WATER-PROOF PROTECTION ——

L« .

\
\— ELECTRIC CONNECTION

Fig. 1. Photograph of the Ni electrode.
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specified in Table 2.

For the study to offer statistical certainty for each dose, three batches
were made. From each batch, two samples with sensors were manu-
factured. This totalled 18 samples. Therefore, 18 sensors were manu-
factured and 18 SS CEs were prepared.

2.2.1. Concrete characterisation tests

Characterisation standard tests specified in Table 3 were done of the
studied concretes. The results of these standard tests were used to sup-
port the results obtained with the sensors.

2.2.2. Study variables and scenarios

This study was performed in two stages: the first one was when the
influence of the sensor response was analysed owing to variations in Og
availability and humidity; the other was when the influence of the
presence of aggressive agents in concrete was analysed.

e Stage 1: influence of O, availability on the sensor’s response. In this

stage, samples were submitted to two different states:

o Ambient conditions (ATM): a molar O, (Xg2) fraction of 0.21

o Water saturation conditions (SAT): the O, availability in the con-
crete matrix was limited by the solution capacity of the gas in the
concrete pore solution

Stage 2: influence of the presence of aggressive agents in concrete on

the response of the sensor. The samples employed in stage 1 were

divided into two groups, where each one was submitted to a different

aggressive atmosphere:

o Carbonated concrete (CO5)

o Chloride attack (Cl™)

In each state, measurements were repeated 4 times per sample until
the statistical reliability of the results could be ensured. The weight of
samples was measured every time they were tested.

2.2.2.1. Study under ambient conditions (ATM). After concreting sam-
ples, they were left in a curing chamber for 48 days at relative humidity
(RH) close to 99%. Before tests began, all the samples were placed inside
closed containers with saturated KCl solution to keep RH at 84.5 + 0.3%
[31]. The temperature conditions were those of the laboratory (T = 22
+ 3 °C). Sample carbonation was avoided under these conditions. Tests
started when the variation in sample weight between two weighing
sessions done on 2 consecutive days was below or equalled 2%.

2.2.2.2. Study under water saturation conditions (SAT). To accomplish
the saturated state, all the samples were placed inside a vacuum
chamber. The vacuum conditions inside the chamber continued for 1 h
After this time, HoO was allowed to enter until samples were completely
immersed. The system was left for another hour without breaking the
vacuum. After this time, the vacuum was broken. Samples were
immersed for 48 h before running tests by applying electrochemical
techniques.

2.2.2.3. Study under carbonation and chloride diffusion conditions. After
performing the study under ambient and HyO saturation conditions,
samples were divided into two groups. Half the samples were placed
inside an oven to be dried at 50 °C for 48 h After this time, all the
samples were allowed to cool in the atmosphere for 24 h Then they were
left inside a carbonation chamber at 3.5% (T = 23 + 2 °C; HR~60%).
They remained under these conditions for 42 days and different degrees
of carbonation according to concrete quality were obtained.

Bearing in mind the relation expressed in Eq. (2) and the test data,
the carbonation constant (Kcoo, mm/yearl/ %) was calculated for the
3.5% CO5 concentration.

x:K*\/t 2)
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Fig. 2. A) Picture of the measurement time. B) Auxiliary stainless steel electrode.

Table 1
Summary of the average surfaces of the Ni sensors and of the CE made of SS
plate.

Electrode Surface (cm?) Surfaces ratio
(Sce/Swe)
WE Ni 0.06+0.03 389.75
CE SS PLATE 24.78+0.68
Table 2
Quanties per m® of concrete.
MATERIALS Kg/m3f concrete
w/c = 0.6 w/c = 0.5 w/c = 0.4
Cement I 42.5 R-SR5 315 385 490
Water 189 193 196
Superplastifier 2.2 2.7 34
Silica sand 1212 1179 1115
Gravel 653 635 601
Table 3

Characterisation standard test performed.

Total number of
samples per
concrete

Standard Test Sampel shape

10 cm diameter, 6
20 cm high

Hardened concrete tests. Part 3.
Determining samples’ strength
resistance (UNE 12,390-3:2009).

Determining water absorption, density
and accessible porosity for water (UNE
83,980:2014).

Determining water penetration depth

10 cm diameter, 3
5 cm high

15 cm diameter, 3

under pressure (UNE 83-309-90). 30 cm high
Determining air permeability (UNE 15 cm diameter, 3
83,981:2008). 5 cm high

Determining electric resistivity (p): 4 x4 x16 cm® 3
Direct method (reference method)
(UNE 83,988-1:2008).

Accelerated chloride diffusion test

according to Standard NT-BUILD 492.

5 cm diameter, 6
10 cm high

where:

e x: penetration depth of the carbonation front (mm)
e Kcoo: carbonation constant (mm/yearl/ 2)
e t: time in which the carbonation front had advanced (years)

Fig. 3 shows the Kgpg values. According to these values, it was
possible to evaluate the speed at which the studied concretes carbon-
ated. That with the slowest velocity was the concrete with the lowest
water/cement ratio, while that with the fastest velocity had the highest
water/cement ratio.

The remaining samples were immersed in the 0.5 m NaCl solution.
This concentration was selected for being that of seawater. Samples were
left immersed in solution until tests ended.

2.2.3. PCA

The statistical PCA method was applied [6,32-36]. It allowed to
simplify the complexity of the sample space so that it became a
two-dimensional space to conserve the largest possible amount of in-
formation about the initial sample. That is, if j values were needed to
characterise each sample, only two values were required. Both these
new variables are known as a principal component (PC) [29,37]. The
first PC (PC1) is selected in such a way that it contains maximum data
variance. The second principal component (PC2) must contain the
maximum of the remaining variance and be orthogonal to PC1. The
representation on two axes allows samples to be easily grouped and
classified.

This data processing protocol was applied by means of the Solo 9.0
computing tool (2022) (Eigenvector Research, Inc., Manson, WA USA
98,831; this software is available at http://www.eigenvector.com).

The matrix built with the testing data that was entered in the PCA
tool is that which appears in Table 4. In this table, the samples column
refers to the measurements taken per sample in each studied stage. The
state column includes the name of the state which a sample corresponds
to, along with concrete type. The variables columns contain all the CV
data for the sweep 3 range and the Rs values.

The reference system obtained in the PCA was considered to be valid

60 -
47.48
50 4
&
-~
—'5 40 1 32.08
[
2 30 A
£ 18.87
E 20
3
2’ 10 - I
0
w/c=0.6 w/c=0.5 w/c=0.4

Fig. 3. Carbonation constant (Kcoz).
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Table 5
An example of a 3 x 3 confusion matrix.

Table 4

Data table or matrix used in the PCA.
SAMPLES STATE Variablel ... Variable j Rs(Q)
S1
Sn

provided that at least 80% variance was explained by the two principal
components (PC1 and PC2).

2.3. Calibrating and validating the PCA model

To develop the model, it was necessary to follow calibration, fit and
validation processes. During the fit process, any measurements that
proved erroneous due to perturbations occurring while testing were
removed. Even so, the size of samples and their variability were suitable
to ensure the model’s sufficient statistical reliability.

Fig. 4 summarises the sample size for calibrating and validating the
PCA model. The samples employed in validation differed from those
used in calibration.

In the validation of the PCA classification model, the confusion
matrix (CM) was used, which is a typical classification model evaluation
metric [38-41]. Therefore, to calculate the accuracy (ACC) of the model
with respect to the three types of concrete, the type of confusion matrix
shown in Table 5 was used.

The ACC [38-41] was calculated considering the Eq. (3) where TP is
the number of true positives. The best accuracy is 1, and the worst is 0.

_ TP

ACC = ——
size sample

3

3. Results and discussion
3.1. Results of the characterisation of concretes

Table 6 shows the average values obtained in the characterisation
tests. It also shows the average coefficient of variation (Avrg Coef.V).
Coef. V is defined as the quotient between standard deviation and the
average value.

Bearing in mind the results of the characterisation tests, the in-
dicators established by the French Civil Engineering Association (AFGC)
[42] and concrete type according to EN 1992-1-1:2004 (EUROCODE?2),
we classify the employed concretes according to their potential dura-
bility as:

e Concretes with a low potential durability: w/c = 0.6 and w/c = 0.5.
e Concrete with a medium potential durability: w/c = 0.4.

SAT®TOTAL SAMPLES:

PCA MODEL
Sampling distribution for
calibration and validation

processes

ATM =) TOTAL SAMPLES:

) STATES -
Cl- ® TOTAL SAMPLES:

CO, W TOTAL SAMPLES:

9

o

PREDICTED CLASS

A B C

ACTUAL CLASS A a d e
B f b g

C h i c

3.2. Characterisation of the response of the Ni electrode in hardened
concrete (Phase 1)

In line with published works [30], the nomenclature employed in the
voltagrams for the applied electric potentials were: AEgy for the case in
which the ohmic drop was not corrected; AEwg for the case in which the
ohmic drop was corrected. Moreover, the term i was used to refer to the
response of the electric current in the CV test, and the term j to refer to
the electric current value normalised by the WE surface, which is known
as electric current density (uA/cmz).

3.2.1. Comparison of voltagrams (solution vs. concrete)

Fig. 5 illustrates the voltagrams obtained in hardened concrete for
normal pore solution conditions (pH~12.5) and 60 days age. Two hu-
midity conditions in the porous network were studied: HoO saturation
conditions (Fig. 5-A, SAT) and environmental conditions with high hu-
midity (Fig. 5-B, ATM, ambient conditions T = 22 + 3 °C, HR~=70%).
The four sweep ranges of potential defined in the experimental section
were applied. Sweeps were sequentially applied one after another. Both
voltagrams depict the typical Ni voltagram for an alkaline conditions
[16,20], whose morphology coincides with that described by Vukovic
[43]. The Ni oxides development zone is located between the H,0O
oxidation and reduction curves. As the literature amply describes, a
complex Ni(II)/Ni(IIl) reaction takes place in this zone [15,16,18,20].

Starting by describing the peaks identified in the voltagrams in
Fig. 5, obtained in the anodic sense; that is, from left to right. Firstly,
peak D is identified between potentials —1.1 V and —0.8 V. This is due to
the transition of Ni® (active zones on the metal’s surface) to Ni(OH)5;
that is, due to passive layer formation [15,16,18,20], whose reaction is
described in Eq. (4). This peak appears when active zones remain on the
metal’s surface because, when Ni is placed in basic solution, the Ni(OH),
layer is spontaneously produced, which does not have to be uniform
over the whole surface [19,44]. It also forms in free zones when the
cathodic sweep of the H;0 reduction curve increases in line with what
Sandoval, Schrebler and Gémez described [44].

Ni® +20H™ < Ni(OH), + 2¢~ @

Following the anodic direction, the zone lying between potentials
—0.6 V and 0.3 V is due to the transformation of a- Ni(OH); into p-Ni
(OH);. The pair of REDOX A-a peaks observed within the 0.3 Vand 0.7 V

+CALIBRATION-> 12 samples #p 4/concrete

AVALIDATION—=> 6 samples  mp 2/concrete

v CALIBRATION=> 12 samples #p 4/concrete Number of

“ VALIDATION-> 6 samples  mp 2/concrete | measurements for

+ CALIBRATION-> 6 samples # 2/concrete sample: 4

“ VALIDATION=> 3 samples  ® 1/concrete B I

» CALIBRATION=> 6 samples #p 2/concrete NUMBER OF

* VALIDATION-> 3 samples  ® 1/concrete MEASURAMENTS:

CALIBRATION 144
VALIDATION 272
REMOVAL OF ’ l
ANOMALOUS -
MEASURAMENTS

FINAL NUMBER OF SAMPLES:

CALIBRATION 144
VALIDATION 261

Fig. 4. Distribution of samples and sample size in the model to control concrete state for conventional concretes, PCA model.
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Table 6
Average values of the characterisation tests done with the concrete used in Phase 2.
feogdays (MPa) % P.A.A. % A.A. P.A.P. (mm) k p (Qm) Dnssm
(XlO’18 mz) (x10’12m2/s)
w/c = 0.6 34.5 19.19% 7.59% 47 667.76 50.68 45.22
w/c =0.5 42.9 17.21% 7.47% 26 521.37 52.38 25.35
w/c = 0.4 56.8 14.85% 6.65% 10 413.56 62.56 9.7
Avrg Coef.V 5.49% 7.47% 6.27% 11.20% 26% 11.38% 8.43%

Compression resistence at 28 days (fck28das) (UNE 12,390-3:2009),% accessible porosity for water (A.P.W.) and% water absorption (W.A.) (UNE 83,980), water
penetration depth under pressure (P.D.P.) (UNE 83-309-90), air permeability coefficient (k) (UNE 83,981), electric resistivity (p) (UNE 83,988-1:2008), non-steady-
state migration coefficient (Dnssm)(NT BUILD 492). [The coefficient of variation (Coef.V) is defined as the quotient between the standard deviation and the average

value].
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Fig. 5. A) Voltagrams obtained with the Ni sensor embedded in concrete w/c = 0.6 under water saturation conditions. B) Voltagrams obtained with the Ni sensor

embedded in concrete w/c = 0.6 under ambient conditions.

range is associated with the REDOX Ni(OH),/NiOOH reaction (Eq. (5),
for a basic medium).

Ni(OH), + OH™ < NiOOH + H,0 + ¢~ (5)

Peak A is Ni(OH), oxidation with NiOOH layers of different species
forming, while peak a (cathodic sweep) is the inverse reduction reaction
[15,16,18,20]. The j value of these peaks is affected by the sweep range,
some authors point out that an increase in the j of peaks A-a is owing to
the proliferation of other Ni oxide species that form during the H,O
oxidation curve [23,45,46].

When the voltagram is followed in the cathodic direction, a shoulder
peak, cathodic peak d, sometimes appears in the potentials —0.8 V and
—1.1 V zone, which is due to the passive Ni(OH)y layer [17]. Generally,
however, the reduction in the passive layer occurs at very negative po-
tentials when the sweep of the HoO reduction curve considerably in-
creases, and active zones of the metal are generated. In them, the anodic
sweep once again forms an Ni(OH); layer and peak D increases.

3.2.2. Influence of humidity, chloride ions and concrete carbonation on the
response of the Ni sensor

Fig. 6 and Fig. 7 provide an example of the Ru value and the volta-
gram of all three concretes studied in this phase (w/c = 0.6, w/c = 0.5,

Ru(Q) WSAT @DATM mCl-
25000
20000
15000
10000
5000

0

w/c=0.6 w/c=0.5 w/c=0.4

w/c = 0.4), and also for the four concrete conditioning states: saturated
H,0 state (SAT), atmospheric conditions (ATM), presence of chlorides
(C17) and carbonated state (CO5). The objective of the comparison is to
show how the sensor reacts to the different changes that might take
place in concrete.

With all the concretes, when passing from state SAT to state ATM,
and as HyO availability diminishes, concrete’s electric resistance in-
creases, which gives way to a rise in Ru (Fig. 6-A). This means that
Faraday processes (exchange of loads) are limited, and the response to
electric current lowers in state ATM (Fig. 7-A, 7-C and 7-E). Besides,
greater HyO availability must favour the REDOX Ni(II)/Ni(III) process.

When both the ionic concentration in the concrete pore solution and
H0 availability increase, the concrete’s Ru lowers more than in state
SAT (Fig. 6-A). This is not the case of concrete w/c = 0.4 because
chlorides did not diffuse up to the sensor’s zone in this concrete during
the study period. Fig. 8-A, 8-B and 8-C provide an example of a colori-
metric evaluation by spraying AgNOs.

Regarding the CV results (Fig. 7-A, 7-C and 7-E), new products were
generated by the reaction of chlorides with Ni(OH)a, as discussed in the
study in solution section.

Finally for concrete carbonation (COy), in concretes w/c = 0.6 and
w/c = 0.5 carbonation occurred all around the sensor, but it only

Ru(Q) €O2 mATM
400000
300000
200000
100000
0 —— (— —
w/c=0.6 w/c=0.5 w/c=0.4

Fig. 6. Ru values for those tests whose voltagrams are shown in Fig. 7. A) concrete under water saturation (SAT), atmospheric (ATM) and chloride diffusion (Cl™)
conditions. B) concrete under atmospheric (ATM) and carbonated concrete (CO,) conditions.
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Fig. 7. A, C and E) The CV results obtained with the Ni sensor in concrete hardened under water saturation (SAT), atmospheric (ATM) and chloride diffusion (Cl™)
conditions. B, D and F) The CV results obtained with the Ni sensor in concrete hardened under atmospheric (ATM) and carbonated concrete (CO») conditions.

reached a depth of 0.5 cm in concrete w/c = 0.4 d Fig. 8-D, 8-E and 8-F
illustrate an example of a colorimetric evaluation by spraying
phenolphthalein.

In concretes w/c = 0.6 and w/c = 0.5, the stronger effect observed
with the chosen sweep range, range 3, was the effect on the ohmic drop
because the Ru value abruptly rise (Fig. 6-B). This is why the obtained
electric current in the voltagram is very small. Thus when the resistance
to ionic circulation increased, the circulation of the loads between the
WE and the CE was lesser, and the pair of REDOX A-peaks could not be
seen.

In concrete w/c = 0.4, the carbonation front did not reach the sen-
sor’s zone, but achieved a carbonation depth of 0.5 cm (Fig. 8-F), which
affected the ionic circulation zone between the WE and the REF and,
thus, Ru increased (Fig. 6-B). This is why differences are seen in the
voltagram for state ATM.

3.3. Model of the concrete state classification. PCA model (Phase 2)

Fig. 9 includes the graph with not only the PCA scores, but also the
distribution of the samples on the plane formed by the two PCs for all the
concretes and in the five analysed states. PC1 is on the X axis and ac-
counts for 99.73% of data variance, with PC2 on the Y axis accounting

for 0.18% of data variance. The total data variance explained by both
axes is 99.91%. Therefore, the PCA model well represents the informa-
tion provided by the samples in calibration.

The samples employed for the PCA study of Fig. 9 are grouped ac-
cording to both the state they were submitted to (SAT, ATM, Cl and
CO») and concrete type (w/c = 0.6, w/c = 0.5 and w/c = 0.4). The PCA
graph distinguishes the groups associated with each state, although the
groups associated with states CO5 and Cl™ are very close to groups ATM
and SAT, respectively.

3.3.1. Detecting variations in humidity availability

The PCA scores graph (Fig. 9) indicates two grouping zones with
well-differentiated dots, and appear on either side of the fucsia dashed
line drawn in the graph. These two zones belong to different Ho,O
saturation states. On side Z1, the groups associated with the samples
tested under NON—H,0 saturation conditions (ATM and CO,) appear,
while the groups of the samples tested under H,O saturation conditions
(SAT and Cl7) are found on side Z2.

This indicates that as a dot appears further up in the graph and in a
perpendicular direction to the fucsia dashed line, humidity availability
is closer to the HoO saturation state (a tendency marked by F-H»O;
Fig. 9).
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Fig. 8. A, B and C) Photographs taken of the samples sprayed with AgNOj after tests. D, E and F) Photographs taken of the samples sprayed with phenolphthalein

after tests.
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Fig. 9. PCA analysis graph for all the studied concretes and in all the tested states. Lilac: Atospheric air conditions (ATM); Orange: carbonated samples (CO3); Green:
samples immersed in 0.5 m NaCl (Cl-); Blue: water saturation conditions (SAT).

In the saturated state (SAT; blue), the groups of the different con- In Fig. 10, the PCA graph extends to the zone corresponding to the
cretes overlap. Under such conditions, Oy availability is low and, groups of states ATM and CO». In this extension, in the groups of dots
consequently, in this state (SAT) the kinetics of the REDOX Ni(II)/Ni(III) associated with state ATM, the concrete w/c = 0.6 group is found and is
reaction is similar for the three studied concretes. further away from the HyO saturation zone, while the concrete w/c =
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Fig. 10. Details of Fig. 9 in the carbonation groups zone (CO5).

0.4 group is closer. According to the concrete characterisation results,
concrete w/c = 0.6 presents more porosity and O, permeability. Thus in
the matrix of this concrete, O, availability is greater and HyO avail-
ability is lesser. This implies that the characterisation tests validate the
marked H,O availability in the graph with F-H,O.

The capacity to distinguish a different H,O availability is very
interesting for not only studying the kinetics of corrosion processes in
rebars, but also because it allows defects in their cover layers or the
existence of cracks to be detected. The appearance of cracks may favour
the mass penetration of both gases and liquids. So under these condi-
tions, dots appear to be abnormally displaced in the PCA graph.

3.3.2. Cl” detection

In Fig. 9, the groups of the dots associated with state C1~ follow the
tendency marked by arrow F_Cl™. This tendency is in accordance with
Cl™ availability in the concrete matrix because it is coherent with the
Dpssm Values and the chloride migration coefficient in the non-stationary
state (Table 6). This coefficient is higher when concrete’s resistance to
chloride diffusion is lesser. As concrete w/c = 0.4 has the lowest Dygsm
value and concrete w/c = 0.6 has the highest one, the tendency marked
by F-Cl™ (Fig. 9) indicates that Cl~ presence is greater.

In concrete w/c = 0.6, the ordenated dispersion of dots occurs in
direction F_Cl". It is a coincidence that the dots further away from the
start of the arrow are those which correspond to a longer immersion
time for the sample in 0.5 m NaCl solution. Given the effect of the
gradient of concentrations between the concrete pore solution and the
solution in which samples are immersed, the free chlorides concentra-
tion inside samples rises with time. This diffusion phenomenon occurs
until the Cl- concentration of the concrete pore solution is balanced with
the solution in which samples are immersed.

3.3.3. Concrete carbonation detection

The sensor is capable of detecting the variations caused by carbon-
ation in the capillary network, by the concrete pore dissolution and its
evolution with time (F-CO», Fig. 10). The groups of the dots associated
with this state can be distinguished from those corresponding to the
other states (Fig. 9).

This affirmation is validated by the correlation with the standardised
test results:

o Bearing in mind concretes’ carbonation constant (Fig. 3), the degree
of carbonation for concrete w/c = 0.6 is higher than for concretes w/
¢ = 0.5 and w/c = 0.4 during the study period. This is confirmed by
the images in Fig. 8 where, after 60 carbonation days, the carbon-
ation front in concrete w/c = 0.4 still does not reach the sensor. In
the PCA graph (Fig. 10), it is possible to see how the dots that are
associated with the last measurement taken in this state (at 60 days)
are ordered from lower to higher concrete porosity in the F-CO, di-
rection. This tendency, which is marked by F-CO,, indicates a higher
degree of carbonation in its direction

With time, the carbonation front in concrete advances (the degree of
concrete carbonation increases with time), which is reflected in the
PCA. It shows how the dots further away from the start of the F-CO,
of the group associated with each concrete are those that correspond
to the measurements taken at 60 days when samples were left in the
carbonation chamber (Fig. 10)

As explained at the start of this section, total carbonation does not
occur in concrete w/c = 0.4 in the zone where the sensor is found.
However, the Ni sensor is capable of detecting the change that takes
place around it when carbonation begins, and dots are displaced
downwardly and to the left in relation to the corresponding dots in
ATMw/c = 0.4-

3.3.4. Validation model

After verifying the consistency of the results by making a comparison
to the results of the standardised tests, the PCA model was validated. In
Fig. 11, the validation data about the calibrated PCA are represented (V-
ATM, V-COg, V-Cl™ and V-SAT). The zones corresponding to each state
was defined by the calibrated model. The graph in Fig. 11 shows how
most of the samples employed in the validation are represented in the
zone that corresponds to the state in which the measurement was taken.

In order to obtain the accuracy of the model the information of the
PCA validation graph is represented in 4 x 4 confusion matrix for state
(Table 7). Furthermore, to evaluate the accuracy of the model by type of
studied concrete, a 4 x 4 CM was defined for each studied concrete
(Table 8).

According with the confusion matrix the accuracy of the model per
concrete and overall is shown in the Table 9. The accuracy for the model
is good being the value close to unit. Regarding to the results of ACC by
concrete, the low value is obtained in w/c = 0.5, but this value close to
0.8 is consider acceptable as can be verified in bibliography [38,47].
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Fig. 11. Validation of the model to control RCS’ durability (PCA model). Lilac: atmospheric conditions (ATM); Green: samples immersed in 0.5 m NacCl solution
(C17); Orange: carbonated samples (CO,); Blue: water saturation conditions (SAT). The red circles on the dashed line indicate the values whose position is not

coherent with the measurement conditions they belong to.

Table 7
4 x 4 confusion matrix for classes ATM, CO,, C1~ and SAT.

Predicted Classification

ATM CO, cl- SAT
Actual Classification ATM 9 2 0 0
CO, 0 23 0
Cl™ 0 0 12 6
SAT 0 0 9

The overall ACC expresses the hit percentage for the sample size,
then the model confidence interval (CI) will be estimated with a confi-
dence level of 95% (o), which is usual, accepting that the probability of
being correct is distributed as the Binomial Function. The acceptance
number is 53 samples out of the total number of 61, which corresponds
to an acceptance rate (p) of 86.9%. 8 samples out of 61 are rejected,
which corresponds to a rejection rate (G) of 13.3%.

Considering that n+p = 61 x0.869 = 53.01 > 5 and n *¢ = 61 *
0.133 = 7.99 > 5, the Binomial Function, defined as B(n, p)=(61,

0.869), can approach the Normal Distribution [48-50], N(n,1/£2)=(60,

0.0435), and CI is obtained with the equation below:

(ﬁ—z%-\/ﬂ;fwz%w/ﬂ) 6)
n n

where Z,/2 = 1.96. This is the value for a/2 = 0.025.

It can be stated that, after the calculation, the CI for the model’s
probability of being correct is p = 0.869+0.085, which means that the
real percentage of the model being correct at the 95% confidence level

Conclusions

Taking into account the previously presented analysis, the following
conclusions are drawn:

e The performance of the sensor embedded in concrete is similar to the
performance in solution, but with some differences in oxide layers
formation due to the limitation in the diffusion or transport phe-
nomena that take place in the hardened concrete matrices. In any
case, the sensor reacts in concrete in the same way as in solution this
favours the use of this sensor in porous materials.
o According to the results, the voltammetric Ni sensor, along with the
applied electroanalytical techniques and the PCA analysis, allows the
tested concrete state (presence of chlorides, concrete carbonation,
and variations in Oy and humidity in the porous network) to be
distinguished
\/ The sensor is capable of not only detecting variations in humidity
availability, but of also showing the tendencies correlated to
concrete porosity and its Oy permeability

\/ Although the sensor detects the presence of Cl™ anions, its
sensitivity is low. It is impossible to detect variations complying
with changes in the concentration of the anion inside the concrete
matrix over time in concretes with low and medium porosity

\/ The sensor detects the carbonation front. The response of the
sensor changes as the carbonation front advances in the concrete

Table 9
Accuracy calculated values.

X overall w/c = 0.4 w/c = 0.5 w/c = 0.6
would lie between 78.3% and 95.4%.
ACC 0.869 0.950 0.792 0.941
Table 8
4 x 4 Confusion matrix for each concrete.
w/c = 0.4 Predicted Classification w/c = 0.5 Predicted Classification w/c = 0.6 Predicted Classification
ATM CO4 Cl™ SAT ATM CO, Cl™ SAT ATM CO, Ccl™ SAT
Actual ATM 4 0 0 0 Actual ATM 5 0 0 0 Actual ATM 1 1 0 0
Classification CO, 0 7 0 0 Classification CO, 0 7 0 0 Classification CO, 0 9 0 0
Cl 0 0 5 1 Cl 0 0 4 5 Cl 0 0 3 0
SAT 0 0 0 3 SAT 0 0 0 3 SAT 0 0 0 3
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matrix. This allows high degrees of carbonation to be detected
coherently with concrete type

e The validation of the model with accuracy of 0.869 and a population

range between 0.783 and 0.954 demonstrates the potentially of the
model.
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