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Highlights
e Electrical impedance is used as NDT for concrete health status assessment
e Three concrete compositions were subjected to accelerated degradation tests
e Wenner’s method is used for measuring electrical impedance in AC configuration
e Electrical impedance decreases with water/chlorides penetration

e Low-clinker cements help in increasing detectability of aggressive agents

Abstract
This paper discusses the electrical impedance behaviour, measured according to the Wenner’s
method, of three different concrete mixes during accelerated degradation tests. Being a first attempt

to move from laboratory to in-field applications targeted to long-term monitoring, the same electrode



array configuration and set-up (AC current at 10kHz) is used. Results show that electrical impedance
decreases down to 24% in capillary water absorption tests, 77% and 86% in salt-spray chamber and
wet/dry cycles with 3.5% NaCl solution, respectively. The two new low-clinker cements adopted
seem to improve the measurement sensitivity towards contaminants ingress with respect to the

commercial one (reference).
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1. Introduction
Concrete durability is a key aspect to consider in structures (buildings, tunnels, bridges, etc.), since it
highly affects their service life costs. The durability of concrete heavily depends on the interactions
of concrete itself with the surrounding environment, which is reach in contaminants [1]. Indeed,
among the several causes of concrete degradation, the following three are considered as the most
common ones:
e Water penetration, which represents the main carrier of aggressive agents;
e (CO2 penetration, which, in presence of moist air, determines cement matrix carbonation,
responsible of reinforcements corrosion;
e Chloride penetration, both through water and marine aerosol, which initiates reinforcements
corrosion;
From “The law of fives” by De Sitter, it is well known that costs for repairing a concrete structure
exponentially grow with the time elapsed from the first sign of degradation to the intervention [2].
Consequently, it becomes clear that monitoring the penetration of aggressive agents in concrete to
speed up interventions is important to reduce maintenance costs and avoid premature failure of
concrete structures [3]. Several non-destructive measurement techniques for static Structural Health

Monitoring (SHM) are reported in literature, such as ultrasound [4,5], Ground Penetrating Radar



(GPR) [6,7], electrical resistivity [8], computer vision [9] and thermography [10,11]. Electrical
resistivity measurement, which can be calculated from electrical impedance (i.e. the ability of a
material to oppose the electric current flow), is getting high attention with respect to the other
methods, given its low-cost nature and fast response. Indeed, the electrical impedance characteristics
make it possible to exploit self-sensing capability of concrete, which means its ability to sense its
own condition (e.g. damage, temperature variations, stress and strain) [12]. Since concrete contains
an interstitial solution with ions, conduction is of electrolytic type; however, in presence of
conductive materials (e.g. carbon fibres) also electric conduction occurs [13]. It is possible to state
that electrical resistivity reflects the ability to transport ions [14] (e.g. chlorides and sulphates [15])
and therefore the concrete capability to withstand the mobility of ions [8], which are directly involved
in degradation processes.
To measure electric impedance, the material under test should be excited (by means of an electric
current/potential) and the corresponding response (in terms of potential difference/electric current,
respectively) should be measured. The ratio between electric potential and current provides an electric
impedance value.
Electrodes needed to perform this measurement should be in contact with the material under
investigation; indeed, a good electrical connection is fundamental to get reliable measurements [16].
To guarantee the absence of polarization of both electrodes and the material itself, the measurement
should be carried out adopting the Alternating Current (AC) approach in the 4 electrodes
configuration (i.e. Wenner’s method [17]). Literature reports valid examples of different approaches
(e.g. AC 2-electrode configuration [20,21], Direct Current [22,23] to cite some) providing interesting
results, however, it should be noted that the 4-electrodes AC configuration, makes it possible to
improve the accuracy of the measurement process, for the following reasons [18,19]:

e [Exciting the material with AC prevents material polarization, since dipoles have not enough

time to align; even though this could be material dependent, frequency should be > 1 kHz,

otherwise a small polarization could still be present;



e Asitis common in electric impedance measurements, carrying out a 4-electrode measurement
reduce insertion errors; measurement electrodes are separated from the excitation ones and
the inner input electric impedance of the device carrying out the measurement does have a

reduced impact on the characterization of the target electric impedance to be tested.

Electrical resistivity (p [Q2'm]) is widely used to characterize concrete for different aspects, such as
corrosion of reinforcement steel rebars [19,25,26] (also resistivity ranges with associated corrosion
risks are reported in literature [8]), assuming that higher resistivity entails slower corrosion
propagation [27-29]), cracks detection [4,30-32], setting-time determination [13,14], resistance to
chloride penetration [33], moisture content, porosity [34—36], quality assessment and, therefore,
durability of concrete itself [8,37,38]. In particular, it is possible to observe a decrease of concrete
electrical resistivity if moisture content increases (moisture is the main factor influencing resistivity
[14]), as well as chloride content (strong correlation, R? > 0.90 [33]), if total porosity is higher (which
means presence of more pore solution) or temperature increases (which entails higher ionic mobility)
[8]. On the other hand, electrical resistivity increases after cement matrix carbonation (which reduces
interstitial fluid ion concentrations), cracks [30,39], high tortuosity (i.e. small and disconnected
pores), high concrete age (indeed, hydration increases pores discontinuity). It makes little sense to
establish electrical impedance ranges for normal concrete conditions, since intrinsic impedance value
depends on concrete composition [14,21] (i.e. on the electrical conductivity and electrical permittivity
[6] of the used materials, e.g. aggregates [40], binders [37], conductive additions) and curing
conditions [41], in addition to the influence of the measurement method itself [42—44]. This means
that each type of concrete should be characterized in its initial condition before monitoring of its
health status. Moreover, the cell-constant of the specimen under test has to be known [45,46]. Cell-
constant of laboratory specimens can be determined; obtaining the cell constant in in-field

applications is not practical, since the extension of the structure with respect to the material volume



under analysis might highly affect the accuracy in the determination of the cell-constant, thus causing
high uncertainty in the resistivity value.

It is worthy to underline that Wenner’s method makes it possible to monitor a limited volume (which
is referred to as “sensing volume™), i.e. the hemisphere whose radius is equal to the electrodes spacing,
hence it is a local measurement. If a change in electric impedance takes place outside this monitored
volume, the measurement will not be affected. For this reason, it is fundamental to install the required
amount of sensors in a given structure through a suitable strategy for the selection of the zones that
play a key role in the mechanical resistance of the structure in relation to their critical exposure
conditions to aggressive environments.

Literature already reports papers where electric impedance/resistivity has been used to monitor the
penetration of contaminants in concrete [33,47]. However, generally, a single type of aggressive agent
has been considered. Moreover, different measurement configurations (in terms of number of
electrodes, measured frequency, etc.) and different mixtures have been adopted by different authors;
this makes very difficult the comparison of the obtained results.

This paper aims at developing a long-term monitoring system for concrete-based structures. For this
reason, a comprehensive set of concrete specimens were manufactured and submitted to accelerated
degradation tests (capillary water absorption, exposure to a salt-spray chamber and exposure to wet-
dry cycles in a chloride-rich solution, simulating sea water). The concrete specimens were analysed
in terms of electric impedance measurements by means of the same 4 electrode array configuration
(4 electrode array) and electrical input (AC approach, 10 kHz excitation frequency). Given the
increasing interest in low-clinker cement for reducing cement carbon footprint (Ordinary Portland
Cement (OPC) production generates around 8% of global CO2 emissions [48]), the investigation was
performed on concrete specimens adopting new formulations of low-clinker cement developed within
the framework of the EnDurCrete (GA No. 760639) European Project [49].

Three different concrete compositions have been tested in order to investigate the effect of the binder

on the measured electrical impedance in the different (above-mentioned) accelerated degradation tests



and to verify that the measurement itself is not altered by the contaminants. This is fundamental to
bring the electrical impedance-based approach from laboratory to the field as a long-term structural

health monitoring system.

2. Materials and methods
2.1. Concrete specimens preparation
Three different Portland cements were used as binders for concrete specimens. In particular, two were
developed by HeidelbergCement AG within EnDurCrete project (CEM II/C-M (S-LL) and CEM VI
(S-V)), whereas a commercially available one was used as reference cement (CEM II/A-S 42.5R):
o CEM II/A-S 42.5R was used to cast specimens belonging to the RO subset;
e CEM II/C-M (S-LL) was used to cast specimens belonging to the S1 subset; this cement is a
blend of ordinary Portland cement, ground granulated blast furnace slag and limestone filler;
e CEM VI (S-V) was used to cast specimens belonging to the S2 subset; this cement is a blend

of ordinary Portland cement, ground granulated blast furnace slag and V-type fly ash.

Table 1 Composition [wt%] of CEM II/C-M (S-LL) and CEM VI (S-V) cements

Cement CEM1525R GGBFS Limestone filler CEMI42.5R Coarse GGBFS FA
CEM II/C-M (S-LL) 50 40 10 - - -
CEM VI(S-V) - - - 47 43 10

The composition of the two newly developed low-clinker cements is reported in Table 1 and they
have been produced by blending OPC component together with separately ground granulated blast
furnace slag (GGBFS), limestone filler and fly ash (FA). CEM II/C-M (S-LL) and CEM VI (S-V)
contain only 50 wt.% and 47 wt.% of CEM I, respectively, and the European Standardization

Committee is currently working on adding these low-clinker cement types to the family of common



cements within the scope of EN 197-1 [50]. The novel cements have been designed and produced by
Heidelberg Cement on principles which are described in [51].

Three aggregates were used in saturated surface dry (s.s.d.) condition; in particular, limestone/quartz
river sand (0/4 mm) and intermediate (5/10 mm) and coarse (10/15 mm) river gravel. Water
absorption was 1.3%, 0.9% and 0.7%, for sand, intermediate and coarse gravel, respectively. The

particle size distribution of aggregates is reported in Fig. 1.

100 1 e
<-Sand K 'y
-%-Intermediate gravel

-x-Coarse gravel il
70 4 s

90 A
80 A

60 A
50 A
40 A
30 1

Passing [%]

20 4 , =
10 A

0.01 0.1 1 10 100
Sieve size [mm]

Fig. 1 Particle size distribution of aggregates

Two polycarboxylate (PC)-based admixtures were used: PC1 is a high-range water reducer, specially
designed for precast applications, and PC2 is a slump-keeper for obtaining highly fluid concrete,

avoiding loss in workability and additional retardation.

Table 2 Mix-design of concrete specimens

Mix Cement Eg::zi:e Sand Intermediate gravel Coarse gravel Admixtures [kg/m’]
[kg/m’] [kg/m’] [kg/m’] [kg/m’] [kg/m’] PC1 PC2

RO 360 162 956 385 567 1.2 1.9

S1 360 162 953 384 566 1.7 2.5

S2 360 162 956 385 567 0.9 1.3




RO, S1 and S2 concrete subsets were cast with the mix-design reported in Table 2. The admixtures
amount was dosed in order to obtain concretes of S5 consistency ("almost Self-Compacting
Concrete"), with a water/cement (w/c) ratio equal to 0.45.
The concrete batches were mixed according to the following procedure:

1. Mix solid components: sand + gravel + cement (mix speed: 30 rpm; mixing time: 20 s);

2. Stop the mixer;

3. Add three quarter of water and mix the concrete (mix speed: 59 rpm; mixing time: 60 s);

4. Stop the mixer;

5. Add one quarter of water + PC-based water reducers and mix the concrete (mix speed: 59

rpm; mixing time: 600 s).

PC-based water reducers were added to reach the same workability class (S5).
Fresh concrete mixtures were then poured into different moulds to obtain specimens for testing,
namely in 10 cm cubes and 10 ecm x 10 cm x 50 cm beams. Curing was performed in a climate
chamber at temperature (T) of 20 = 1 °C and a relative humidity (RH) of 95 + 5% by covering
specimens with plastic film for the first 24 hours; then, they were demoulded and wrapped in
polyethylene foils for further 27 days. Then, the plastic envelopes were removed and specimens were

leftat T=20+1 °C and RH = 50 + 5% before being exposed to accelerated degradation tests.

2.2. Porosimetry testing
The microstructural properties of the concretes, in terms of pore distribution and total porosity (Vp)
value, were analysed after 28 days of curing by means of a mercury intrusion porosimeter (MIP,
model Thermo Fisher 240 Pascal). It is worthy to note that the pore size that can be measured with
this system ranges between 0.0037 um and 7.5 pum; pores bigger than 7.5 pum cannot be directly

measured; however, macropores greater than 1 mm can be observed visually.



2.3. Electrical impedance measurement
After 28 days of curing, the beams were cut in three parts, in order to obtain two smaller prisms (10
cm X 10 cm x 20 cm) and one cube (side: 10 cm). The formers were used for electrical impedance
measurements, whose electrodes configuration is reported in Fig. 2. The external electrodes (i.e.
Working Electrode, WE, and Counter Electrode, CE) are used to inject excitation current (RMS value:
10 pA), whereas the internal ones (i.e. Sensing, S, and Reference Electrode, RE) are used to measure
electric potential difference. Stainless steel electrodes (@ 3 mm, length 4 cm), with a spacing of 4 cm
(that is greater than 1.5 times the maximum aggregate size, as recommended in [19]), were embedded
for half of their length (i.e. 2 cm). In particular, they were inserted in holes drilled in concrete (@ 18

mm, height 20 mm), then filled with mortar, whose composition is reported in Table 3.

10 cm

Fig. 2 Concrete specimen with sensing electrodes, dashed lines represent electric current (dimensions are not in scale)

The cement used to cast the mortar was the same used in each concrete composition: CEM II/A-S
42.5R for RO, CEM II/C-M (S-LL) for S1 and CEM VI (S-V) for S2. Limestone filler, with particle
size smaller than 100 um, produced by Granulati Vertova S.r.l. (Rezzato, BS, Italy), was used. An
acrylic ether superplasticizer (Dynamon SP1) was used as admixture. Calcium oxide (CaO) was used

to avoid possible shrinkage phenomena. The mortar was cast with a w/c equal to 0.67.



Table 3 Mix-design of the mortar used to fill holes

Cement Water Limestone filler Dynamon SP1 CaO
[kg/m?] [kg/m3] [kg/m3] [kg/m3] [kg/m3]
467 311 1400 3.1 233

Table 4 reports the number of specimens per each composition manufactured for the different

accelerated degradation tests.

Table 4 No. of concrete specimens for each accelerated degradation test

Specimens
Accelerated test Cubic shape Parallelepiped shape
Subset
(10cm x10em x 10 ecm) (10 cm X 10 em X 50 ¢m)
RO - 1
Capillary water absorption Sl - 1
S2 - 1
RO 1 1
Chloride penetration
S1 1 1
(wet/dry cycles)
S2 1 1
RO 1 1
Salt-spray chamber S1 1 1
S2 1 1

Measurements were carried out according to the Electrochemical Impedance Spectroscopy (EIS)
method, in the frequency range 10 Hz — 100 kHz (then, the electrical impedance measured at different
single frequency values, i.e. 1, 10, 31.6, 50.2 and 100 kHz, were derived), by means of Gamry
Reference 600 Potentiostat/Galvanostat, used in galvanostatic configuration. Single frequency values

were extracted in post-processing, to evaluate the variations of electrical impedance while



contaminants penetrate; in particular, the real part of electrical impedance was taken into account,
since it is the one mostly related to concrete durability (indeed, it is linked to the ions mobility in
concrete pore solution) [43]. Results reported in the Section 3 refer to the analysis frequency of 10
kHz. This frequency was chosen as it seems to provide good balance between the ability to detect
changes in the material electrical impedance due to contaminants and measurement speed. Indeed,
these two aspects are important in terms of development of an in-field monitoring system, since a fast
measurement makes it possible to reduce consumption of the data acquisition system and to evaluate
the response of the target structure to transient phenomena like dynamic load variations. Nevertheless,
the use of an EIS approach should be kept, if possible, also in an in-field monitoring system, for

timely check of the performance of both the target structure and the measurement system itself.

2.4. Capillary water absorption

Capillary water absorption test was carried by adapting the EN 15801 [52] conditions to electrical
impedance measurement (specimens were not dried in the oven to avoid extremely high impedance
values, beyond the instrumentation full-scale). Distilled water was used to soak 1-cm multilayer of
filter paper. Specimens were placed over the paper in vertical position, as shown in Fig. 3a. Specimens
were kept in a closed container for all the test duration, in order to avoid water evaporation (Fig. 3b).
According to the above-mentioned standard, the specimen weights were periodically measured over
time to evaluate the amount of water absorbed per unit area (Qi [kg/m?]).

Both weighing and electrical impedance measurements were carried out at 0 (start of test, after 28

days of curing), 10, 20, 30 and 60 minutes, 4, 6, 24, 48, 72, 144, and 168 hours.



20cm

Filter paper (1
cm), soaked with
distilled water

Fig. 3 Capillary water absorption test setup: a. sketch with dimensions and b. picture

2.5. Salt-spray chamber exposure
Salt-spray chamber test was carried out according to EN ISO 9227 [53] in warm, humid and chloride-
rich environment (T =38 + 2 °C, RH = 95-98%, NaCl = 5%). Specimens were placed inside the salt-
spray chamber (ACS DCTC 600 P) on proper supports, as illustrated in Fig. 4. To prevent possible
corrosion of electrodes, these were sealed with plasticine. Measurements were carried out after a
preliminary 28-day exposure in the chamber, in order to start with specimens having an initial

degradation level.

Fig. 4 Salt-spray chamber test setup

Free chlorides (i.e. water soluble chlorides) have been measured because directly related to
reinforcement pitting corrosion [3,54]. Free chloride concentration was analysed in compliance to
UNI 9944 [55]; powder samples were drilled (Fig. 5) from cubic specimens (side: 10 cm) having

exactly the same composition and curing conditions/time and exposed to the same conditions of those



with the electrodes used for impedance measurements. The set times for electrical impedance
measurement were 0, 7, 14, 21 and 28 days, whereas for chloride analyses were 0, 14 and 28 days.
Powder samples (approximately 5 g each) were collected drilling the cubes at four different depths:
0-10 mm, 10-20 mm, 20-30 mm and 30-40 mm; contamination between the powders collected at the
different depths was avoided by cleaning the holes with compressed air. Each collected powder
sample was mixed with 20 ml of demineralized water. The obtained suspension was maintained under
a strong mixing for 24 hours and then filtered to obtain a final solution in a 100 ml volumetric flask
by adding the necessary demineralized water. The free chloride content was determined as wt.% of

the cement.

Fig. 5 Drilling of powder samples for free chloride analysis

2.6. Chloride penetration (wet/dry cycles)
To carry out a wet-dry cyclic exposure of the concrete specimens, they were submitted to 4 weekly
wet/dry cycles (2 days wet and 5 days dry) in a 3.5% NaCl solution. They were partial immersed
(constant depth: 9 cm) in the solution. In order to allow water penetration also from the bottom side

of the specimens, they were placed inside a closed plastic box on cylindrical supports (Fig. 6).



3.5% NaCl solution

Fig. 6 Chloride penetration (wet/dry cycles) test setup: a. sketch with dimensions and b. picture

As for salt-spray chamber test, the electrodes were sealed with plasticine to prevent possible
corrosion.

The free chlorides concentration in the specimens as a function of depth was analysed in compliance
to UNI 9944 [55], as described in the previous section. This analysis was always performed on cubic
specimens submitted to the same exposure program of the specimens with electrodes. Electric
impedance tests were carried out both in wet (i.e. at the end of immersion) and dry (i.e. at the end of
the dry period, immediately before the next immersion) conditions (i.e. 0, 2, 7, 9, 14, 16, 21, 23 and
28 days). Chloride analyses were performed at times of 0, 9 and 23 days.

All concrete specimens had undergone 3 wet/dry cycles in order to start measurements with

specimens having an initial degradation level.

3. Results and discussion

3.1. Porosimetry testing
Results in terms of total porosity (Vp) are reported in Table 5, whereas the pore distribution is shown
in Fig. 7. It is possible to observe that the reference concrete (R0) and that manufactured with the
novel cement CEM VI/S-V (S2) have comparable porosity, equal to 9%, whereas S1 concrete is the
least porous, with a V equal to 7%. However, all the tested compositions show very low total porosity

values; this was predictable if considering that tests are performed on concrete with relatively low



w/c, equal to 0.45, and the measurement range involving pores smaller than 7.5 um. As it is possible
to observe in Fig. 7, both RO and S1 have the highest percentage of pores around 0.2 and 0.1 pm,
respectively, whereas S2 concrete shows the highest concentration of pores in two different ranges,
centred at approximately 0.01 pm and 0.1 pum. This porosity is generally associated with gel-like

hydrates.

Table 5 Porosimetry testing results

Specimen Vi [%]

RO 9

S1 7

S2 9

80

o
o

w
o

dV/dlogD [mm¥g, D]

0.001 0.01 0.1 1 10 100
Pore size [um]

RO =51 —52

Fig. 7 Pore size distribution measured after 28 days of curing

The macroporosity of the different concretes tested was analysed by visual inspection (Fig. 8); it is

possible to observe that S2 shows an increased number of macropores with respect to RO and S1.
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Fig. 8 Visual aspect of concrete specimens: a. RO, b. SI and c. S2

3.2. Capillary water absorption
Electrical impedance measured at different single frequency values (i.e. 1, 10, 31.6, 50.2 and 100
kHz, derived from EIS measurement settings) gives quite similar trends (Fig. 9). Therefore, the only
frequency value of 10 kHz was chosen, as reported in Section 2.1. This choice was the same for all
the performed tests. Moreover, for ease of readability, the term “electrical impedance” will be used

referring to the real part of electrical impedance (Zge).

1400

Zy, [Ohm]

1000

0 30 60 90 120 150 180
t[h]

o1kHz #10kHz -#31.6kHz -#50.2kHz -e100kHz
Fig. 9 Results of capillary water absorption: electrical impedance at multiple frequency values (example on R0

specimen)

While water penetrates, electrical impedance decreases, as expected from literature results [56]; the

maximum decrease values are equal to approximately -14%, -15% and -24% for S1, RO and S2,



respectively, in correspondence of a Qi equal to 1.39, 2.00 and 2.35 kg/m? (measured at the end of
the test), respectively. However, the measurement of electrical impedance does not seem to be

influenced by water penetration.
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Fig. 10 Results of capillary water absorption test: electrical impedance (at 10 kHz) over test time

The amount of absorbed water increases over time: S2 is the specimen absorbing the most one,
followed by RO and S1. In general, water absorption depends on porosity which is linked to concrete
microstructure (pores size, connectivity and tortuosity) [57]. In particular, the higher the porosity, the
greater the permeability and the lower the concrete durability, since aggressive agents can penetrate
more easily. In fact, the concrete with the lowest porosity (S1, Table 5 and Fig. 8) is the one which
absorbs less water. On the other hand, comparing R0 and S2 concretes, it is possible to state that the
latter have a higher amount of macropores, as detected by visual inspection (Fig. 8), hence capillary

water absorption takes place in a shorter time [58].
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Fig. 11 Results of capillary water absorption test: water absorbed per unit area

Electrical impedance is highly influenced by concrete composition. Indeed, the cement type is
probably the most influencing factor in the testing campaign shown in this paper.

Looking at the correlation between electrical impedance (rescaled to the initial value, in order to have
0 y-intercept) and water absorbed per unit area (Fig. 12), it is possible to notice that electrical
impedance remains almost constant until water reaches the sensing volume, then it decreases together
with water absorption. S2 shows a higher sensitivity, followed by S1 and R0, meaning that innovative
cements (i.e. CEM II/C-M (S-LL) and CEM VI (S-V)) provides a positive contribution on self-

sensing property of concrete.
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Fig. 12 Correlation between electrical impedance (rescaled to have 0 y-intercept) and water absorbed per unit area

3.3. Salt-spray chamber

Chlorides percentage trends, as a function of penetration depth and exposure time, are reported in
Fig. 13 for the three tested compositions. It is possible to observe that already at O test time the
chloride content is not null, since the concrete specimens had already been subjected to 28 days
exposure in salt-spray chamber.

As it was predictable, free chloride concentration decreases with increasing depth. S1 is the specimen
showing the lowest free chloride concentration: from capillary water penetration test it is possible to
notice that it is the one absorbing the least (Fig. 11), since its porosity is the lowest (Fig. 8b). RO is
the specimen with the higher free chloride concentration: this is due to the higher total porosity than
S1 (Table 5), the bigger pore size distribution (Fig. 7) and the lower amount of supplementary
cementitious materials (SCMs), namely slag and fly ash, in the used cement. It is well known that
SCMs are able to bind a high quantity of chlorides offering a resistance to the penetration of chloride
ions [59]. Even if chloride concentration is expected to increase over time, a decrease is observable
in the 0-10 mm depth layer, which corresponds to the most external one, of RO specimen. This could
be related to the leaching at the outermost section as leaching phenomena of free chlorides have an

impact on chloride ingress profile in concrete [60,61].
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Fig. 13 Free chloride profiles in salt-spray chamber test for the three tested compositions

The average value among the four depths (Fig. 14) was calculated for each testing time in order to
evaluate its correlation with electrical impedance. RO is the only specimen that at 28 days of exposure
seems to have reached saturation in chloride penetration, whereas the trend is increasing for both S1
and S2 (Fig. 14). As already stated, SCMs, such as GGBFS, provide to concretes a higher capability

to bind chlorides [59], thus slowing down their penetration at the same concrete total porosity.
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Fig. 14 Results of salt-spray chamber test: free chloride content on cement weight (0-40 mm depth)
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Fig. 15 Results of salt-spray chamber test: electrical impedance (at 10 kHz) over test time

As expected, electrical impedance decreases while chlorides penetrate [15,33,36,56]; the change is
more evident in the first week of test, when also water plays a fundamental role in decreasing the
electrical resistivity of concrete (Fig. 15). The maximum decrease values are equal to approximately
-77%, -66% and -88% for S1, RO and S2, respectively, in correspondence of a free chloride content

on cement weight equal to approximately 0.6%, 0.7% and 0.7%, respectively. It is important to



observe that electrical impedance measurement does not appear to be spoiled by chloride penetration,
since results are in line with those reported in literature [15,33.,36,56].

The correlation between electrical impedance (rescaled to the initial value, in order to have 0 y-
intercept) and free chloride content on cement weight is reported in Fig. 16: S2 shows the highest

sensitivity (i.e. the curve slope is higher), followed by S1 and RO.
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Fig. 16 Correlation between electrical impedance (rescaled to have 0 y-intercept) and free chloride content

3.4. Chloride penetration (wet/dry cycles)
Chlorides profile are reported in Fig. 17 for the three tested compositions. As for salt-spray chamber,
the chloride content is not null at the beginning of the test, since the concrete specimens had already
been subjected to 3 wet/dry cycles.
Chloride concentration decreases with increasing depth; S2 is the specimen with the highest chloride

penetration, in fact during capillary water penetration test (Fig. 18) it is the one absorbing the most.
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Fig. 17 Free chloride profiles in chloride penetration test for the three tested compositions

As for salt-spray chamber test, to correlate electrical impedance results with chloride penetration, the
average chloride content among the four depths (Fig. 19) was calculated for each testing time. As

expected, chlorides penetration generally causes a decrease of electrical impedance [15,33,36,56].
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Fig. 18 Results of chloride penetration test: free chloride content on cement weight
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Fig. 19 Results of chloride penetration test: electrical impedance (at 10 kHz) over test time

Electrical impedance measurement follows the trend of wet/dry cycles; in particular, electrical
impedance decreases in wet condition, whereas it increases when specimen is dry (Fig. 19). Both wet
and dry specimens show decreasing trends in electrical impedance, since chlorides decrease concrete

electrical resistivity. The maximum decrease values are equal to approximately -86%, -57% and -



82% for S1, RO and S2, respectively, in correspondence of a free chloride content on cement weight

equal to approximately 1.0%.

The correlation between electrical impedance (rescaled to the initial value, in order to have 0 y-
intercept) and free chloride content on cement weight is reported in Fig. 20; it is possible to notice

that correlations are better in dry conditions, in which there is no contribution of water.
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Fig. 20 Correlation between electrical impedance (rescaled to have 0 y-intercept) and free chloride content

4. Conclusions

This paper has presented a first attempt to move the Wenner’s impedance-based approach for
checking the health status of concrete from laboratory to in-field applications targeted to long-term
monitoring of structures. To understand the feasibility of this transfer, a series of accelerated
degradation tests, namely capillary water absorption, exposure to salt-spray chamber and chloride
penetration by wet-dry cycles in a chloride solution, have been performed on three different concrete
mixes with the same electrode array configuration, as well as the same electric configuration of the

impedance test, AC current at 10 kHz.



The electrical impedance measurement configuration adopted has proved to be suitable for concrete
monitoring both during capillary water absorption and chloride penetration; in fact, the measurement
of electrical impedance does not seem to be spoiled by the penetration of these contaminants. A
decrease in electrical impedance is observed in case of penetration of both chloride and water. The
two cements CEM II/C-M (S-LL) and CEM VI (S-V) seem to provide higher sensitivity of electrical
impedance towards water and chloride penetration.

It is worthy to note that authors have chosen to consider electrical impedance real part and not
electrical resistivity because this is transferrable to in-field applications more easily (no need to
consider cell-constant).

Results obtained show that S1 concrete, manufactured with CEM II/C-M (S-LL), has the best
performance: a low penetration of water and chlorides has been registered; this can be due to the
reduced porosity with respect to the other concretes tested.

It is worthy to note that the adopted configuration is suitable mainly for laboratory testing; authors
are currently performing further studies with electrodes, embedded in the concrete structure during
its casting phase, targeted to long-term monitoring. Indeed, in this perspective, it is important to avoid

any air-exposed conductive element, as it could represent preferable path for aggressive agents.
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