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Structural health monitoring will revolutionize infrastructure repair by enabling targeted preventative mainte-
nance. To achieve this goal, new self-sensing materials are needed with high strength, piezoresistivity, scalabil-
ity, and affordability. These four properties can be achieved with potassium-activated inorganic polymers. In this
study, new relationships have been discovered between the composition of these materials and their self-sensing
capabilities. Alkali-activated materials form natural composites with high self-sensing capabilities without the
need for conductive fiber additives. The intrinsic piezoresistivity of potassium-activated inorganic polymers sur-
passes the best cement-carbon nanotube composites without the added cost and scalability limitations. This posi-
tions the materials as the best candidate for future self-sensing construction materials for structural health moni-
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1. Introduction

Structural health monitoring is an emerging technology in construction
materials that will fundamentally change the maintenance and repair of
concrete buildings. The technology relies on the deployment of self-
sensing construction materials in structural members which are capable
of reporting changes in their mechanical state. This enables real-time
monitoring of structural changes due to corrosion, seismic damage, or
structural decay [1]. With improved information, structural health
monitoring will make the repair of infrastructure localized and preven-
tive: stopping sites of decay before the impact is systemic [2]. This will
substantially reduce the cost of maintenance and prolong the service
life of concrete structures and infrastructure. The deployment of struc-
tural health monitoring is limited by the availability of self-sensing con-
struction materials. Two principal obstacles that stymie the availability
of these materials are high cost and low scalability. These problems
arise because Portland cement is not intrinsically self-sensing. It must
be combined with conductive additives, preferably fibers such as car-
bon fiber, to form a self-sensing composite. Cement composites are self-
sensing through their piezoresistivity: a measurable reduction in elec-
trical resistance during compression. Carbon fiber-cement composites
can achieve piezoresistivity of 10-30% which is suitable for a variety of
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self-sensing applications [3-5]. However, the reliance on conductive
fibers to form self-sensing composites poses multiple problems for the
deployment of this technology in the construction sector.

The piezoresistivity of cement composites arises from the tunneling
of electrons between the conductive fibers. Cement is an insulating ma-
trix, and the electrical conductivity of cement composites is dominated
by the tunneling between the fibers [6]. The tunneling effect is strongly
influenced by the distance between the fibers, which is minutely re-
duced under compressive strain, leading to a macroscopic piezoresistiv-
ity. However, because of the extreme sensitivity to the distance fiber
spacing, the piezoresistivity of cement composites is highly vulnerable
to dispersion irregularities [7,8]. This has led the reported piezoresis-
tivity of cement composites in the literature to vary substantially due to
inconsistencies in dispersion methods. In one example, a change in the
superplasticizer was reported to increase the piezoresistivity by more
than 10 x [8]. This presents a problem for the scalability of the technol-
ogy in the field of construction. Inconsistencies in mixing with different
equipment and volumes of production could easily compromise the
self-sensing performance.

Proponents of self-sensing cement composites have ambitiously
touted these materials as a cost-saving and green solution for the future
of construction. Cement production is the singularly largest material
contributor to gobal greenhouse gas emissions[9]. Structural health
monitoring will prolong the service life of concrete structures thereby
reducing maintenance costs and cement consumption. However, few
studies have quantified the economic and environmental impact of the
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conductive fibers required to produce self-sensing cement composites
[10,11]. Many techniques have been investigated to reduce the quan-
tity of conductive fiber required to achieve high piezoresistivity. The
most effective method, the use of carbon nanotubes, reduces the re-
quired fiber content by at least a factor of 10 [12]. However, the use of
nanoparticles amplifies the dispersion sensitivity and the economics of
this technique remain uncertain. One study concluded that the use of
carbon nanotubes in this manner would increase the cost of cement
composites by a factor of 100 X compared to ordinary concrete [11].

Additional complications arise from the physical properties of ce-
ment composites and the manner of measuring their piezoresistivity.
Carbonaceous additives, including carbon fiber and carbon nanotubes,
substantially reduce the workability of cement [13-15]. Recent studies
have shown that the piezoresistivity of self-sensing cement composites
has limited longevity due to breakdown at the fiber-matrix interface
[16,17]. Another problem arises from the conventional manner of mea-
suring piezoresistivity. The vast majority of piezoresistivity measure-
ments are conducted under cyclic loading conditions, where the resis-
tance is measured with direct current while the compressive load is os-
cillated [18]. This method simulates applications involving transient
changes in compression, such as vehicle detection on roadways [19].
Cyclic loading, however, is not representative of structural health moni-
toring applications where gradual changes in static loading indicate
corrosion or structural decay. The effectiveness of a self-sensing mater-
ial for structural health monitoring is better simulated using static load-
ing conditions. However, very few studies have employed static load
testing because of the high polarization of cement. Polarization causes
the measured electrical resistance under direct current measurements
to increase with time which distorts the measurements of the piezore-
sistivity [20]. Methodologies utilizing alternating currents, such as the
one proposed by Vaidya et al., remedy this polarization problem but
have not seen widespread adoption in the field [21].

The high cost, low scalability, and questionable longevity have
stalled the implementation of self-sensing cement composites, and to
date, there is no real-world infrastructure that employs this technology
[1]. There is a distinct need for an alternative self-sensing material
without the problems of cement composites. Very recently, a promising
candidate for this role has been found in alkali-activated materials
(AAMs). First documented by Sadfi et al., AAMs exhibit piezoresistivity
as an intrinsic material property and, thus, do require need for conduc-
tive fibers to act as self-sensing construction materials [22]. Prior stud-
ies of AAMs without conductive fibers did not measure any piezoresis-
tivity using direct current [23,24]. However, the work by Sadfi et al. in-
novated in its use of an alternating current methodology to avoid the
detrimental impact of polarization. With this methodology, AAMs were
found to be piezoresistive under static loading conditions, making them
ideal self-sensing materials for structural health monitoring applica-
tions.

In addition to intrinsic piezoresistivity, AAMs offer numerous ad-
vantages over cement as a sustainable structural material. AAMs are
natural composites formed from so-called AAM precursors, rich in reac-
tive aluminosilicates. AAMs have been extensively studied as an envi-
ronmentally friendly cement alternative because several industrial
byproducts, such as fly ash and blast furnace slag, can be used as AAM
precursors [25]. This causes AAMs to have up to 80% lower global
warming potential than Portland cement [26]. Many studies on AAMs
have demonstrated a better workability [27,28], higher strength
[29,30], and greater durability [31,32] than cement. However, the
properties of an AAM are strongly influenced by its chemistry. The
chemistry of an AAM is defined by its alkali content, typically described
as an alkali/aluminum or alkali/silicon ratio, and its mer structure, de-
fined by the silicon/aluminum ratio. These two compositional parame-
ters determine the number of bridging oxygens and the proportion of
siloxo to di-siloxomers within the polymer structure [33].

These compositional factors have a strong impact on the mechanical
and electrical properties of AAMs [34,35]. Their relationship to
piezoresistivity, an electromechanical property, is entirely unknown.
The original work by Sadafi et al. demonstrated intrinsic piezoresistivity
of only a single composition of potassium AAM (K-AAM) [22]. A recent
study has corroborated the measurement and test methodology using a
sodium AAM, with lower piezoresistivity [36]. However, no investiga-
tion has confirmed the intrinsic piezoresistivity of potassium AAMs nor
determined the effect of composition on the piezoresistivity of AAMs.
This study seeks to address these two research gaps and determine the
optimum composition of potassium AAMs to maximize the piezoresis-
tive performance.

2. Materials and methods
2.1. Materials

K-AAMs were prepared by the alkali activation of fly ash. ProAsh®
fly ash from Titan America was used and composed of 21.4% aluminum
oxide, 55.3% silicon oxide, and 1.0% sodium oxide. An array of AAMs
compositions was prepared to achieve potassium/aluminum (K/Al) ra-
tios between 0.8 and 1.2 and silicon/aluminum (Si/Al) ratios between
2.5 and 3.2. The elemental and mixing proportions of the compositions
tested are listed in Table 1. The samples were identified with a se-
quence of two numbers: the K/Al ratio and the Si/Al ratio. Silica fume
(4.8% moisture) was added to modulate the Si/Al ratio. Dry reagent
grade potassium hydroxide (12% moisture) was the primary activator.
For samples C-33, C-67, and C-100, the 33%, 67%, or 100% of the
potassium hydroxide was substituted for anhydrous reagent grade
potassium carbonate while maintaining the same K/Al ratio. A constant
water/binder (W/B) ratio of 0.20 was maintained for all samples to
achieve a flowable paste across the range of compositions.

2.2. Mixing and curing procedure

The K-AAMs were mixed in a one-part (single-step) mixing method-
ology in a planetary cement mixer compliant with ASTM International
standard C305 [37]. A one-part methodology based on cement mixing
technology was used to maximize the scalability of the process within
the current construction industry and circumvent the scalability limita-
tions caused by the two-part mixing of AAMs [38]. The dry powders
and water were added simultaneously to the mixer and mixed for 6 min
at 45 rpm until a homogenous paste was formed. After mixing, the
paste was immediately cast into steel molds coated with petrolatum to

Table 1
Summary of the alkali-activated materials prepared.
Sample K/Al Si/Al W/B Fly Silica Potassium Potassium Deionized
D ratio ratio ratio ash fume hydroxide carbonate  water (g)
(® (@ (€3] (€3]
0.8/ 0.8 2,50 0.20 500 41.2 92.5 0 113.7
2.5
0.8/ 0.8 2.85 0.20 500 85.4 92.5 0 120.4
2.85
0.8/ 0.8 3.20 0.20 500 116.7 925 0 127.1
3.2
1725 1.0 2.50 0.20 500 41.2 119.2 0 115.8
1/2.85 1.0 2.85 0.20 500 85.4 119.2 0 122.5
1/3.2 1.0 3.20 0.20 500 116.7 119.2 0 129.2
1.2/ 1.2 2,50 0.20 500 41.2 145.9 0 117.9
2.5
1.2/ 1.2 2.85 0.20 500 85.4 145.9 0 124.6
2.85
1.2/ 1.2 3.20 0.20 500 116.7 145.9 0 131.4
3.2
C-33 1.0 2.85 0.20 500 85.4 79.4 43.0 119.6
C-67 1.0 2.85 0.20 500 85.4 39.6 86.2 128.8

C-100 1.0 2.85 0.20 500 85.4 0 129.3 138.0
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inhibit adhesion. The molds were sealed in zip-top plastic bags to pre-
vent moisture loss and cured at 60 °C for seven days under saturated hu-
midity conditions to ensure complete hardening. Elevated temperature
curing is known to be beneficial for the development of high-strength
AAMs and is particularly important for one-part AAMs [38,39].

For mechanical assessment, 50 mm cube specimens were produced
in accordance with ASTM C109 [40] and 40 mm X 40 mm X 160 mm
square rods were prepared for testing as per ASTM C348 [41]. A sample
of each AAM was ground for Fourier transform infrared spectroscopy.
For measurement of the piezoresistivity, molds for 50 mm cube speci-
mens were modified with a bracket to hold a pair of electrodes in place
during curing. The electrodes were galvanized stainless steel mesh cut
to size 50 mm X 100 mm with a wire thickness of 0.61 mm (23 gauge)
and mesh size 6.73 mm (mesh #3). The electrodes were embedded
50 mm into the cubes and held parallel at 10 mm apart in the center of
one face of the specimen in the manner shown in Fig. 1. Before mea-
surement of the piezoresistivity, the specimen with the embedded elec-
trodes were left to dry in a dry oven at 60 °C for an additional seven
days. This drying process gently removed excess surface water from the
AAM specimens that could interfere with the resistance measurement
through surface conduction without damaging or recrystallizing the na-
tive hydrates within the AAMs.

2.3. Characterization methods

The compressive strength was measured in triplicate with a constant
loading rate of 1 kN/s, following ASTM C109 [40]. The flexural
strength was measured on square rod samples with a constant loading
of 0.048 kN/s, as per C348 [41]. Fourier transform infrared spec-
troscopy was conducted to confirm the complete dissolution of the acti-
vator and added silica fume to achieve the targeted elemental propor-
tions in the AAMs. A full spectrum was measured across the range
400 cm~1-4000 cm-!, with special attention paid to
700 cm~1-1300 cm~1, where the characteristic peaks of the alkali acti-
vation reaction and recondensation reactions occur.

To measure the piezoresistivity, compressive stress was applied to
the AAM specimen with the embedded electrodes at intervals of 1 MPa
up to 10 MPa. Compressive stress was applied orthogonal to the orien-
tation of the electrodes, as shown in Fig. 1, such that the distance be-
tween the electrodes was reduced by the compressive strain. All mea-

Uniaxial Compression

surements were made in triplicate at ambient temperature using sam-
ples gently dried using the aforementioned procedure to minimize sur-
face conduction. At each interval of stress, the electrical resistance be-
tween the embedded electrodes was measured using a Wheatstone
bridge. A Wheatstone bridge is a basic electronic circuit of three resis-
tors used to measure the resistance of an unknown sample under an al-
ternating current. A power source of 10 V was applied at 10 Hz,
10 kHz, and 10 MHz across the bridge, and the sample resistance
(Rsample) was measured at each frequency using the following equation,
derived from Ohms law:
Ry — Lueaswd (R, 4 R,)

Vapplied

Rsample = R3

R+ V;,,,,/f (R, +R,)

where R;, R,, and Rj; are the resistances of the bridge resistors in the
orientation shown in Fig. 1, Vypplied is 10 V, and Vipegqred is the voltage
across the sample measured with an oscilloscope. The sample voltage
was monitored with an InfiniiVision 3034A oscilloscope from Aligent
Technologies®. Resistors of 860 kQ were used in the Wheatstone
bridge to approximate the expected resistance of the AAMs, based on
literature values [42], and to maximize the accuracy of the measure-
ment.

Following convention, the piezoresistivity of the AAMs was quanti-
fied as the fractional change in resistance (FCR) and its derivatives, the
stress sensitivity coefficient, and the gauge factor [18]. The three para-
meters are defined by the following equations:

Ro' - RO P
FCR = R , Stress sensitivity
0

= FQ, Gauge factor
o

_ FCR
13

where R, is the sample resistance measured at a compressive load-
ing of o, R is the resistance across the unstressed sample, and ¢ is the
compressive strain. FCR is the clearest representation of the piezoresis-
tivity, but it is dependent on the applied stress. Most commonly, only
the maximum FCR measured at the maximum compressive load is dis-
cussed. Stress sensitivity and gauge factor serve as comparative tools

Oscilloscope B V. o.cured

Wheatstone
bridge

Rsa mple

]
@ ‘ Vapplied
Power
source

Fig. 1. The experimental set-up for the measurement of the piezoresistivity of the alkali-activated materials using a Wheatstone bridge, oscilloscope, and alternating

current power source.
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for comparing materials tested under different levels of compressive
loading.

3. Results and discussion
3.1. The intrinsic piezoresistivity of AAMs

The intrinsic piezoresistivity of AAMs is an opportunity to make af-
fordable and environmentally friendly self-sensing construction materi-
als from industrial byproducts. AAMs are a cost-competitive alternative
to ordinary Portland cement and their production from industrial
byproducts, such as the fly ash utilized in this study, offer a substan-
tially reduced carbon footprint for a construction material. The discov-
ery of their self-sensing functionality presents an added advantage
which could see the rapid incorporation of smart construction materials
in all forms of construction. This is possible because their self-sensing
behavior is intrinsic and is achieved without the added cost of additives
or the exotic coating methods required by conventional self-sensing
technology [43]. However, the intrinsic piezoresistivity in AAMs is a re-
cent discovery and the field is not yet aware of the remarkable poten-
tial.

The piezoresistivity of AAMs has escaped scientific scrutiny thus far
because its detection requires a non-standard measurement method.
AAMs have been previously studied as an alternative binder to cement
for self-sensing composites with carbon fiber and other conductive ad-
ditives [44]. Nearly every study in the literature has omitted reporting
the piezoresistivity of neat AAMs, AAMs without any additive, as a
baseline. This is presumably because the high dielectric polarization of
neat AAMs makes the measurement of the electrical resistance highly
inconsistent under direct current conditions [42]. This has led to the er-
roneous conclusion that AAMs are not intrinsically piezoresistive [44].
However, this hypothesis was disproven by the recent publication by
Saafi et al. that measures the piezoresistivity using alternating current
[22]. Without the obscuration of polarization, AAMs exhibit relatively
high piezoresistivity as an intrinsic property.

Competing theories exist on the nature of the intrinsic piezoresistiv-
ity in AAMs. The property has been likened to the piezoelectricity of
AAMs, another electromechanical property, which is caused by the high
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mobility of alkali cations within the amorphous structure [22,45,46].
The alkali cations, typically sodium or potassium depending on the al-
kali activator, charge balance the aluminosilicate polymer network in
AAMs and are free to migrate between adjacent sites [33]. A recent
publication, corroborating the results of Saafi et al., alternatively pro-
posed that the piezoresistivity is not dominated by the ionic movement
but instead by changes in the electronic mobility [36]. However, these
two works disagree on the magnitude of the measured piezoresistivity.
The works did not use the same composition, and it is well known that
the properties of an AAM are strongly influenced by its composition. No
study has yet determined what factor or combination of factors controls
the piezoresistivity of AAMs.

The most significant difference between the AAMs in the two prior
publications is their alkali activator. Saafi et al. tested potassium-
activated fly ash (K-AAMs) while the other used the more common
sodium-activated fly ash (Na-AAMs) [22,36]. Na-AAMs and K-AAMs
are typically modeled as modified Nepheline and Leucite crystals, visu-
alized in Fig. 2(a). The different size of the activator cation has a sub-
stantial impact on the symmetry of the crystal structure and its geome-
try. To quantify the role of activator cation in the piezoresistivity, two
compositions of AAMs were prepared with identical alkali/aluminum
(alkali/Al) and silicon aluminum (Si/Al) ratios using sodium hydroxide
and potassium hydroxide as activators. The piezoresistivity of the sam-
ples was measured as the samples were compressed at intervals up to
10 MPa and the results are presented in Fig. 2(b—d). Both specimens ex-
hibited acceptable compressive strength, above 30 MPa, and high
piezoresistivity. With these properties, both AAMs would make suitable
materials for structural health monitoring applications.

The K-AAMs in Fig. 2(c) had a significantly greater piezoresistive re-
sponse than the Na-AAMs equivalent. The K-AAMs reached a
FCR > 60%. This is a substantial improvement over typical cement
composites, which generally yield 10-30% FCR, similar to the Na-
AAMs measured here [47]. While the Na-AAM is a good self-sensing
material, the result confirms that the piezoresistivity is strongly influ-
enced by the activator cation. It agrees with the prior two studies that
potassium is a preferred activator for self-sensing AAMs, giving higher
FCR. The FCR was also found to decline following an exponential curve
at higher frequencies, as has been previously reported [36]. However,
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Fig. 2. (a) Visualizations of the Nepheline and Leucite crystal structures. (b) A comparison of the piezoresistivity and mechanical properties of the sodium and
potassium alkali-activated materials. (¢), (d) The fractional change in resistance of sodium (Na-AAMs) and potassium (K-AAMs) alkali-activated materials with al-

kali/Al ratio of 1.0 and Si/Al ratio of 2.85.
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the magnitude of the FCR measured for this K-AAM was dramatically
higher than that measured by Saafi et al. in their work, which was
16-22% at the same frequency and compression [22]. This indicates
that the additional compositional factors are involved in controlling the
piezoresistivity of K-AAMs.

3.2. Compositional optimization to maximize the piezoresistivity of AAMs

The alkali content (K/Al) and chain structure (Si/Al) strongly im-
pact the physical, mechanical, and electrical properties of AAMs
[34,35]. To investigate the impact of these compositional factors on the

Table 2
The electrical resistance and piezoresistivity of an array of potassium-
activated materials.

Sample Resistance Resistance under  Fractional change in resistance
D under0 MPa load 10 MPa load under 10 MPa load (%)
me)y* MQ)*
at at at
10 Hz 10 kHz 10 MHz

0.8/ 0.615 0.316 48.8 9.5 0.2

2.5
0.8/ 0.766 0.269 67.0 17.0 0.7

2.85
0.8/ 0.794 0.431 54.1 14.2 0.5

3.2
1/2.5 0.703 0.290 58.2 11.9 0.5
1/2.85 0.786 0.323 61.1 11.9 1.0
1/3.2 0.843 0.391 53.5 11.0 0.8
1.2/ 0.694 0.340 48.7 10.5 0.3

2.5
1.2/ 0.617 0.293 57.4 17.7 0.1

2.85
1.2/ 0.616 0.286 50.9 17.1 0.1

3.2

a Electrical resistance measured with a testing frequency of 10 Hz between
electrodes 10 mm apart.
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piezoresistivity, an array of compositions was prepared to expand
around the initial K-AAM composition in a full factorial design. The
piezoresistivity measurements at each frequency are presented in
Table 2. As with the initial Na-AAM and K-AAM compositions, the
piezoresistivity of the AAMs declines following a power function with
frequency. The FCR was reduced below 20% at 10 kHz and became
negligible in the MHz range. This trend was consistent for all of the
compositions and not influenced by any of the compositional factors. At
10 Hz, exceptionally high FCR was measured for all the compositions.
All the compositions were above 45% and the highest reached 67%
FCR.

Interpreting these results involves deconvolving the composition
into its constituent elemental ratios. AAMs across the compositional
range followed similar FCR trends with applied stress, shown in Fig. 3
(a). The piezoresistivity shows some nonlinearity at low stress but be-
comes linear at higher levels of compression. This trend, like the fre-
quency dependence, was not influenced by the composition. The FCR
measured under a compressive load of10 MPa, showed strong depen-
dence on both compositional factors. The FCR was improved by varying
the Si/Al ratio, and an optimum was found at the midpoint of the array,
2.85. The Si/Al ratio governs the chain structure of the AAMs. When the
Si/Al ratio is between 2 and 3, the AAM is composed of a mixture of
siloxo and di-siloxo mers. Above 3.0, the AAM is saturated with silica,
and the excess forms crosslinking silate groups between the polymer
chains [33]. The results, shown in Fig. 3(c), reveal that the piezoresis-
tivity is maximized when the Si/Al ratio is between 2.7 and 3.0, with
the FCR declining parabolically away from the optimum. This indicates
that a minority of siloxo mers distributed in a matrix of predominately
di-siloxo mers is preferable for developing a chain structure with strain-
sensitive conductivity. An absence of siloxo mers or an excess of di-
siloxo mers reduces the piezoresistive response. The optimum Si/Al ra-
tio appears to be influenced by the K/Al ratio, which also strongly im-
pacts the piezoresistivity.

The K/Al ratio has a more complicated relationship with the
piezoresistivity, as shown in Fig. 3(d). Potassium ions in an AAM act as
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Fig. 3. (a) The fractional change in resistance with compressive stress for AAMs with different compositions. (b) The effect of potassium carbonate as an alterna-
tive activator on the piezoresistivity and the strength of the AAMs. A comparison of the piezoresistivity under a compressive load of 10 MPa and with an alternat-
ing current source at 10 Hz for AAMs with different (¢) K/Al ratios and (d) Si/Al ratios.
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charge balancing species, localized around alumina tetrahedra. When
the K/Al ratio is above 1.0, there is a supersaturation of potassium ions.
Contrary to expectations, this does not improve the piezoresistive re-
sponse despite improving the conductivity, as listed in Table 2. Instead,
the piezoresistivity declines above 1.0, indicating that these extra-
stoichiometric potassium ions are mobile but not sensitive to strain. For
K/Al below 1.0, the presence of potassium vacancies increases the num-
ber of bridging oxygens to compensate for the charge imbalance. When
there are more siloxo mers in the chain structure, an increase in bridg-
ing oxygens causes a reduction in the piezoresistivity. However, near
the optimum Si/Al ratio the trend is reversed. A K/Al ratio below parity
significantly improves the FCR up to 67%, suggesting that bridging oxy-
gens play a critical role in the strain-sensitive conduction pathways that
cause the piezoresistivity. This gives insight into the mechanisms of the
intrinsic piezoresistivity in AAMs though the computational modeling

of AAMs is limited and a more thorough investigation of this topic is re-
quired for a deeper analysis of the piezoresistive mechanisms [36].
The K/Al and Si/Al are not independent factors in controlling the
piezoresistivity of the AAMs. Both factors significantly influence the
piezoresistivity and their interdependence must be considered in the
design of self-sensing AAMs. To visualize the relationship, the results
over the full array of compositions are presented in a 3-dimensional
rendering and 2-dimensional contour plot in Fig. 4. In this figure, the
lowest valley, shown in red, gives the greatest FCR and thus the best
piezoresistivity. While there is some apparent symmetry in the topogra-
phy, the relationship, even in this relatively small compositional range,
is complex and dependent on both factors. This visualization allows for
the facile identification of the most desirable compositional ranges to
investigate for self-sensing AAMs. On the surface, it may seem that fur-
ther reduction in the K/Al would be preferable for self-sensing applica-
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Fig. 4. The compositional dependence of the piezoresistivity of alkali-activated materials measured under a compressive load of 10 MPa and with an alternating cur-

rent source of 10 Hz, shown as a 3D rendering and a 2D contour plot.
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tions. However, there are trade-offs with the mechanical properties, dis-
cussed in Section 3.3, which make this avenue impractical.

Another compositional factor that can influence the mechanical
properties is the activator anion. The activator in a K-AAM is a salt of
potassium and the anion in the activator can influence the mechanical
properties, setting rate, and environmental impact of an AAM [48]. A
recent study of K-AAMs revealed that the electrical properties are
strongly influenced by the activator anion. In that study, the conductiv-
ity was improved by several orders of magnitude by replacing the
potassium hydroxide activator with potassium carbonate [42]. To
probe the effect of the activator anion on the piezoresistivity, a series of
AAMs were prepared to partially substitute the primary activator,
potassium hydroxide, for potassium carbonate between 33% and 100%,
while maintaining the same elemental composition. The results, pre-
sented in Fig. 3(b), show that the piezoresistivity and compressive
strength decline sharply when potassium carbonate is used as the acti-
vator. The AAM, which gave a very high performance with potassium
hydroxide, loses all of its piezoresistivity when 67% and 100% of the
activator is potassium carbonate. This is caused by the substantially
higher conductivity of the potassium carbonate AAMs achieving an ef-
fect similar to the percolation threshold in conventional cement com-
posites [6]. The network of conductivity becomes continuous for potas-
sium carbonate AAMs, and resistance becomes no longer susceptible to
strain. Thus, the piezoresistivity vanishes. This observation indicates
the importance of the activator anion and other factors known to influ-
ence the conductivity when optimizing self-sensing AAMs.

3.3. The outlook for self-sensing AAMs for structural health monitoring

Self-sensing construction materials must achieve high piezoresistiv-
ity and high mechanical strength. However, a quantified definition of
“high piezoresistivity” is yet to be defined. Self-sensing construction
materials are in their infancy and they have not yet been tested in real-
world infrastructure projects [1]. As such, no criterion has been estab-
lished for the level of FCR required for structural health monitoring ap-
plications. Materials with higher FCR should have significantly im-
proved sensitivity to detect changes in compressive loading. In princi-
ple, this reduces the threshold for the early detection of corrosion or
damage. Thus, maximizing the FCR improves the self-sensing perfor-
mance, and no upper limit has been identified. In contrast, mechanical
requirements are well established and vary based on the application.
For load-bearing structural members, an ultimate compressive strength
of 28 MPa is required [40]. However, the requirements are lower for
other applications such as bricks (20.7 MPa) and non-load-bearing
members (4.1 MPa) [49,50]. For self-sensing materials, maximizing the
FCR must be balanced by maintaining the required mechanical proper-
ties for construction applications.

The mechanical and piezoresistive properties of the three composi-
tions of K-AAMs with the highest FCR are listed in Table 3. These AAMs
share the optimum Si/Al ratio which was shown to give the highest
piezoresistive performance. Though the composition ‘0.8/2.85’ exhib-

Table 3
The piezoresistivity and mechanical properties of the optimal compositions of
alkali-activated materials.

Sample Compressive Flexural Fractional Stress Gauge
ID strength (MPa)  strength change in sensitivity factor
(MPa) resistance® (%) (MPa™1)
0.8/ 12.9 3.3 67.0 0.067 39.3
2.85
1.0/ 33.3 4.8 63.2 0.063 95.7
2.85
1.2/ 20.5 3.9 57.4 0.057 53.5
2.85

a Measured under a compressive load of 10 MPa with a 10 Hz alternating
current source.

ited the greatest FCR, the compressive strength decreased dramatically
at lower K/Al. This trend is consistent with other studies of the effect of
the alkali/aluminum ratio on compressive strength [34]. The composi-
tion ‘1/2.85° has a superior combination of properties because it
achieves high piezoresistivity and sufficient strength to be used in load-
bearing members.

The intrinsic piezoresistivity of K-AAMs creates a unique opportu-
nity to create a superior self-sensing construction material without the
drawbacks of conventional composites. With compositional optimiza-
tion, the piezoresistivity can be more than tripled compared to the orig-
inal study by Sadfi et al. [22]. The K-AAMs developed in this study out-
performed nearly every AAM composite containing carbon fiber, car-
bon nanotubes, or graphene in the literature. Many studies dispersing
carbonaceous additives in AAMs have reported only roughly 5% FCR
[51,52]. However, studies with greater dispersion and high concentra-
tions of fibers have reached FCR of 15-30% [21,23,53]. These results
are on par with cement composites that have reported FCR between 10
and 30% using various dosages and combinations of conductive addi-
tives [3,5,12,54]. Though there are some examples in the literature of
piezoresistive composites with FCR comparable to that of K-AAMs,
40-70%, the methods required to prepare these composites involve ex-
treme dispersion-assistance or exotic-coating methods to achieve this
property [8,55]. Intrinsically piezoresistive K-AAMs offer a distinct ad-
vantage in the simplicity of their production.

Structural health monitoring technology is stagnant because self-
sensing construction materials have not yet been able to make the tran-
sition from laboratory development to scalable production. This is a
consequence of the distinct challenge in scaling the technology used to
make conventional self-sensing composites. Even small quantities of
highly refined conductive fibers can dramatically inflate the cost of the
composites and the sustainability of cement composites has not re-
ceived scientific attention [10,11]. Moreover, the composites have
questionable longevity and reproducibility which is an unacceptable
tradeoff in load-bearing structures where consistency and long-term
performance are of paramount importance [16,17]. The construction
industry is ill-equipped to utilize the high-energy dispersion techniques
required to achieve consistent properties in these composites and this
creates a tremendous obstacle to the widespread adoption of these tech-
nologies [2,18]. Intrinsically piezoresistive K-AAMs are a much-needed
alternative to cement composites. They can be prepared in a standard
cement mixer in a single-step process without exotic additives, maxi-
mizing their scalability in the construction sector. Their piezoresistivity
dwarfs conventional composites without the added cost, complexity,
and environmental impact of added carbon fiber. This makes K-AAMs
the most promising self-sensing material for the smarter and greener
construction of the future.

4, Conclusion

AAMs are an alternative self-sensing material that will revolutionize
the field of smart construction materials. Conventional self-sensing
composites are limited in scalability because of the conductive addi-
tives required. AAMs dramatically improve on this approach by achiev-
ing high piezoresistivity intrinsically, without the need for any addi-
tives. This presents a far greener, more scalable, and more affordable al-
ternative to conventional composites without sacrificing mechanical in-
tegrity. The self-sensing capability of AAMs has not received scientific
attention previously because of the sensitivity of this property to com-
position. More investigations are needed on the measurement set-up,
material composition, and the benchmark to other materials. This study
presents a compositional optimization for potassium AAMs based on fly
ash using a one-part (single-step) mixing process in a standard cement
mixer. This makes AAMs a drop-in replacement for construction materi-
als while adding smart functionality to enable structural health moni-
toring and improve sustainability.
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