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Abstract

Chloride-induced corrosion of reinforced concrete costs the global economy billions of dollars every year. Despite
concerted research effort, the non-invasive, continuous monitoring of sodium chloride in concrete structures is still an
unsolved problem. Here, we outline a first-time demonstration of a sodium chloride sensor based on alkali-activated
cements: a class of cementitious, electrolytically conductive materials which are typically used for concrete construction
and repair. In this work, internal sodium chloride concentrations ranging from 0–22 wt% were measured independently of
moisture contents via shifts in electrical impedance. The typical sodium chloride measurement precision was 0.85 wt%.
Non-linearity of the sensor response due to signal saturation began at sodium chloride concentrations >5 wt%. We
use experimental measures of ion dynamics to link this saturation to the deleterious effect of high concentrations on ion
mobility. This study demonstrates sensor feasibility, and provides new experimental evidence to further our understanding
of ionic conductivity mechanisms in these materials. The work will allow for the development of self-sensing repair
and construction materials for locating and quantifying sodium chloride levels within concrete structures — a valuable
technology for supporting concrete health monitoring and maintenance.

Index Terms

NaCl sensor, alkali-activated materials, geopolymers, multifunctional materials, smart cements, electrolytic sensors,
construction materials.

I. INTRODUCTION

Corrosion due to sodium chloride is the leading cause of reinforced concrete degradation [1]–[3], and costs the global
economy an estimated $350 bn per year [4]. It is becoming common for corrosion repair costs to exceed initial construction
costs, and in the worst cases, poor maintenance has led to complete structural collapse [5]. Sensors for locating and quantifying
sodium chloride concentrations within concrete a key aspect of concrete structural health monitoring [6]–[8].

Unfortunately, chloride monitoring is challenging. Some of the most accurate methods we have, such as potentiometric
and Volhard methods, are destructive, as they require concrete cores to be extracted from in-service structures [2]. Over the
last two decades, an array of non-destructive techniques and sensors have been proposed, including: ion selective electrodes
[9]–[14], optical fiber sensors [15]–[17], and in-situ electrical resistivity measurements [18]–[24]. These methods all have their
relative advantages, but they all require equipment to be embedded into the concrete structure. This requires a somewhat rare
level of foresight during construction, and if the sensors are being retrofitted, holes must be drilled and so techniques are
necessarily semi-destructive [9], [25]. Once installed, sensors are typically inaccessible, and so cannot be maintained. Few of
these solutions have led to an accepted commercialised product for sodium chloride monitoring in concrete.

The work presented in this paper outlines a first-time demonstration of a new, low-cost sodium chloride sensor technology
based on low calcium fly ash alkali-activated materials (AAMs) or cements [26]. Repair and construction materials based on
AAMs are an ideal match for concrete structures, because they exhibit similar mechanical, thermal, and moisture transport
properties to the more commonly used ordinary Portland cement (OPC) systems. Here, we demonstrate that these proven
concrete repair and construction materials [27] can be electrically interrogated and used to monitor changes in their internal
sodium chloride concentration. Our methods take advantage of the reasonably high baseline electrolytic conductivity of AAMs
[28], [29], so they can be used as sensors without the support of conductive additives.

When used as a repair material, AAM-based sensors could provide distributed surface maps of ionic contamination and
moisture levels. We envisage that this surface-level information would be used alongside other non-destructive techniques
which assess other important parameters such as the concrete’s level of cracking and its porosity. This could allow engineers
to assess the overall chloride ingress rate into the structure. If the AAM is used as a construction material (for example as
a binder to make concrete, 3D tomographic mapping of impedance may be possible, providing depth information about ion
concentrations below the surface. Regardless of the application method, the AAM sensor proposed in this work shows promise
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as a retrofittable and replaceable self-sensing repair and construction material. It could benefit the nuclear, transport and off-
shore energy generation sectors, all of which have significant inventories of safety-critical coastal-, marine- or de-icing-salt-
exposed concrete assets.

II. THEORY AND BACKGROUND

AAMs are cementitious repair and construction materials, synthetized by adding an alkaline activator, (in our case, comprised
of sodium hydroxide and sodium silicate solution) to raw precursor materials which are rich in aluminium and silicon [26].
Precursors can include blast furnace slag; metakaolin; or fly ash. In the study described here, low calcium fly ash was used as
the precursor.

At the time of writing, there are few literature sources to draw from to develop an understanding of AAM ionic conductivity
and hence a sensor calibration equation. However, it is known that both AAM and OPC materials have pore solutions that
contain electrolytes, and that electrical conduction in these materials stems from ion migration under an applied voltage. A
sensor calibration equation can therefore be informed by:

i) literature on ionic conduction mechanisms in AAM and OPC systems;
ii) previous work on electrical resistivity measurements in OPC concretes, and;

iii) our experimental findings, outlined in Section IV.

A. Ionic conductivity changes in the presence of NaCl
AAM and OPC matrix pore solutions both contain electrolytes. Electrical conduction in these materials stems from the

migration of anions and cations under an applied voltage. In the AAMs described in this work, the main carriers of ionic
current are sodium ions (Na+) introduced during fabrication of the AAM by the sodium-bearing activator solution. When
AAMs are exposed to a sodium chloride (NaCl) solution, additional Na+ ions, and chloride (Cl-) ions will also contribute to
ionic conductivity. As the quantity of mobile ions in the pore structure increases, so should the ionic conductivity, and we
expect this increase to be particularly pronounced when ion mobility is high (e.g. at high moisture contents).

Conductivity gains will, however, saturate at very high sodium chloride concentrations. This is because ion mobility is
adversely affected by Coulomb interactions with surrounding ions [30], [31]. At low ionic concentrations, ion motions are
mainly limited by their interactions with surrounding solvent molecules.

B. Sensing principle
Environmental parameters can produce measurable shifts in the electrical impedance of an AAM sensing cell. An example

cell is shown in Figure 1. If an ac voltage, V (t) is applied to the cell, then the current response, I(t), can be used to calculate
the electrical impedance, Z [32]:

Z =
V (t)

I(t)
= Zmod(cos(ϕ) + i sin(ϕ)) = Zmode

iϕ. (1)

Here i =
√
−1; Zmod = |Z| is the impedance modulus, the frequency-dependent magnitude of the impedence; and ϕ = arg(Z)

is the frequency-dependent phase angle between the voltage and current. The electrical resistance of the cell is captured by
the real component of the electrical impedance, Zreal = Re(Z), while the reactance of the cell is captured by the imaginary
component, Zimag = Im(Z). In this study, we assess impedance data using Bode plots (plotting Zmod and ϕ as a function of
frequency), and Nyquist plots (plotting Zimag against Zreal for all swept frequencies).

Previous work on electrical resistivity measurements of concrete have demonstrated an exponential dependence of resistivity
on sodium chloride content, c [18]. Our experimental results, outlined in Section IV, show that this holds true for AAMs, and
thus:

ln

(
Zmod

Zmod,0

)
= a1c+ a2, (2)

where a1,2 are parametric constants, and Zmod is the impedance modulus at at a particular frequency and NaCl concentration,
c [wt %]. Note that c is defined as the concentration of NaCl inside the pore solution of the AAM sample, and not the
concentration of the surrounding medium. Zmod,0 is a baseline impedance modulus, which can be arbitrarily defined using a
dry sample in ambient conditions. This normalisation constant is used to eliminate the dependence of the impedance on the
geometry of specific AAM samples.

The dependence of the sensor’s impedance on moisture content was characterised in our previous work [33], and is described
as follows:

ln

(
Zmod

Zmod,0

)
=

b1
W

+ b2, (3)
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where b1,2 are constants, and W is the water content of the sample [% of open pores filled with water]. Combining equations
2 and 3 results in a characterization equation for moisture and NaCl:

ln

(
Zmod

Zmod,0

)
= d1 + d2c+

d3
W

, (4)

where d1,2,3 are constants.
When building a sensor characterisation equation, it is common to include an additional term of the form d5c/W to capture

any cross-dependence between measurands. However, our experimental results show that there is very little cross-dependence
between moisture and NaCl concentration, so the term has been eliminated to maintain simplicity. Equation (4) also fails to
capture the non-linear dependence of the sensor at high NaCl concentrations due to the saturation of conductivity gains (as
described in Section II-A).

As a result, an equation of the form:

ln

(
Zmod

Zmod,0

)
= d1 + d2c+

d3
W

+ d4c
2, (5)

provides a better fit with experimental data providing a non-linear term d4c
2 which captures the saturation of the response over

the range of NaCl concentrations tested in this study. All experiments described in this paper were run at a fixed temperature
of T = 20± 1 ◦C. A temperature dependence term is therefore not required for characterisation, but could be built in at a later
stage by using the characterisation described in our previous work [33].

III. MATERIALS AND METHODS

A. Sensor fabrication

The sensor developed and tested in this work is shown in Figure 1. The prototype is an AAM sample of dimensions
55 mm × 30 mm × 15 mm, with 4 wire-braided stainless steel electrodes penetrating 2 mm into the corners in a van der Pauw
configuration.

The AAM binder was synthesized from low calcium fly ash, using the same materials and methods described in detail in
our previous work [33]. The alkaline activator solution was comprised of sodium hydroxide (SH) and sodium silicate (SS)
solutions, mixed in a mass ratio of SH/SS = 0.4. The liquid (L=activator solution) to solid (S=fly ash) mass ratio was L/S =
0.5. The AAM cells were cured for 30 days at 20 ◦C and 95% relative humidity in an environmental chamber prior to testing.

B. Interrogation system

An Electrical Impedance Spectroscopy (EIS) interrogation system was used to apply a 10 mV ac voltage V(t) through the two
electrodes shown in Figure 1. The resulting pseudo-linear current response was measured through the remaining two electodes.
The frequency of the applied voltage was swept over the range 10 Hz — 100 kHz during impedance characterization.

Within the field of electrochemistry, the application of voltage (rather than current) is known as a potentiostatic measurement.
Potentiostatic EIS was chosen as: i) applying a voltage rather than attempting to drive a desired current reduces the risk of
electrical breakdown in the cell, and; ii) voltage sources are generally easier to produce than current sources, and so working
with applied voltages should streamline any future development of low cost interrogation systems.

C. Calibration procedure

The procedure for the NaCl and moisture calibration is summarized as a flowchart in Figure 2:
1) NaCl solutions of different concentrations (listed in the first column of Table I) were made by dissolving solid NaCl in

de-ionised water (Nanopure). Each solution was poured into sealed containers.
2) The AAM cells were removed from the curing environmental chamber, and their initial ’as cured’ mass, Mi,0, was

measured.
3) As cured sample cells were placed into empty sealed boxes, housed within a Faraday cage kept at 20 ◦C, and connected

to the interrogation system, in order to measure a baseline impedance value, Zmod,0. Impedance spectra were measured
five times over a 5 minute duration to allow an average to be taken. These baseline impedance values typically correspond
to a water content of Winitial = 77 ±wt% , a sodium chloride concentration of c = 0 wt%, and a temperature of T =
20 ± 1 ◦C.

4) AAM samples were then soaked in NaCl solutions inside the sealed containers for 24 hours.
5) After soaking, the samples were taken out of the solution, wiped to remove excess solution from the surfaces, and their

mass, Mi,1, was measured.
6) The samples were then sealed in empty boxes for 24 hours to allow the solution inside the pores to equilibrate and

homogenise.
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Fig. 1. Photograph of AAM sensor cell showing electrodes used for sensor interrogation.

7) The sealed box containing a sample was placed inside the Faraday cage, and connected to the interrogation system while
remaining in the box. Impedance spectra were measured five times and averaged.

8) After the EIS measurement, each AAM sensor was weighed to re-establish its wet mass, Mi,2. The mass of the sensor
Mi was defined as the average of Mi,1 and Mi,2. The difference between Mi,1 and Mi,2 allowed us to assess the error
of our measured moisture content.

9) The AAM sensor was placed in a chamber with silica gel to evaporate water from the sample until a new target moisture
content was reached.

10) After all moisture contents had been tested, samples were dried in an oven at 105 °C for 24 hours to establish their dry
mass Md. Md is the mass of the solid AAM plus the mass of solid NaCl salt inside the sample, Md = Msolid +Msalt.

To determine the fully saturated mass (i.e. all pores filled) compared to the as-cured or salt solution soaked masses, a separate
set of 6 samples were vacuum saturated with de-ionised water after curing, to measure the water saturated mass, (Msat,w).
This value, an average of the 6 samples, was used to calculate the wt% water content of each sample. The water content (Ws)
of samples soaked in NaCl solution is quantified as below. The water content being calculated is the mass of water in the
sample at each drying stage divided by the mass of water at full (vacuum) saturation, since saturating by soaking for 24 hours
does not fully fill the open pores due to trapped air. The water contents are describing the percentage of available open porosity
that has been filled. The same procedure was used in our previous work [33] to calculate water content. In the work presented
here, the mass of salt solution (Msat) on the denominator of equations 6 and 7, at pore structure saturation, is calculated from
the measured amount of solid salt in the samples after oven drying, and the water saturated mass, (Msat,w).

Ws = 100× (Mi −Md)

(Msat −Md)
(6)
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The water content Wi of samples after curing is calculated as:

Wi = 100× (Mi,0 −Md)

(Msat −Md)
(7)

A different AAM cell was used for each NaCl concentration value and each repeat measurement. In order to remove the
dependence on the specific AAM cell, and to compare the measured values of impedance for different NaCl concentrations,
normalized sensor response values Zmod/Zmod,0 were generated, as described in Section II-B.

Fig. 2. Flowchart showing the steps in the sodium chloride and moisture characterization experiment.

D. Sodium chloride solutions
Samples were exposed to 10 NaCl solutions, with concentrations ranging from ca = 0 wt % to ca = 35.9 wt %. These

concentrations are called the ‘applied concentrations’, ca. Note that c and ca are defined here in wt % as mass of solute/mass
of solvent (× 100) instead of the more standard mass of solute/mass of solution (×100).

After final oven drying (step 10 of the method), the amount of salt remaining in each sample was measured using ion
chromatography analysis (IC) Each cell was crushed into a powder, and leached in nanopure water. The water was then
analysed using the IC to find the quantity of Cl- ions leached. This value was used to calculate the actual internal sodium
chloride concentration, c, within each sample.

The measured mass of salt from the leaching IC analysis, Msalt, the mass measurements of the AAM cells after soaking,
Mi, and the AAM cell mass after oven drying, Md, can be used to calculate:

c = 100× (Msalt)

(Mwat)
(8)
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Where Mwat is the mass of water inside the AAM cell after soaking in the solution, defined as:

Mwat = Mi −Md (9)

The uncertainty associated with each actual concentration value, c, is given by the propagation of uncertainty formula:

δc = c×

√(
δMsalt

Msalt

)2

+

(
δMi

Mi

)2

+

(
δMd

Md

)2

. (10)

The applied NaCl concentration, ca, and the corresponding actual internal NaCl concentration, c, just after soaking are listed
in Table I.

TABLE I
NACL CONCENTRATIONS APPLIED AND CORRESPONDING ACTUAL INTERNAL CONCENTRATIONS IN SAMPLE, EXAMPLES GIVEN FOR INITIAL

SOAKING ONLY. ALL WT % VALUES ARE DEFINED AS G SOLUTE/100 G WATER.

Applied NaCl conc. ca [wt %] Internal NaCl conc. c [wt %]
Value Error

0 0.002 2E-5
0.49 0.139 8E-4
1.20 0.473 0.003
2.21 0.939 0.006
3.55 1.371 0.008
5.62 2.507 0.015
8.78 3.327 0.020
13.64 5.676 0.034
19.24 10.032 0.064
35.89 15.266 0.103

These additional analysis steps were required because c and ca are generally not equal. The AAM sample itself contains
water prior to soaking, and the leaching of sodium chloride into the sample is a time-dependent process. When deploying these
sensors to measure concrete structures in the field in future, knowledge of c will also be more beneficial than knoweldge of
ca, especially if the AAM is bonded to a concrete substrate.

The actual internal NaCl concentrations also change as moisture is evaporated from the samples. This is calculated for each
drying point by using equation 8, (but where Mwat is the mass of water inside the sample at each drying point), and the
corresponding water content is calculated by the gravimetric formula (equation 6). Any removal of solid salt from the pore
solution via efflorescence or subflorescence formation during drying over silica gel is not considered in the calculations of
pore solution concentration.

IV. RESULTS AND DISCUSSION

A. Impedance dependence on NaCl concentration
Figure 3 and Figure 4 show the typical Bode and Nyquist plots for an AAM sensor cell for the various actual internal NaCl

concentration listed in Table I. EIS measurements were all taken at a water content W = 86 ± 1 wt%, and a temperature of
T = 20 ± 1 ◦C. The fits shown in the figures use the same equivalent circuit model described in our previous work [33].

The results show that the AAM cells containing a NaCl solution can still be described by the same circuit models used for
AAM cells exposed to pure water. This perhaps should be expected, because the physical AAM matrix itself is not changing:
all that is changing is the electrolyte concentration, i.e. the number of Na+ ions and the presence of Cl- -ions inside the AAM
pore solution. There is therefore no obvious reason why the overall electrochemical description of the system should not remain
valid.

Comparing the Zmod values for an AAM sample with no NaCl (shown in [33]) with the Zmod values in Figure 3, shows
that the additional NaCl solution improves conductivity. For example, at a frequency of 1 kHz, Zmod(c = 0) ≈ 900Ohms and
Zmod(c = 2.7wt%) ≈ 120 Ohms. Figure 4 also makes it clear that impedance decreases with increasing NaCl concentration,
as is expected from the presence of more charge carriers.

B. The role of ion mobility
The data from Figure 4 can be plotted onto a scaled Summerfield plot, as shown in Figure 5. Here, we arbitrarily define a

baseline frequency of f0 = ω/2π = 100 Hz, and a baseline admittance taken at 100 Hz of 1/Z0,mod = A0,mod = Amod(100Hz)
for each line. Further details on how to conduct this process are outlined in [33]. The results found in our work are similar to
those found for other brine-saturated porous materials [34].

According to [35], scaled Summerfield plots are only linear if:

N0q
2ξ2 = const, (11)
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Fig. 3. Typical Bode plots for an AAM sensor cell, taken for an NaCl concentration of c = 10 wt%. a water content W = 86 ± 1wt% and a
temperature T = 20 ± 1degC. The fit uses the equivalent circuit model described in previous work [33].

Fig. 4. Nyquist plots from 10 Hz to 100 kHz for various sodium chloride concentrations. Water content W = 86 ± 1wt% and temperature
T = 20 ± 1degC are constant. Fits use the same equivalent circuit model described in Figure 3.
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Fig. 5. Scaled Summerfield plots for NaCl as a colorized set of series for each NaCl concentration value, in the range of frequencies from 100 Hz
to 10 kHz.

TABLE II
PARAMETERS AND THEIR 95% CONFIDENCE BOUNDS FOR THE SURFACE OF BEST FIT SHOWN IN FIGURE 7 AND DESCRIBED BY EQUATION (4).

Parameter d1 d2 d3 d4
Value -2.140 -0.09311 170.2 0.002359

95% confidence Lower -2.239 -0.09931 163.4 0.002028
Upper -2.041 -0.08690 177.0 0.002689

where N0 is the total ion concentration in a sample, q is the charge of the ions, and ξ is the diffusion length scale of the ions.
It is widely accepted that temperature changes none of these variables (at least over moderate ranges from 5 ◦C to 30 ◦C).

The colorization of the data points for each NaCl concentration in Figure 5 shows that there is a change in the proportionality
constant of the Summerfield plot as a function of concentration. Previous work in [35] found that changes in the ion concentration
of glasses result in a systematic shifting in the proportionality constant of scaled Summerfield plots. In glasses, this was linked
to the fact that the distance ions must hop to reach vacant sites changes as a function of N0. A similar mechanism linking the
ion concentration to the availabilty of vacant sites could be responsible for the results shown here for alkali-activated materials.

Figure 5 also shows that the curves corresponding to the highest concentrations (c > 9wt%), tend to superimpose onto the
lowest concentration curves (c < 1.37wt%). Mathematically at least, this implies that the quantity N0q

2ξ2 takes a similar
value at particularly high and low sodium chloride concentrations. The underlying mechanisms responsible for this particular
result are however unclear, and further work is required.

Figure 6 shows the sensor response to sodium chloride concentration for samples at a constant water content of W =
86± 1wt% and constant temperature of T = 20± 1 ◦C. The interrogation frequency is constant, at 1 kHz. This frequency was
chosen as it is achievable with most affordable electronics, and as shown by Figure 3, it corresponds to a region where phase
angles tend to have a maximised magnitude: in other words, we are assessing shifts in the peak of the Nyquist plots shown in
Figure 4, in an attempt to increase sensitivity.

As shown, equation (2) provides a good fit to the data. The data points further from the curve can be attributed to experimental
noise in temperature, water content values, or sodium chloride concentrations.

The overall response of the sensor for any general water / NaCl concentration combination is better characterized by fitting
moisture and NaCl simultaneously, as shown in Figure 7. In this figure, we have defined the inverse of a sample’s moisture
content as the ‘dryness’ of the sample, 1/W . Equation (4) is an excellent fit for water contents between W =60 wt% and
W = 86wt%. The parameters of the nonlinear fit and their 95% confidence bounds are provided in Table II, and the data
points are explictly listed in Table IV.

A reality that Figure 7 fails to capture is that the sodium chloride concentration within a sample will itself be dependent on
changes in moisture content. It is therefore possible to completely remove the water content dependence from the data shown
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Fig. 6. Normalised shift in impedance as a function of NaCl concentration.

TABLE III
PARAMETERS AND THEIR 95% CONFIDENCE BOUNDS FOR THE LINE OF BEST FIT SHOWN IN FIGURE 8.

Parameter d5 d6 d7
Value 0.5940 0.1730 0.3655

95% confidence Lower 0.5656 0.1506 0.3363
Upper 0.6225 0.1953 0.3946

in Figure 7, and instead express all data points on a sodium chloride concentration axis. This mapping can be done because
each stage of drying can instead be viewed as increasing the sodium chloride concentration within the pores of the sample.
Any efflorescence or subflorescence of salt crystals is not being considered here. Efflorescence was only visible in the samples
with the highest sodium chloride concentration used.

Recalculation of the concentration by accounting for moisture loss results in the plot shown in Figure 8. The new normalised
impedance values are fit using a similar equation to (2), that is:

ZmodNormw
= d5e

(−d6c) + d7. (12)

The parameters of this fit and their confidence intervals are given in Table III.
When deployed in future work, the response of the AAM sensor to internal NaCl concentration could be separated from its

response to moisture, with the use of a second ‘reference sensor’. This reference sensor could be a sensor which is insensitive to
NaCl, or an AAM sensor which is not exposed to NaCl. The reference sensor’s moisture readings could be used to compensate
for water response in the AAM sensor using an equation of the form:

c = − 1

b2
ln

(
Zmodnormw

− b3
b1

)
(13)

The datapoints in Figure 8 do deviate from the line of best fit in some regions, but most points are within the 95% confidence
bounds. Fluctuations are mostly attributable to the summation of errors during the process of mapping drying stages to sodium
chloride concentrations.

C. Sensor precision
The sensor’s NaCl measurement precision was calculated by mapping the impedance fluctuations of the EIS interrogator

onto the NaCl concentration axes. This could be done using the calibration curve shown in Figure 8.
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Fig. 7. 3D plot of sensor calibration curve for dryness (the inverse of moisture content), and NaCl concentration.

The AAM sensor’s response is not linear over broad ranges of NaCl concentration. This means that sensor precision is not a
constant. The fractional errors in ZmodNormw

are in the range 0.01 – 0.04 %. This error is comprised of the direct measurement
errors in Zmod, and also the errors in the interpolation process for water content compensation.

Following this exercise, we found that typical sensor precision is δc = 0.85 wt%. The worst case precision of δc = 5.84 wt%
occurs in the region where the sensor response is saturated, and the best case precision of δc = 0.21 wt% corresponds to low
concentrations, c < 1 wt %, where the sensor shows a higher sensitivity.

D. Challenges for future work
Sodium chloride is one of the most common salts that concrete structures are exposed to, but in-service structures can be

exposed to several other harmful salts such as sulphates dissolved in ground water and calcium and magnesium chlorides used
in de-icing salts. Any other salts would likely change the electrical impedance of an AAM layer or structure. As part of future
work, and prior to application of this technology in the field, the sensor’s ability to selectively sense these ions will need
to be characterised. We may find that different salts cause different and even frequency-dependent changes in the electrical
impedance response. If this is the case, then characteristic equations can be built to distinguish between ions. Alternatively, a
reference sensing scheme could be developed, with the AAM providing distributed overall map of ion contamination alongside
point sensing from ion selective electrodes. Changes to the composition of the AAM, or the addition of secondary coatings,
to capture or reduce specific ion migration, are other avenues worth investigating in future work.

A second point which may require further investigation is the alkali-silica reaction (ASR) that could occur within AAM
concrete, or within an OPC concrete structure instrumented with an AAM surface-repair. ASR could potentially cause long-
term drifts in the sensor’s response or gradual degradation of the underlying concrete. The risk of this in our present work
is probably low because: i) the low-calcium fly ash AAM used in this study has been associated with a lower risk for ASR
[36], and; ii) the low thickness of our coatings means the total inventory of mobile alkalis to cause ASR is low. Nevertheless,
further studies are required to explicitly assess whether ASR is caused by AAMs in contact with existing concretes, whether
it is a localised or time-constrained effect, and whether mitigating changes to the deployment process or AAM chemistry are
required to ensure long-term reliability for the sensor and substrate.

V. CONCLUSIONS AND FUTURE WORK

We have demonstrated the viability of using alkali-activated cements to monitor sodium chloride contamination. Our
experimental campaign characterized the impedance response of alkali-activated material cells for fifty internal NaCl
concentrations ranging from 0 wt% – 22 wt%. This range of NaCl concentrations covers the exposure of concrete to low
levels of contamination up to a severe cases of contamination (a saturated NaCl solution).

The results show that changes in NaCl concentration inside the pore solution of the sensor cell result in changes in impedance,
with an exponential dependence. The calibration equation found in previous work for the impedance dependence on moisture
was confirmed to hold for all cases of NaCl contamination. The performance of our sensors makes them particularly suitable for
monitoring sodium chloride concentrations below 5 wt%. Beyond this point, the sensor response begins to gradually saturate.
For context, the concentration of seawater is around 3–4 wt%.
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Fig. 8. Final calibration curve for sensor response as a function of sodium chloride content, with moisture dependence removed.

Future work will focus on a more complete calibration, that takes into consideration temperature effects for each moisture
and sodium chloride contamination level, and investigates the impact of other common ions on electrical impedance. We will
also explore the response of the material when it is applied as a repair to a conventional concrete substrate. A repeatability
evaluation, and measurements of system drift and dynamic response will also be required before the sensors can be deployed
in the field.
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