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Abstract: Alkali-activated materials are an emerging technology that can serve as an alternative
solution to ordinary Portland cement. Due to their alkaline nature, these materials are inherently
more electrically conductive than ordinary Portland cement, and have therefore seen numerous
applications as sensors and self-sensing materials. This review outlines the current state-of-the-art in
strain, temperature and moisture sensors that have been developed using alkali activated materials.
Sensor fabrication methods, electrical conductivity mechanisms, and comparisons with self-sensing
ordinary Portland cements are all outlined to highlight best practice and propose future directions
for research.

Keywords: alkali activated materials; geopolymers; self-sensing materials; smart materials; sensors;
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1. Introduction

Monitoring and surveillance of civil infrastructure is required to ensure structural health and
resilience in the face of degradation. While sensors can provide adequate localized measurements,
self-sensing “smart” materials have gained popularity over the years. In a civil engineering context,
self-sensing materials are components that can simultaneously detect measurands without the need
of additional sensing instruments. Such materials include self-sensing cementitious materials [1,2],
bricks [3,4], aggregates [5,6] and pavements [7,8]. In terms of self-sensing cementitious materials,
extensive research has been carried out in both ordinary Portland cement (OPC) and alkali activated
materials (AAM).

AAM are multifunctional materials that have gained extensive interest over that past
decades, predominantly as an emerging, low-carbon alternative to OPC in concrete production [9].
AAM display similar mechanical properties to OPC and have been reported to attain high early
age strength under both heat curing [10] and ambient curing [11] regimes. They also present
higher thermal [12] and chemical resistances [13] when compared to conventional OPC systems.
AAM applications have been demonstrated in waste immobilization [14], repairs [15], coatings [16]
and in additive manufacturing [17], and they have also been shown to demonstrate self-healing [18]
and self-compacting [19] properties.

In the realm of smart materials, AAM were initially used as bonding agents [20] and as
encapsulants [21] for conventional sensors. However, as the understanding and the technology
of AAM progresses, the need for these additional sensing devices has diminished: interrogation of
changes in the electrolytic conductivity of AAM allow them to be directly used as a sensing tool in their
own right [22]. As a result, AAM have increased the number of supporting roles in structural health
monitoring and maintenance, being used as both structural self-sensing elements (e.g., AAM concrete
cubes and beams) [23-25], and as self-sensing coatings for OPC concrete substrates [26,27].

There are already numerous reviews on self-sensing cementitious materials in general [1,2,28],
and on multifunctional AAM [29], but there are currently no reviews that detail the self-sensing aspects
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of AAM. This review covers the sensing applications reported for AAM, specifically strain, temperature
and moisture sensing. Materials denoted as “alkali activated materials”, “geopolymers” and any other
derivatives originating from these terms will be considered for this review, without focusing on debates
over their terminology. Our hope is that this review will shed light on areas where further work on

self-sensing AAM is required.
2. Alkali Activated Material Sensors
2.1. Fabrication

2.1.1. Material Binder
AAM are most commonly formulated with a two-part mix consisting of:

i.  asolid aluminosilicate precursor, typically metakaolin (calcined clay), fly ash or ground granulated
blast furnace slag (GGBFS) [30] and;

ii.  an alkaline solution, which is usually a mixture of an alkali hydroxide (MOH) and a silicate
solution (M,0O-rSiO,) typically sodium (Na*) or potassium based (K*) [31].

Mixing these two constituents together initiates the chemical process called alkaline activation
in which the material undergoes the phases of dissolution, rearrangement, condensation and
solidification [32].

AAM can also be formulated with a one-part mix, in which a dry powder is mixed with water.
The dry powder is a mixture of a solid aluminosilicate precursor and a solid activator. This approach
resembles the procedure followed for OPC mixes and is expected to be a prominent approach to AAM
mixing in future applications [33,34].

The properties of a cured AAM hinge on the molecular composition of the binder. Molar ratios of
Si/Al = 2; Al/Na = 1; H;O/NayO = 11-15 have all shown to consistently result in better mechanical
properties for low calcium binders [35-37]. In regards to high-calcium binders and specifically
GGBFS AAM, high mechanical properties have been reported for binders with molar ratios of Si/Al
= 2.03-2.26 [38] and when alkaline activators with a modulus of SiO,/Na,O = 1.4-1.6 with Na,O
concentration of 6-8% by slag mass are used [39—41]. However, additional factors such as binder
composition e.g., Mg, TiO; and Al,O3 content [42-46] and the type of alkali activation e.g., silicate,
hydroxide, sulphate and carbonate activation [47,48] are also important factors that influence the
performance of GGBFS AAM. Moreover, the mass ratio of alkaline solution and the aluminosilicate
precursor (denoted as the “liquid:binder” or “liquid:solid” ratio), may not provide a complete chemical
overview of the binder, but are often quoted as they are easier to measure. Note that liquid-to-binder
ratios do not account for masses of sand or coarse aggregates.

2.1.2. Fillers and Additives
As with OPC systems, AAMs can be mixed with sand and aggregates to produce:

(a) Pastes/binders: precursor + alkaline solution
(b) Mortars: precursor + alkaline solution + fine aggregate (typically sand)
(c) Concretes: precursor + alkaline solution + fine aggregate + coarse aggregate

Although it is not required to produce a self-sensing material, electrically conductive additives
can also be added to an AAM binder to improve electrical conductivity. Fillers must be properly
dispersed to achieve a homogenous mix and avoid agglomeration [49]. For two-part mixes the main
ways of achieving this are:

A. Fillerin aqueous solution: The conductive filler can be added to an aqueous solution and sonicated.
Following this, the filler is added to the alkaline solution which is again mixed and/or sonicated.
The precursor is subsequently added and mixed [25,50-53].



Minerals 2020, 10, 885 3 0f 32

B.  Filler in sodium hydroxide: The conductive filler is added only to the sodium hydroxide solution,
which is subsequently mixed and sonicated. The silicate-based solution and the precursor are
added from there on [54-57].

Cases have also been reported in which the filler is sonicated but added to the mix at a later
stage, particularly after the alkaline solution and the precursor have been mixed together [58,59].
However, the recommended process is to disperse the fillers in the alkaline solution (prior to mixing
with the solid precursor), as this has been reported to lead to greater dispersion and uniform density
in the matrix and therefore leading to increased electrical performance [50,58,60]. Fillers can also be
chemically manipulated to enhance their dispersion, for example, carbon nanotubes coated with SiO,
demonstrated enhanced dispersion, owing to a chemical reaction between the coated filler and the
alkaline solution [23].

To our knowledge, there have not yet been any reported one-part self-sensing filler AAM
demonstrations. This may change in the near future, so the mixing procedure is provided here for
completeness. The solid material (precursor and activator) are first dry mixed together. Following this,
water is added and mixed until a homogenous mix is achieved. Contrary to the two-part mixes, filler is
incorporated at the end and is gradually added in small amounts to ensure proper dispersion and
uniform distribution [61-64]. It is reasonable to assume that the conductive filler could potentially be
sonicated in the water and then added to the mix. However, as there are as yet no reported applications,
so the most effective method is yet to be determined.

2.1.3. Sensor Fabrication

Regardless of whether a conductive filler is used, electrodes can be prearranged within the binder,
either in a mould or on the surface of a substrate. The AAM can then be cured. During curing,
temperature and humidity may need to be adjusted to control reaction rates and water transport
within the system. Alternatively, electrodes can be attached to cured specimens using conductive paint.
Examples of AAM components and coatings are shown in Figure 1.

Applied voltage

(@ (b)

Applied V(t)
s
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Figure 1. Self-sensing AAM substrates (a) metakaolin AAM with wound wires [55] (b) metakaolin
AAM printed coating with stainless steel wires [27] (c) fly ash AAM with stainless steel wires [65].
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AAM sensing essentially relies on measuring changes in electrical conductivity in response to
environmental variables. To interrogate conductivity, an electrical current (or voltage) is applied across
the specimen, and the voltage (or current) response is measured. This allows the electrical conductivity,

o, to be calculated via Equation (1):
I L

=V @
where V is the voltage, I is the current, L is the distance between the electrodes, and A is the shared
cross-sectional area of sample between the electrodes. The term resistivity, p, is also used to measure
the electrical properties of AAM which is essentially the inverse value of conductivity.

o

2.2. Electrical (Ionic) Conductivity: Mechanisms

2.2.1. Overview of Mechanisms

Ionic conduction of AAM and OPC materials is associated with the mobility of free ions in the
pore solution, primarily Ca?*,K*,Na®, Si*t, Fe?*, AI** and OH™ [66]. In OPC, ionic conductivity is
attributed to the mobility of the Ca?* and OH™ ions in the pore solution. This form of ionic conduction
is highly dependent on the amount of free water in the matrix, and usually results in an electrical
conductivity that is too low to be of use for deploying a sensing solution. OPC substrates are effectively
electrical insulators unless they are wet [67].

Ionic conductivity is stronger in AAM. Ionic conductivity originates from the structure of AAM,
as the alkali cations (Na* or K¥) in the matrix charge balance the aluminium (III) in the tetrahedral
AlOy4~ group [31,32]. Cations are either bonded to the matrix via Al-O or Si-O bonds or are present in
the framework cavities to maintain electrical charge balance. Ions that are not bound to the structure
are “free ions” that are able to move through the pore network to enhance electrical conductivity [68].

2.2.2. Equivalent Circuits

The current best understanding of AAM electrical conductivity states that it is mainly a function
of three components, the resistance of the electrolyte, ion transport of the connected and unconnected
pores, and the effect of the electrodes on the matrix. In fact, these three components can be modelled as
a circuit, made up of serial and parallel combinations of standard electronic components (e.g., resistors,
inductors, capacitors). There are several of these so-called “equivalent circuits” that can be used to
model the electrical response of AAM. Figure 2 displays one such equivalent circuit that contains
components to model:

i.  The resistance of the electrolyte, Re: refers to the liquid electrolyte in the AAM pores and is
dependent on the number of ions (which is based on the concentration of the volume of the AAM)
and ion mobility (which is a function of ion concentration, alkali metal and temperature).

ii. ~ The connected pore resistance, Rc, and unconnected pore resistance, Ruc: are the resistance of
the ion conducting pathways between the connected (percolating) and unconnected pores in the
AAM matrix.

ili. An interface resistance, Ri: refers to the specimen- electrode interface in which a single layer
of Na* ions in the AAM will adhere to the negatively charged surface of the metal electrode.
This layer acts as a dielectric, separating the electrons in the metal electrode from the Na* in the
AAM [69,70].

iv. Qi and Qp are double-layer capacitances: this is an imperfect capacitor, or “constant phase
element” used to describe the net result of ion dynamics in electrochemical systems.

v.  Lrefers to inductance effects: that are observed at high frequencies due to factors such as electrode
cross-talk, particularly when measured currents are small and due to relaxation of adsorbates on
the electrodes.
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Figure 2. Equivalent circuit of AAM [65].
2.2.3. The Impact of Conductive Fillers

In the case of cementitious materials with conductive fillers, the sensing mechanism may include
additional electronic conduction: in fact, it may be the dominant conduction mechanism. The type of
electronic conduction depends on whether there are a large number of locations where adjacent filler
particles (or fibres) are in direct physical contact.

If there is a continuous, long-range conductive network of filler/fibres inside the material
(i.e., the system is above the percolation threshold), then electronic conduction is the result of the
straightforward movement of electrons. If the filler/fibres are not in direct contact but are close enough,
then conductivity is still possible, as electrons can hop (via tunneling) between fibres. Changes to the
distance between fibres affect the dominant conduction mechanism, and overall conductivity [71-76].

In AAM, it is common (though sometimes unnecessary) to add conductive fillers to further
improve conductivity [56,77,78]. The volume of filler added is usually high, so that the percolation
threshold can be overcome, and so the conductive filler can form a continuous electrical path in the
material [79,80]. It has been reported that conduction is a combination of both ionic and electronic
conduction, as ions are still mobile while the filler allows the shortening of the conduction path in the
matrix [56], but there have not yet been many in-depth studies on this topic within AAM.

2.3. Electrical Impedance

Applying direct current (DC) and alternate current (AC) have been both been used to interrogate
AAM conductivity. If DC is used, the electrical resistance, R, of the sample is calculated via Equation (2):

R= T ()
DC has a significant drawback however: AAM are electrolytic cells. Similar to saltwater solutions,
applying DC will result in electrolysis. Ions within the AAM cannot travel within the electrodes
(which conduct via electrons), and so the conducting cations within the AAM migrate towards and
react with the cathode. This results in a so-called “polarization resistance”, that gradually increases in
magnitude over time. The effect is likely less pronounced when conductive fillers are used to set up an
electronic conduction path, but issues with electrolysis may still arise in the long-term if even a small
part of the conduction is ionic [81-83].
To prevent electrolysis, AC is often preferred (the direction, or polarity, of the applied current is
frequently switched) [52,84]. Using AC allows one to determine the electrical impedance of a sample,
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Z. In this case, a sinusoidal voltage of magnitude V and frequency f, is applied to the sample and the
current response, I is measured. This allows the impedance to be calculated by using Equation (3) [85]:

7 %ei@v—qﬁz) ©)

where @y — @y is the phase difference between the applied voltage and measured current and the
impedance is a complex number of the form in Equation (4) [85]:

7 = 7¢ms(2) 4)

where Z and arg(Z) are the impedance’s magnitude and argument. In AAM, the phase difference
between the current and voltage results from capacitive effects in the material.

Electrical impedance is frequency dependent, and so sweeping the frequency can lead to a rich
dataset. The AC frequency can be selected to minimize or maximize the measurement of capacitive or
resistive effects in the sample, depending on the application [24,26,57] and allows for the elimination
of polarization if desired [26,52,86]. Overall, however, frequency tends to be selected to produce the
highest sensitivity to measurands during characterization [24,55].

2.4. Electrical (Ionic) Conductivity: Reported Magnitudes

AAM possess a higher conductivity than OPC at room temperature due to the alkali metal ions
in their matrix. The electrical properties of AAM do tend to vary as they are influenced by mix
ratios, chemical composition, and environment. Table 1 summarizes reported conductivities for AAM
composites with and without conductive fillers.
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Table 1. Reported conductivity for AAM under ambient-near ambient conditions. Notations- sodium silicate (Na;SiO3), sodium hydroxide (NaOH), potassium
silicate (K,SiO3), potassium hydroxide (KOH), silicon (Si), aluminium (Al), sodium (Na), potassium (K), Phosphorus (P).

. . Liquid-Binder . . Filler Order of Magnitude »
Matrix Precursor Activator Ratio Molar Ratios Filler Content Concentration for Conductivity (S/m) AC or DC? Reference
. Si/Al=1.64* Single wall carbon o 3
Paste GGBFS K,5i03 + KOH Unreported K/AIL =156 * nanotubes 0.2 wt% 10 DC [87]
Mortar Fly ash Class C + GGBFS  Na,SiO3 + NaOH 0.4 Cannot calculate Carbon fibre 0.5 %volume 1 DC [53]
. Si/Al=3.10* o 1
Paste Fly ash Class F Na,SiO5; + KOH 0.51 Na + K/Al = 2.23 * Graphene 1 wt% 10 DC [88]
Paste Metakaolin Na,SiO3 + NaOH 1.2 Si/Al =2 Carbon microfibre 15 wt% 102 DC [59]
Paste Unreported Unreported 0.53 Cannot calculate Graphene oxide 20 wt% 102 Unreported [89]
Mortar GGBFS Na;SiO3 0.84 Cannot calculate Carbon black 2.25 wt% 1071 DC [90]
1 - *
Paste GGBFS Na,SiO; + NaOH 0.43 I\S]Zgll‘jzl% i Carbon fibre 0.76 wit% 10! Unreported [25]
Paste Fly ash Class F Na,SiO3 + NaOH 0.39 Cannot calculate Graphene oxide 0.35 wt% 1 AC [57]
. Si/Al = 1.57 * Multiwall carbon o
Mortar Fly ash Class F Na,SiO3 + NaOH 0.36 Na/Al = 027 * nanotubes 1 wt% 1 AC [58]
Paste Fly ash Class C Na,SiO3 + NaOH 0.5 Si/AL=2.05" Carbon fibre 0.5 wt% 10! AC [56]
3 ) Na/Al = 0.85 * )
. Si/Al=1.93* ) 1
Paste Fly ash Class C Na,SiO3 + NaOH 0.4 Na/Al = 0.51 * No filler - 10 AC [91]
Paste Fly ash Class F Na,5iO3 + NaOH 0.37 Si/Al = near 2 No filler - 102 AC [24]
Paste Fly ash Class F K,Si03 0.6 Si/Al=1.17 No filler - 1071 AC [92]
. Si/Al=2.15*% )
Paste Fly ash Class F Na,SiO3 + NaOH 04 Na/Al = 118 * No filler - 1 AC [60]
Mortar GGBFS Na,5iO3 + NaOH 0.61 Cannot calculate Carbon nanotubes 2.5 wt% 1076 AC [93]
. Si/Al=6.71* . o 4 -
Mortar GGBFS Na;SiO3 0.36 Na/Al =111 * Graphite powder 30 wt% 10 AC [52,86]
. Si/Al=6.71% ) 6 -
Mortar GGBFS Na,SiO3 0.61 Na/Al = 1.11 * No filler - 10 AC [52,86]
. . Si/Al=1.04* ) 4
Paste Metakaolin Na,SiO3 Unreported Na/Al = 0.17 * No filler - 10 AC [68]
Paste Metakaolin Phosphoric acid Unreported Si/P =1 No filler - 1077 AC [94]

* Not provided by authors, calculated from data available in cited paper (s).
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2.4.1. Without Conductive Fillers

The conductivity of AAM without conductive fillers has been reported to range from
1074 S/m [68] to 1 S/m [60]. In general, the conductivity of AAM increases with increasing alkali
metal concentration [60,95], and with higher liquid-to-binder ratios [56]. Too much liquid in an AAM
can, however, lead to highly porous binders which in turn can affect conductivity. While increased
porosity has been reportedly linked to higher conductivity [96-98], it has also been linked to reduced
conductivity [91,99]. Having reviewed this literature, the authors of the present review believe that
increasing porosity likely leads to higher conductivities, up until a point: the dominant conduction
mechanism in AAM is, after all, accepted to be via pore solution, the volume of which would be
higher with more pore space. This hypothesis is also supported by the fact that when interrogating at
moderate-to-low AC frequencies, maximum conductivity tends to coincide with high liquid-to-solid
ratios: at moderate-to-low AC frequencies, the conduction mechanism that dominates is related to bulk
pore solution conductivity. It should be pointed out though that at low AC frequencies, the conduction
mechanism of the binder is influenced by the electrodes rather than the bulk pore solution [69,100].
As a result, careful consideration is required to distinguish between the two regions to ensure proper
data interpretation. This also makes it clear that the dominant conduction mechanisms that occur at
different AC frequencies could be better used to probe and make sense of behaviour.

Results from Cai et al. [95] show that metakaolin AAM have a higher conductivity than fly ash
AAM. It was again speculated that the difference in conductivities was due to the higher liquid-to-solid
ratio used for metakaolin AAM. The same authors also reported that incorporating different types
of precursors in the same mix can create a denser matrix, which subsequently leads to decreased
conductivity [95]. This is all further evidence for our hypothesis. Comparisons are, however, still often
challenging, because precursors of the same type, but from different sources, can also present variable
behaviour due to their dissimilar chemical composition [101].

For samples with low to no conductive filler content, the resistance of the matrix continues to
increase over time due to the progress of the geopolymerization process [56,101]. Under the same
curing and alkaline conditions, it has been reported that the resistance of metakaolin-based AAM
stabilizes over a quicker period of time due to their quicker geopolymerization and higher chemical
activity when compared to low calcium fly ash AAM [95].

While not as common, high water contents in the binder during fabrication have been reported to
have a negative impact on the conductivity of AAM. In a study carried out by Cui et al. [68] it was
mentioned that even when increasing Na, O/Al, O3 ratios the conductivity did not increase as expected.
It was explained by Cui et al. that the excess water was overriding the effect of the free ions in the
matrix. By removing the water through drying, the conductivity of AAM was reported to increase
with increasing sodium content. That said, it can be observed that for the same Na,O/Al,O3 ratios,
drying led to decreased conductivity. Moreover, based on the molecular composition of this study,
the highest Na/Al ratio is approximately 0.55-0.60. The sodium ions in this situation are not enough
to charge balance the aluminium ions [102]. Therefore, increasing sodium content will have a direct
impact on the overall chemistry and structure of the binder. Subsequently, this will also influence ion
mobility. Bearing all this in mind, additional factors need to be taken into account before a definitive
claim on the impact of water in this investigation could be made.

2.4.2. With Conductive Fillers

Conductive fillers can increase electrical conductivity of the composite by several orders of
magnitude. Comparing conductivity of AAM is somewhat difficult due to the broad nature of available
materials, the conductive fillers employed and the type of current (AC or DC) used.

From the data available in Table 1, it can be seen that the addition of graphene-based filler and
carbon fibre has led to high conductivities between 1071-10> S/m and 1072-10' S/m respectively.
However, it can be easily observed that the range of reported conductivities is quite vast and varies
significantly. For example:
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e By adding 0.5% by volume carbon fibres to fly ash AAM, Deng et al. [18] reported an increase in
conductivity from 1072 S/m to 1 S/m. Payakaniti et al. [56] found similar results.

e  On the contrary, Behera et al. [59] added over 10% by volume carbon microfibre to metakaolin
AAM, and found conductivity only increased from 1073 S/m to 1072 S/m.

While we do wish to posit a mechanism, these are seemingly contradictory results that might
suggest there is some turning point in the conductivity gains produced by fibre addition. The difference
could, on the other hand, stem from the fact that Deng et al. and Payakaniti et al. dispersed their carbon
fibres in the alkaline solution, whereas Behera et al. dispersed the carbon microfibre in deionized water.

The literature underpinning Table 1 also shows that fibre size impacts conductivity, with longer
fibres able to form conductive paths more easily than short fibres. This suggests the percolation
threshold is an important consideration when adding fibres [74,103,104]. If this is the case, it means
that the difference in dispersion techniques could potentially be the primary source of the differences
in reported conductivities.

Graphite powders are an alternative to carbon fibres. By adding 10 wt% graphite powder to
slag AAM Rovnanik et al. [52] reported conductivities of order 107°-10* S/m. Conductive filler in
powder form (carbon black, or graphite powder) has been speculated to result in lower conductivity
gains compared to fibre fillers due to the formation of shorter conductive pathways [1]. This is indeed
supported by the results presented in Table 1.

While the information in Table 1 is relevant to sensor design, binder conductivity does not
alone determine how the material will perform as a sensor. Powder fillers may not generally
present the highest conductivity gains, but they have proven highly beneficial for strain sensing
applications [105,106]. The interrogating electronics, the spacing between electrodes, the volume of the
sample, and even the requirements of the application: these are all just examples of variables that can
be tuned to deliver adequate sensing performance with almost any AAM formulation.

The addition of conductive filler does, however, provide other important benefits: when added
in appropriate quantities they can significantly enhance the mechanical properties of the
composites [54,59,107-109]. One of their only major downsides is that they increase cost, and the
additional costs can be significant when scaled to the volumes of material required in a civil
engineering context.

2.5. Electrode Layout

The electrode layout used to apply electrical excitation and measure the response of an AAM
plays an important role in the behaviour of the electrical system, and hence the sensing capabilities.
AAM follow a similar principal to OPC in this regard. Table 2 summarizes the electrode configuration
of reported AAM sensing applications.

Table 2. Electrode configuration for AAM sensing applications.

Matrix Precursor Number of Probes Material of Probe Attachment Method Reference
Paste Fly ash 2-probe Graphene Embedded [24]
Paste Fly ash 4-probe Copper Embedded [57,58]
Paste Fly ash 2-probe Steel mesh Embedded [92]
Paste Fly ash 4-probe Copper fibres Embedded [26]
Paste Fly ash 4-probe Stainless steel wires Embedded [65]
Paste Fly ash 4-probe Brass plates Embedded [56]
Paste Metakaolin 2-probe Copper wires Embedded [23]
Paste Metakaolin 4-probe Stainless steel wires Embedded [27]
Paste GGBFS 4-probe Copper wires Wound around substrate with conductive silver paint [25]

Mortar Metakaolin 2-probe Copper foils Attached [22,50]

Mortar Metakaolin 4-probe Copper wires Wound around substrate with conductive paste [55]

Mortar GGBFS 2-probe Copper mesh Embedded [52,86]

Mortar GGBFS 4-probe Self-adhesive copper tape Attached with graphite conductive paste [51]

Mortar ~ GGBFS+ fly ash 4-probe Titanium mesh Embedded [53]

Concrete Fly ash 2-probe Copper wires Wound around substrate with conductive silver paste [110]

As shown in Figure 1, interrogation can be achieved with two-probe or four-probe electrode
layouts. While two-probe sensing provides a simpler setup, this method means that the contact
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resistances and lead resistances of the electrodes contribute to the resistance measurement. Four-probe
sensing, on the other hand, significantly reduces the contribution of lead and contact resistances,
allowing only the AAM specimen itself to be measured.

Four probe sensing can either be in a serial arrangement (i.e., a linear configuration, as shown in
Figures 1a and 3a) or in a rectangular arrangement with the electrodes placed at the corners of the
specimen, also known as the Van der Pauw (VDP) configuration (Figures 1c,d and 3b). Both these
applications have merits and can be advantageous in various situations when used accordingly.

Electrod%,,

-—

:I Inner Outer

——

Electrodes

(a) (b)

Figure 3. Electrode array for AAM sensing applications (a) serial arrangement (b) Van der Pauw arrangement.

2.5.1. Serial Arrangement

Linear layouts, shown in Figure 3a, are the most commonly used electrode configuration in
AAM and OPC sensing. This layout is applicable to the majority of cementitious sensing applications.
The electrodes are usually equally spaced or in proportionate distances and are symmetrical in reference
to the center of the substrate. The electrodes are divided as “inner” electrodes and “outer” electrodes,
as depicted in Figure 3a, in which voltage or current are applied and measured respectively.

Careful consideration must be given primarily in strain sensing as the response of the substrate
is dependent on the direction of the applied load. In uniaxial compression and tension the load
is typically parallel to the electrodes. Under flexural tests, the load is primarily perpendicular
to the electrodes. Altering the measuring configuration can ultimately impact the response of the
specimen [111]. Furthermore, in a linear setup the current density is concentrated between the electrodes,
this essentially provides a more localized sensing capability for the entire substrate.

2.5.2. Van der Pauw Arrangement

In the Van der Pauw configuration, shown in Figure 3b, the electrodes are placed at the corners
of the specimen [112]. This approach measures the overall average resistance of the sample as the
voltage and current are applied/measured over the entire span of the sample’s surface. The layout
is also beneficial as it minimizes the concentrated stresses that can be developed near the electrodes
during curing [113]. This occurs as shrinkage during curing creates stresses at the electrode-material
interface that can cause cracking and delamination, particularly in thin samples. The use of VDP is
thought to reduce and spread stress, and it is what allows electrodes to be embedded successfully in
these thin samples, rather than attached onto the substrate with conductive paint.

While the VDP method is typically employed in samples with low thickness, it can also be used
in larger specimens as well [65]. The distances between electrodes are essentially predefined by the
geometry of the sample. The application and measurement of the electrical properties are carried
out over a larger area allowing for an average measurement of substrate resistance (not local as with
the linear layout) [113]. This method provides multiple options in terms of the direction of voltage
application. As a result, consistency in probe connections is required for repeatability and proper
interpretation of the sensor’s response.

Under strain sensing, in order to mirror the performance of the linear configuration, for uniaxial
compression and tension, the voltage and current should be measured and applied parallel to the applied
load. Similarly, these two measurands should be perpendicular to the applied load under flexure.
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2.5.3. Embed or Surface Mount

Embedding electrodes has shown more consistent and reliable results than surface-mounting
electrodes with conductive paint [114,115]. However, embedding can result in additional stresses to
the AAM matrix, resulting in cracking during curing [115,116]. Embedding thin wires (rather than
large electrodes) can reduce stress concentration and minimize the mechanical impact of the electrodes
on the AAM during curing [27,65].

2.6. Sensor Interrogation

In general sensor interrogation of self-sensing systems is based on measuring the change of
electrical properties of the sample (in this case AAM) in response to an applied external factor
e.g., strain, temperature, water content.

A general sensor characterization equation for AAM has the form of Equation (5):

3 = (e + g(6T) + h(aw) ®
where M is the electrical response variable measured (e.g., conductivity, resistivity, resistance,
impedance, or capacitance), My is the response variable with no applied strain, temperature change or
moisture change, AM = M — My, and f, ¢ and h are functions that parameterize the response to changes
in strain, Ae, temperature, AT, and moisture, Aw. The functions f, g, h, and their constants are what
need to be parameterized. The methods and results of this parameterization are outlined in detail in
the following sections.

3. Strain Sensing

3.1. Loading Schemes

Strain sensing is the most prominent application for AAM sensors. The electrical response of
AAM components to strain is similar to OPC components. When the applied load is colinear to the
serial electrode configuration of the substrate, under compression the resistance (and impedance) of the
sample decreases. Likewise, under tension the resistance of the specimen increases. This behaviour has
been widely reported in both AAM [24-26,52,57,92] and OPC [106,117-120] strain sensing. Figure 4a,b
display a typical sensing response for AAM under compression and tension. The loading schemes for
the strain characterization of cementitious materials typically employ monotonic or cyclic loading.

Compression|
o o Tension
x i3
z 2
< ! P i
1
|
: .
Elastic : Nonlinear : Severe
! | damage
I !
Fiole Fiole

(@) (b)

Figure 4. Diagram of typical response of AAM under (a) compression (b) tension; the x-axis represents
the force, stress, or strain applied to the binder. The y-axis displays the fractional change in resistance
(or impedance) in relation to the external factors applied.
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3.1.1. Monotonic Loading

Under monotonic loading, a load is applied at a constant rate to the AAM and is removed once
the test has terminated. The sensing response is different for tension and compression: not just in
its sign. Under tension, resistance tends to increase in a quasi-linear manner [119]. In compression,
however, the response of the substrate differs and can be typically broken down into three regions
depending on the loading amplitude, as illustrated in Figures 4a and 5:

(1) Elastic: The first region of monotonic loading coincides with the elastic region of the substrate.
In this zone, the relationship between change in resistance and applied strain is considered to
be linear [73,121] or of a linear-like function [122,123]. The sensor’s performance is usually at
its peak within this region. In various cases, a nonlinear segment with low sensitivity at the
very early stages of loading has been detected [55,86] which has also been regarded as a separate
region in monotonic compression altogether [124]. This has led to applications commencing
above zero [24,55,86]. While this has been attributed to contact resistance between the substrate
and electrodes in two-probe sensing [86], this behaviour has also been observed in four-probe
sensing applications as well [55].

(2) Non-linear: In the second region of monotonic loading, the resistance of the materials continues
to change, however the sensing performance is generally lower and the response at this stage is
nonlinear which eventually plateaus (small-no change for load applied) [117,125]. At this stage
damage to the matrix has begun in the form of cracks and defects. This leads to the destruction
and reconstruction of the conductive network and ultimately reaching a state of balance [2,126].

(3) Severe damage: Lastly, the third region of monotonic compression is associated with severe
damage to the matrix as the cracks continue to expand and the performance is being compromised.
At this juncture an abrupt increase in resistance is typically expected with increasing load [126].
The substrate in this instance essentially loses its sensing capabilities, and resistance may not
even begin to return to its original baseline value once load is removed [126,127].
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Figure 5. Fractional change in resistivity of slag AAM under monotonic compression for three filler
contents, example adapted from [52].
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3.1.2. Cyclic Loading

Cyclic loading refers to the loading and unloading of a substrate multiple times under a certain
magnitude. This loading scheme typically takes place within the elastic region of the material [122,128]:
the load applied is normally below 30% of the ultimate failure load [123]. As such the sensor response
of the AAM is linear in both tension and compression [129]. Figure 6 provides an example of the
response of slag AAM under repeated loading.

Fractional change in resistivity (%)

0 50 100 150 200 250 300
t(s)

Figure 6. Fractional change in resistivity of slag AAM under cyclic flexural loading, example adapted
from [51].

When referring to cyclic loading, the terms reversible and repeatable are often used to characterize
the performance of the sensor. The term reversible indicates that the resistance of the substrate can
start reverting towards its initial value once the applied load has been removed: this is often the case
regardless of the magnitude of load applied. By repeatable, it is meant that the sensing performance of
the sample (e.g., the change in resistance in regard to the applied load) remains fairly constant after
multiple loading cycles.

The resistance of the material at the beginning of the sensing test is usually referred to as
the “baseline resistance” or “initial resistance”, and is denoted as Ry. Since the test is taking place
within the elastic region, according to Hooke’s Law the sample behaves elastically and reverts to its
initial state [130]. Subsequently, the resistance is also expected to change reversibly close to its initial
value [128,131]. That said, AAM like OPC is only ever quasi-linear: due to the internal changes inside
the matrix upon every load cycle, repeatable strain sensing can be difficult to achieve [121,132], even in
the linear region (if the material enters the plastic region, repeatable sensing is not achievable, as there
is a reconstruction of the conductive network inside the matrix upon load removal [120]).

3.1.3. Other Strain Responses in AAM Samples

While most sensing applications follow the above behaviours, self-sensing cementitious materials
are comprised of a diverse and broad range of available materials and system layouts, and therefore
exceptions to the rules above are actually rather common.

To provide a few examples, in a monotonic compression AAM application by Bi et al. [23] it was
reported that upon load the change in resistance in the sample continuously increased rather than
decreased. It was posited that the formation of cracks in the matrix hindered ion migration. While this
is a justifiable explanation, it was also mentioned by the authors that the binders were fabricated with
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the electrodes perpendicular to the applied load and on different planes. This approach differs from the
conventional orientation employed in these circumstances [115] and could have ultimately influenced
the sensing response of the sample [111,133].

In a similar application for AAM under monotonic compression, as can be seen in Figure 5,
Rovnanik et al. [86] mentioned that upon loading the resistance of the matrix initially decreased as
expected in the elastic zone, however as the load increased, the resistance began increasing until it
started decreasing again up until failure. This behaviour was explained due to the initial formation
of cracks and the destruction of the conductive network and the subsequent reconstruction of the
conductive network due to the healing of the defects.

Finally, Vaidya and Allouche [110] reported a fluctuation in the electrical response of carbon fibre
AAM cylinders under compression. It was mentioned that this behaviour could be attributed to the
simultaneous densification of the AAM paste and the development of micro-cracks as both these
occurrences have opposite effects on the resistance of the sample.

3.2. Gauge Factors

The performance of a strain sensing material is generally evaluated by the change in resistance
compared to the applied strain. The most common approach used in these applications is the strain
sensitivity coefficient, otherwise known as the gauge factor (GF) which is also used in commercial
strain gauges. The GF is calculated by the fractional change in resistance divided by the applied strain,
Equation (6).

GF = (R;—Rq)/Ro/e (6)

where R = resistance at start of the test, R; = resistance at given strain, ¢ = applied strain. Alternative
methods of assessing strain capability similar to the gauge factor include expressing the change in
resistance per unit of stress (Equation (7)) e.g., 100 (3/MPa or by displaying the resolution of the sensor
in terms of strain sensitivity e.g., 1000 pe.

(Ri=Ro)/0 @)

where ¢ = applied stress. The strain response may differ between loading cycles due to repeatability
issues resulting from microcracks and deformations in the matrix [134] or due to polarization effects [53].

Table 3 below displays the reported strain sensing performances and GFs of AAM. AAM showcase
similar strain sensitivity to OPC exhibiting GFs within similar orders of magnitude in respective
applications [76,111,120,135-137]. In regard to AAM the highest GF reported is GF = 1986 in
a metakaolin-graphene based application under compression [55]. This sensing performance is
comparable with a study on OPC with nickel powder that reported GF = 1930 [106]. Table 3 also
presents strain sensing values such as resistance per unit stress (()/MPa), electric charge per unit
force (pC/N) and the fractional change in resistance (AR/Rg). While these values provide important
information in their own respect, a comparison with other applications is difficult to make with these
values alone. Therefore, it is recommended that the GF is used in these instances to allow for simpler
comparisons with other strain sensing applications. If other strain sensing values are used then
information such as strain, modulus of elasticity of binder and conversion into common electrical units
should be provided to allow for the calculation of the GF.

Note that AAM strain performance presented in Table 3 is based on ‘standard’ testing conditions
i.e., at room temperature and once the substrate has reached moisture equilibrium. The influence of
additional factors such as moisture and temperature on strain performance have not yet been accounted
for in AAM apart from certain niche applications [22]. In comparison, the effects of moisture [138,139]
and temperature [140] on OPC strain sensing have already been reported. While the literature available
is fairly limited, it can be viewed that metakaolin and ground granulated blast furnace slag based AAM
have the potential of showcasing high sensing capabilities compared to fly ash AAM. Lastly, as can
be seen in Table 3, compared to OPC, AAM also exhibit sensing capabilities without the use of
conductive filler.
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Table 3. Strain sensing performance of AAM. Notations-sodium silicate (Na;SiO3), sodium hydroxide (NaOH), potassium silicate (K,SiO3), potassium hydroxide (KOH).

Matrix Precursor Activator Conductive Filler Filler Concentration Application Loading Amplitude  Gauge Factor or Reported Response Reference
Paste Fly ash Na,SiO3 + NaOH No filler - Tension 1040 N 358 [24]
. . o Compression 0.6-12 MPa 43.87
Paste Fly ash NaySiO3 + NaOH  Graphene oxide sheet 0.35 wt% Tension 200-1000 e 207 [57]
Paste Fly ash Na,SiO3; + NaOH No filler - Compression 0-100 kN 47 * [26]
. . o Compression 7-9% 663
Paste Metakaolin Na;ySiO3 + NaOH Carbon nanotubes 0.25 %volume Bending 0.05-0.08% 7946 [23]
Paste Metakaolin Na,SiO3 + NaOH ~ PEDOT: PSS solution - Compression Up t0 200 N loading: 376.9 [141]
unloading: 513.3
Paste GGBFS Na,SiO3 + NaOH Carbon fibre 0.58 %volume Compression 0-8 kN 662 [25]
Mortar Metakaolin Na,SiO; + NaOH Graphene 1 wt% Compression 1-5 kN 1986 [55]
97.13
Mortar GGBFS Na,SiO3 No filler - Compression 5-50 kN Q) /MPa; [86]
35*
Mortar GGBFs Na,SiO3 Graphite powder 30 wt% Compression 5-50 kN 292* [52,142]
Mortar GGBFS Na,SiO3 Carbon black 4 wt% Flexure 0.07-0.50 kN ~1300 * [51]
Paste Fly ash K,SiO3 No filler - Compression 0-15 kN 11 O/MPa [92]
Mortar Metakaolin Na,SiO3 + NaOH No filler - Compression 0-2500 N 4.02 + 0.49 pC/N [22]
Mortar Metakaolin Na,SiO3; + NaOH Graphene 1 wt% Compression 0-2500 N 11.99 pC/N [50]
Mortar GGBFS+ fly ash Na,SiO3 + NaOH Carbon fibre 0.1 %volume Compression 6.25-18.75 MPa AR/Ry =0.11 [53]
Concrete Fly ash Na,SiO; + NaOH Carbon fibre 0.4 Wt% Cog;fé‘*;sg“’“ 0-9.34 kN 6-7.5 O/MPa [110]

* Not provided by authors, calculated from data available in cited paper (s).
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3.3. Conductive Filler Applications

As mentioned in Section 2.4, conductive filler is added to cementitious materials to increase their
conductivity thus making them more suitable for large area/volume sensing applications. When AAM
are loaded with conductive fillers, the sensing mechanism is attributed to both ionic and electronic
conduction [56]. Under strain tests, the response is dominated by conduction within the filler, and the
change of the conductive network inside the matrix. In situations in which the applied load generates
cracks in the sample, the resistance is expected to abruptly increase due to the destruction of the
conductive network [51-53,58].

The types of conductive filler that have been used in AAM strain sensing include carbon
fibre [25,53,110], graphene [24,55], graphite powder [52], carbon nanotubes [23,58] and carbon black [51]:

e  With respect to carbon fibre, the change in resistance has been attributed to the reduction in the
conduction length due to physical shortening of the compression surface [110], and the change of
the proximity between fibres [53].

e  For a graphene-based application, Saafi et al. [57] reported that the electrical response of graphene
composites is attributed to the contact resistance of the overlapped graphene filler. When the
contact area between the graphene sheets increased under compression, the resistance of the
material would decrease. Similar behaviour was also reported by Lamuta et al. [55] in a graphene
metakaolin-based application under compression.

e  Similar to carbon fibres, in carbon nanotube applications the resistance of the matrix is influenced
by the distances between the filler under mechanical load [23,58]. Coating carbon nanotubes with
SiO, was reported to result into a better conductive network, due to greater dispersion, allowing
for the greater detection of cracks [23].

e  For graphite powder and carbon black the changes in resistance have been attributed to changes in
the conductive path the current follows in the matrix [51,52]. Chen et al. [141] coated metakaolin
AAM with a conductive polymer PEDOT:PSS solution. The sample was subjected to natural and
artificial cracking and tested under uniaxial compression. The conducting mechanism proposed
by Chen et al. was coupled-mechanical-conductive contact mechanism based on the Hertizan
contact model between cracks.

3.4. Filler Free Applications

As mentioned in Section 3.2, AAM have seen multiple applications without the use of
conductive filler due to ionic conductivity of the alkali metals in the matrix. In simple terms,
most researchers accept that strain affects the mechanisms responsible for hopping of the Na*
or K* ions in the matrix [23,24,92,143]. The exact mechanisms are not completely understood, however.
For strain-sensing applications the following more elaborate mechanisms have been provided by
authors to explain the change in electrical properties of AAM:

I.  Lamuta et al. [22] proposed a chemical-physical model to explain the piezoelectric effect of AAM
based on ionic mobility due to the presence of water. This effect is promoted by the migration
of mobile hydrated cations under loading in the pores of the AAM matrix, thus creating a
charge imbalance and local dipoles. The Na* ions balance the single negative charge associated
with aluminium (III) in tetrahedral coordination. In completely dry samples, the AAM did not
exhibit any piezoelectric effect due to the absence of water. Hydration reduces the cation-lattice
electrostatic interaction through cation-water interaction, thus resulting in a weaker bond that
promotes the Na™ migration away from the framework wall during mechanical loading and
therefore creates the charge imbalance.

II. Saafi et al. [24,92] stated that the alkali ions diffuse in the structure by hopping through vacancy
sites to balance the negative charge on the AlO4~ tetrahedral. It was hypothesized that the
induced load to the substrate changes the lattice structure and alters the ion diffusion paths
(essentially the distances between electron holes) in the matrix. As a result, it has been speculated
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III.

Iv.

that this changes the activation energy barrier the ion is required to overcome to accommodate a
vacant site. As the hopping distance changes this subsequently affects the ion movement inside
the AAM and as a result the resistance of the substrate changes accordingly. Figure 7 presents
a schematic drawing of the ion hopping mechanism that can be found in AAM and Figure 8
explains the ion diffusion paths in AAM under applied stress.

Potential ion hopping paths
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Figure 7. 3D crystal structure of AAM and ion hopping of alkali metal under electric field, adapted
from [24].
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Figure 8. Self-sensing mechanism in AAM (a) AAM sensor under stress, (b) ion diffusion pathway
in the matrix and energy landscape, (c) effect of the compressive stress on the activation energy and
hopping distance d; adapted from [92].

Bi et al. [23] mentioned that the water in the matrix facilitates the migration of Na* ions within the
framework during mechanical loading which leads into ionic conduction. As ionic conduction is
associated with the movement of hydrated Na* ions, the formation of the cracks in the substrate
during loading potentially hindered the migration process.

Moreover, in the case of slag-based AAM it was reported by Rovanik et al. [86] that apart from the
alkali metals ions in the matrix, the Fe ions found in the precursor also have a positive effect on
the sensing capability of the substrate. This ultimately led to a combination of ionic, contact and
tunneling conduction. This was explained due to the fact that the Fe content in the slag precursor
does not always contribute to the overall chemistry of the binder and is passivated in the pore
solution [144]. However, that is not to say that all Fe does not contribute to alkaline activation.
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Slag with high Fe content has seen successful applications in the formulation of AAM [145-147].
As a result, this conduction mechanism remains unproven.

While AAM have been effectively used in sensing applications without conductive filler, situations
exist in which filler free samples did not present similar performance. In particular, cases have been
reported where AAM failed to showcase any sensing response [53] and in which AAM have been
rendered unsuitable for certain types of applications due to repeatability and reversibility issues [51].
As a result, conductive filler was required in both cases to allow for more reliable sensing performances.
Furthermore, even in the cases in which substrates absent of filler saw successful applications,
the sensing performance of the substrate undoubtedly benefited from the addition of conductive
filler [23,52,57]. Table 4 showcases filler free applications of AAM and their respective performances.

Table 4. Strain sensing performance of AAM with no conductive filler. Notations- sodium silicate
(NaySiO3), sodium hydroxide (NaOH), potassium silicate (K,SiO3), potassium hydroxide (KOH).

Gauge Factor or

Matrix Precursor Activator Application Loading Amplitude Reported Response Reference

Paste Fly ash Na,SiO3; + NaOH Tension 10-40 N 358 [24]
. Compression 0.6-12 MPa 21.6

Paste Fly ash Na,SiO3 + NaOH Tension 200-1000 pie 976 [57]

Paste Fly ash Na,SiO3 + NaOH Compression 0-100 kN 47 * [26]
. . Compression 7-9% 62.7

Paste Metakaolin Na,SiO3; + NaOH Bending 0.05-0.08% 189.8 [23]

Mortar Metakaolin Na,SiO; + NaOH Compression 1-5 kN 1662 [55]

. . 97.13 ()/MPa

Mortar GGBFS Na,SiO; Compression 5-50 kN 35+ [86]

Mortar GGBFS Na,SiO; Flexure 0.07-0.50 kN ~1150 * [51]

Mortar GGBFS+ fly ash Na,SiO3; + NaOH Compression 6.25-18.75 MPa Close to 0 [53]

Paste Fly ash K,Si03 Compression 0-15 kN 11 O/MPa [92]

Mortar Metakaolin Na,SiO; + NaOH Compression 0-2500 N 4.02 + 0.49 pC/N [22]

* Not provided by authors, calculated from data available in cited paper.
4. Temperature Sensing

4.1. Ouverview

Temperature sensing using AAM is less frequently explored, but is critical: without knowledge of
the sensor’s response to thermal effects, its strain behaviour cannot be decoupled.

The response of cementitious materials to temperature tends to be more complicated when
compared to strain sensing. This is because elevated temperatures tend to cause evaporation, and so
changes to environmental humidity and AAM matrix moisture (effects which are discussed separately
in Section 5 of this paper). The result is that temperature characterization must be conducted in a
sealed environment with controlled or monitored moisture and humidity conditions.

For the most part the behaviour of AAM and OPC under temperature change is fairly similar. As a
rule of thumb, as the temperature increases, the resistance of the sample decreases due to increased
ion mobility at high temperatures [65]. Figure 9 displays the fractional change in impedance of AAM
for various temperatures. Based on the existing literature in both OPC and AAM, the behaviour of
cementitious materials under temperature change can be divided into three primary regions. Compared
to strain sensing though, these regions are not as distinctly defined and overlapping among regions is
quite common.
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Figure 9. Fractional change in impedance-frequency response for 3D printed metakaolin AAM between
10-30 °C adapted from [27].

Sensing Behaviour at Different Temperatures

The first region of temperature sensing of reported applications is situated approximately between
-30°C up to around 50 °C. This section encapsulates most of the temperature sensing tests that have been
carried out and corresponds to the majority of field and civil engineering applications. The behaviour
for this temperature range is fairly straightforward as when the temperature increases, the resistance
of the material decreases [24,26,27,65,87,131,139,148-150].

The second region typically lies between 50-110 °C. In this region, the response of the materials
begins to showcase somewhat irregular behaviour depending on the testing conditions. For metakaolin
AAM, it was reported by MacKenzie and Bolton [87] that as the temperature increased up to 80 °C
the resistance of the sample started to increase as well due to the depletion of water in the matrix.
On the contrary though, in an OPC based investigation conducted by Demircilioglu et al. [139] under
sealed conditions the resistance of the sample between 50-115 °C remained fairly constant due to the
equilibrium of water vapor as a result of the sealed environment. Similarly, in another OPC based
application under sealed conditions Teomete [151] reported small changes in resistance between 50 °C
up until 200 °C.

The third region has so far been loosely defined as “the temperature at which the behaviour of the
sample begins to change once again”. This point is usually found to lie between 80-200 °C. In AAM,
MacKenzie and Bolton [87] pointed out that beyond 80 °C the mobile charge-carrying hydrous species
were depleted and other charge carrying mechanisms were more significant at this point. Up until
290 °C after the water has been removed, the resistance of the material decreased as a function of the
added conductive filler content and temperature. Similarly, Gulicovski et al. [152] noted that at greatly
elevated temperatures (500-700 °C) the impedance of AAM decreased as the temperature increased.
This was explained due dehydration and dehydroxylation of the AAM, introducing new conduction
pathways in the matrix. In addition, Sellami et al. [94] mentioned that for temperatures beyond
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575 °C the AAM underwent structure rearrangement which ultimately led to the improved alkali
metal ion transfer rate and electrical conductivity (decrease in resistance). Under sealed conditions
in OPC applications by Teomete [151] and Demircilioglu et al. [139] it was reported that beyond a
certain point the resistance of the sample started to increase significantly. It was explained by the
authors that this rapid increase in resistance was due to the mismatch in behaviours between the
cement paste and the aggregates and conductive fibre at elevated temperatures. The cement paste
contracted while the aggregates and conductive fibre elongated causing tensile stresses to develop
and thus damage inside the matrix. In general, the third region of temperature sensing is highly
complex due to the simultaneous occurrence of multiple phenomena. The increased temperature can
cause depletion of moisture in the pores of the binder [153]. Moreover, as previously mentioned,
the increased temperature can also cause the expansion of aggregates. Both can lead to cracks in the
binder and thus an increase in resistance. At the same time though, elevated temperature increases
ion mobility which leads to decreased resistance. In this region applications only for AAM pastes
have been reported, in which a decrease in resistance was observed. It can be inferred that AAM
with aggregates will showcase a different response. This region requires greater in-depth analysis to
determine the dominant factor affecting resistance for each type of AAM binder.

4.2. Temperature Sensing: Characterization Equation

Most temperature applications of AAM are conducted at around ambient temperatures, in the first
region of temperature sensing. Similar to strain tests, a material’s temperature behaviour is normally
examined by investigating the change in resistance/impedance against the applied temperature.
The relationship in this case is not as clearly defined as it is in strain sensing applications as the reported
responses tend to vary.

In a fly ash AAM study by Saafi et al. [24] conducted between —10-35 °C, a linear relationship
between the change in impedance and temperature was presented, although with a low coefficient
of determination (0.802-0.904). Moreover, Perry et al. [154] also reported a linear response between
change in impedance and temperature change for fly ash AAM, albeit under a small temperature range
(AT =3 °C) where a linear approximation can be made. A linear change in resistance has also been
identified in OPC for temperatures between 25-50 °C [139].

In contrast, Perry et al. [26] reported a polynomial relationship between change in impedance and
temperature change between 10-30 °C in a fly ash AAM investigation. More recent and in-depth work
on filler free AAM applications between 5-30 °C and 10-30 °C conducted by Biondi et al. [65] and
Vlachakis et al. [27] respectively showcased that the change in impedance in relation to temperature
follows an exponential trend (Equation (8)) expressed by [155] such that:

Z:/Zo = e(%-l—BT-&-C) 8)

where Zj = impedance at start of the test, Z; = impedance at given temperature, T = temperature
and A, B and C are constants. Figure 10 illustrates the temperature response of printed metakaolin
AAM following Equation (8). Similarly, in OPC based studies carried out by Lee et al. [150] between
5°C to 40 °C, Chang et al. [149] between —15-20 °C and Sun et al. [131] between —30-60 °C, while the
response was not characterized, it can be easily observed by the graphs provided that the relationship
between resistance and temperature was nonlinear in both instances.
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Figure 10. Normalized impedance response of metakaolin 3D printed AAM patch to temperature
during four temperature cycles. Znoq is the modulus impedance at a given temperature and Zp,q o the
initial modulus impedance at 10 °C [27].

Crucially, Equation (8) is underpinned by accepted physical explanations of the mechanisms
responsible for changes in cementitious material conductivity. The temperature response of AAM
can be described using the time-temperature superposition principle [156]. While this is described in
detail in [65], the time-temperature superposition principle states that increasing the temperature of
an AAM is completely equivalent to speeding up the motion of its ions and conduction mechanisms.
In order to produce an electrical current, an ion within the AAM must hop from its existing site to
an adjacent site, and that site must relax to accommodate the ion. The longer it takes for an ion to be
accommodated, the greater the probability of a backwards hop. Increasing temperature speeds up
relaxation, and essentially accelerates ion hopping.

4.3. Temperature Sensitivity Values

The temperature response of various AAM applications are presented in Table 5. As the
characterization equation describing the relationship between temperature and impedance/resistance
has historically been poorly defined, the sensitivity values of AAM during temperature characterization

has varied.
Table 5. Temperature sensing response of AAM.

Matrix Precursor Conductive Filler Temperature Range Reported Response Reference
Paste Fly ash No filler -10-35°C 21.5kQ °C! [24]
Paste Fly ash No filler 10-30 °C 0.5°C™1t [26]
Paste Fly ash No filler 5-30°C 0.1°C! [65]
Paste Fly ash Magnetite AT =3°C 0.0781°C"1* [154]
Paste Metakaolin Graphite, single wall carbon nanotube Up to 340 °C Conductivity function of temperature [87]
Paste Metakaolin No filler 10-30 °C 0.1°C! [27]
Paste Metakaolin No filler AT =45°C —1512 1V C [157]

Fly ash —6.31 uv/°C
* Not provided by authors, calculated from data available in cited paper.

Saafi et al. [24] reported a linear temperature sensitivity of kr = 0.02 °C~! (21.5 kQ/C) for AAM
with graphene-based electrodes. Perry et al. [26,154] in fly ash-based coating applications showcased a
sensor with a sensitivities ranging from kt = of 0.08 °C~! to 0.5 °C~. Cai et al. [157] also investigated
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the Seebeck effect for both fly ash and metakaolin AAM and quoted their sensitivities as —6.31 uV/°C
for fly ash AAM, and —15.12 uV/°C for metakaolin AAM.

Biondi et al. [65] explored the temperature response for fly ash AAM for various water content
ratios. The temperature sensitivity ranged between 0.06 °C~! to 0.18 °C~! and with a repeatability of
1-2% deviation. Additionally, in a 3D printed AAM coating application Vlachakis et al. [27] reported a
temperature sensitivity of 0.1 °C~! and a repeatability of 0.3 °C.

Making a clear comparison between AAM and OPC binders is challenging. While the resistance
for OPC binders has been reported for various temperatures, the sensing response has not been
characterized as it has for AAMs. Figure 11 provides temperature characterization curves for
conductive-fibre laced OPC composites reported in [131,139,149,150]. These data were not explicitly
included in the original references but were determined based on the reported dependencies of
electrical resistance, resistivity, or impedance, on temperature. In Figure 11, M is the reported electrical
quantity measured (e.g., resistance, resistivity, or impedance), and My is the value of that measurand at
20 °C. Normalization using M/Mj is performed to make fractional shifts in resistance and resistivity
comparable, as the normalization reduces the impact of geometric effects. The fits shown all use an
equation of the form, Equation (9):

InM/My = —ax—+Db )

where the parametric constants, a and b, for each study are listed in Table 6.
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Figure 11. Characterization of temperature sensing response for OPC and AAM binders. M refers to
the reported electrical measurand (resistance, resistivity or impedance) and M the value at 20 °C.

Table 6. Parametric constants for the fits for temperature characterization of OPC and AAM binders.

Application a b Reference
orcC 0.054 1.01 [149]
orcC 0.050  1.00 [150]
orcC 0.040 0.86 [131]
OPC 0.030  0.68 [139]

AAM 0.028  0.58 [27]
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An AAM study by Vlachakis et al. [27] is also included in Figure 11 for comparison. As shown,
the temperature response of OPC and AAM binders is comparable. However, temperature sensing
is affected by numerous factors such as saturation of the binder [65] and therefore a definitive claim
cannot be made with these data alone.

5. Moisture Sensing

Moisture sensing is infrequently explored in AAM but is important even in strain sensing
applications due to moisture’s significant impact on AAM electrical conductivity.

Moisture is here defined as the water content inside the matrix: this is something which can be
impacted by environmental humidity condensing in AAM pores or existing in a vapor phase. It is
universally acknowledged that increasing the water content, whether AAM or OPC, increases the
sample’s conductivity [158]. The relationship between resistance and moisture content is typically
expressed as an exponential [159] or by a power law correlation [158,160].

A study was carried out by Biondi et al. [65] in fly ash based AAM for water content ranging
between 25.5-87.7%. It was shown that similar to temperature, increasing water content in the matrix
increases the ion hopping mechanism described in Section 3.4. Water was explained to increase the
connectivity of the pore network and the volume of the pore network filled with electrolyte solution.
The relationship between impedance, water content and temperature was defined by Equation (10):

10(Znod / Zuoao) = G1/T + GoT + G3/T + G4T/W + Gs (10)

In which Gy_5 = constants, T = temperature, W = water content, Z,,,;0 = impedance at ambient
conditions, Z,,,; = impedance at given temperature and water content. Figure 12 displays the moisture
response of AAM for different temperatures. Similarly, in cement-based moisture sensing applications
the resistance of the specimens increased as the moisture content decreased as the water which acts as an
electrolyte in the micro-voids was removed [139,151] and due to ionic and moisture conductivity [159].

=2
B SSnsseaes, N
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Figure 12. A 3D calibration curve for a fly ash AAM, showing sensor response to both moisture and
temperature. Here, dryness is the inverse of moisture content [65].
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6. Future Work and Recommendations

While extensive research has been carried out in self-sensing AAM, Table 7 highlights that the
extent of study is very limited compared to the body of work for OPC. This is simply because AAM
are relatively new, and OPC concretes are still the most widely used construction material today. This
will change as civil engineers strive to meet climate targets, and it will be important to bear in mind
that the work from OPC will not always be translatable to AAM.

Table 7. Could literature be found that demonstrated sensing techniques in OPC and AAM?

Material Strain Temperature ~ Moisture Humidity Strain-Temperature ~ Strain-Moisture =~ Temperature-Moisture
Uniaxial,
AAM multiaxial Yes Yes No No No Yes
limited
OPC Yes Yes Yes Yes Yes Yes No

Table 7 reveals the gaps in knowledge that need to be filled in future work:

e AAM sensor response to humidity has not been investigated

e while strain applications exist, they have primarily focused on uniaxial loading: multiaxial
applications are quite limited.

e the combined effects of multiple phenomena on the sensing performance of AAM have not been
looked into apart from combined moisture and temperature. The impact of both moisture and
temperature on strain sensitivity have not yet been explored.

AAM sensing is also currently limited in its applications: most papers are focused on concrete
structural health monitoring. Broader applications such as traffic detection would be feasible but are
currently absent in AAM literature.

AAM sensing is also limited in the number of techniques it employs. OPC sensing, for example,
has already explored small-sized self-sensing composites embedded in larger substrates [111,121,137].
While applications with a similar purpose have been explored in AAM in the form of coatings [26,27,154],
the number of applications and available literature is still quite limited.

As mentioned in Section 3.4. the sensing mechanism for filler-free AAM is not fully understood
but various explanations have been given. A more in-depth explanation of this mechanism is required
to further progress in AAM sensing applications.

It has been acknowledged that the performance of AAM is governed by molar ratios rather than
the mass ratios that are typically used in OPC [31]. While studies have focused on the effect of the
chemical composition and mix design on the conductivity of AAM [56,60,68,91,95] a direct translation
between molar ratios and sensing capability, apart from very specific applications [157], is currently
absent. As can been seen in Tables 3 and 4 the reported sensing performances of AAM are quite vast
and broad. Correlating the molecular composition with the sensing performance may potentially pave
the road for more repeatable and consistent results. With that in mind, it can be accepted that altering
the chemistry of AAM to fit research requirements and performing a proper analysis may be associated
with more challenges compared to an OPC mix design.

AAM can be fabricated with different types of precursors, each with a different molar composition.
While the reported applications have focused on using fly ash, metakaolin and ground granulated
blast furnace slag, the range of available precursors for AAM keeps on increasing. Materials such as
rice husk ash, palm fuel ash, red mud etc. have seen applications in AAM fabrication [161]. This can
open the path to new research and development possibilities and perspectives on AAM sensing.
Sensing applications have primarily focused on the standard two-part mix of AAM. It has been posited
that one-part mixes may provide a more approachable route in future applications of AAM [34].
Therefore, exploring one-part AAM mixes may allow a more straightforward approach allowing the
material to be more easily deployed in the field.
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Finally, while standards for AAM fabrication and sensing applications do not currently exist,
a unified approach or common sensing setup for general cementitious sensing is required to allow
for more convenient and accurate comparison between applications. A universal methodology will
be essential for laying the groundwork for industrial applications. Recommendations that can be
considered in future applications follow:

e  The chemical composition of all constituents should be reported where possible. A thorough mix
design with both solid-liquid ratios and molar ratios of AAM should be included. The curing
regime should also be clearly stated e.g., heated cured, sealed conditions etc.

e Gauge factors or common equivalent sensing performance units should be reported in all
applications. For strain applications the applied strain and/or modulus of elasticity should also be
provided where possible to allow for further analysis and comparisons in future applications.

e An average gauge factor/sensing performance with standard deviation and coefficient of
determination should be provided instead of reporting the highest sensing performance
values achieved.

e  The surrounding conditions e.g., temperature and humidity should be monitored with an external
sensing device to ensure a relatively constant testing environment. Strain sensing in particular
can be impacted by fluctuations in temperature and humidity.

e  The number of samples tested and number of measurements per sample should be reported.

e Proper insulation between the binder and the surrounding environment must be ensured
throughout the entire duration of the experiment.

e  The type of current, direct or alternating, should be explicitly mentioned. The frequency and
sampling rate should also be reported if alternating current is used.

e  The orientation of the electrodes should be consistent throughout subsequent tests. For strain
sensing, the direction of the electrodes should reflect the anticipated behaviour of the sample
e.g., current and voltage are parallel to the applied load for compression and perpendicular
for tension.

e A period of stabilization should be allowed for samples prior to testing.

e  The state of the binder e.g., dried, saturated, unsaturated etc. and the testing conditions, sealed or
unsealed, should be stated.

7. Conclusions

This review provided an overview of the current state-of-the-art in sensing using alkali activated
materials. As our understanding of these materials progresses, agreement between studies will
hopefully begin to converge. As alkali-activated materials provide the benefits of being an economically
viable and environmentally friendly alternative to OPC, we anticipate this field of research will grow
as their use becomes more common. AAM have already seen some successful applications in strain,
temperature and moisture sensing either as the main structural material or as a self-sensing coating
applied to existing infrastructure. One primary advantage of using AAM for sensing is the elimination
of the need for conductive filler due to the migration of the alkali metal ions in their matrix. While rapid
development in sensing research has been carried out recently, numerous fields of sensing are still
waiting to be explored.
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