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This paper presents 3D printed strain sensors based on alkali activated cement repairs, demonstrating a fixed-cost
method for remotely deploying a combined monitoring and maintenance technology for construction. Experi-
mental protocols to quantitatively assess the compatibility of cements and 3D printing processes are defined and
investigated in this paper. The strain sensing response of printed self-sensing cements is then investigated under
compression and tension by monitoring changes in material electrical impedance. Gauge factors for self-sensing
repairs printed onto concrete substrates were 8.6 + 1.6 under compression, with an average adhesion strength of
0.6 MPa between printed repair and concrete substrate. Gauge factors for repairs printed onto glass fibre rein-
forced polymers were 38.4 + 21.6 under tension: more variable than for concrete substrates due to in-
compatibilities between the repair and the polymer substrate. This proof-of-concept is a step towards monitoring

and maintenance methods that are more compatible with the time and cost drivers of modern construction.

1. Introduction

Civil asset managers have a clear need for tools that reduce the costs
and risks of concrete monitoring and maintenance, so that they can
ensure the continued resilience of ageing critical infrastructure. Self-
sensing cements may provide one pathway to improving efficiency, as
they act as traditional concrete binders and repairs [1,2] while also
encoding local changes in strain [3], damage [4], temperature [5] and
moisture [6] as measurable shifts in their electrical impedance. Alkali
activated materials (AAM) are a low-carbon alternative to ordinary
Portland cements (OPC) that are particularly well-suited to self-sensing,
as their inherently high electrical conductivity (~107° S/cm), negates
the need to use electrically conductive additives [7-9].

Regardless of the material fabrication method, a self-sensing
cementitious material needs to be deployed to produce one of the
following:

i) Self-sensing structural element: Here, the electrically conduc-
tive AAM/OPC matrix is mixed with aggregates to produce a self-
sensing concrete cube or beam [10-12];

ii) Embedded cement-based sensor: Pre-fabricated cement-based
sensors (typically a small cube or beam) are embedded inside a
larger cement-based element (such as a larger cube, beam or
column) during casting [13-15]
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iii) Retrofitted sensing coating: Coatings are deployed, usually
manually, onto existing concrete substrates [3,5,16,17]. Meas-
urands such as strain are transferred from the substrate to the
coating, with strain transfer efficiency mainly governed by the
degree of adhesion between the two materials [18], and coating
thickness [16].

In high- and upper-middle- income countries, most concrete infra-
structure has already been built. This means that self-sensing coatings
and repairs for existing concrete structures have larger potential market
than new self-sensing construction elements or semi-destructively
embedded sensor architectures. However, as with all sensors and
novel materials, the retrofit of self-sensing AAM/OPC repair poses
practical challenges for industrialists. Manual deployment in a con-
struction context is expensive, places workers at risk, and leads to var-
iable sensing performance due to human errors in deployment. Additive
manufacturing (more colloquially known as 3D printing) could provide
the answer to this deployment problem, as it allows for remote, auto-
mated and repeatable, deployment of materials at fixed cost [19-22].

Despite this promise, there remain research questions in how 3D
printing processes for cementitious materials can be optimised for repair
printing in a way that allows for optimisation and comparison across
independent studies. The first objective of this paper is therefore to
outline and demonstrate a new set of adaptable experimental protocols
that allow the performance of printed cementitious materials to be
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stated in more quantifiable terms. Following this, our second objective is
to provide a detailed characterisation of our printed repair’s strain-
sensing performance, with a particular focus on repeatability and hys-
teresis in the sensing response.

The work outlined here supports a technology which merges the
benefits of self-sensing AAM repair materials with additive
manufacturing, in doing so, we demonstrate for the first time, 3D printed
patches. This technology may in future support the de-risked, remote,
and potentially autonomous deployment of strains sensors and repairs in
the construction sector primarily in areas of hazardous access such as
locations at height, or within nuclear plants and in the oil and gas
industry.

2. Background theory and methods
2.1. Alkali-activated materials

Alkali-activated materials (AAM) are formulated by mixing alumi-
nosilicate precursors (such as metakaolin, fly ash or blast-furnace slag)
with an alkaline activator solution comprised of a mix of potassium (KH
or sodium (Na™) based silicates and hydroxides [23]. The alkali metal
ions introduced by the activator solution are the primary source of the
self-sensing capabilities of AAM binders, as they promote a high elec-
trolytic conductivity that can be monitored via electrodes embedded in
the sample.

Strain sensing in cementitious materials is attributed to ionic con-
duction (migration) and electronic conduction. Ionic conduction is a
result of the movement of free ions in the matrix’s pore solution. In
AAM, ionic conductivity occurs due to movement of the alkali cations
(Na™ or K") in the matrix that charge balance the aluminium (III) in the
tetrahedral AlO4~ coordination. It has been posited that the distances
the ions are required to travel under mechanical loading are altered
resulting in a change in electrical properties [7,8].

Electronic conduction is a result of the movement of electrons in the
conductive filler added to the cementitious matrix. If the content of the
conductive filler does not form a continuous network in the matrix (i.e.
below the percolation threshold), then sensing is a result of electron
hopping (tunnelling effect) between filler. When the quantity of filler is
able to form a continuous network in the matrix, sensing is a result of the
conductive network formed. As load is applied, the path the electrical
current follows in both cases changes, thus impacting the electrical
response of the binder [24].

In this work, kaolin originating from Southwest England, UK, was
calcined at 800 °C for 2 h in an electric furnace to produce metakaolin.
This metakaolin was mixed at a 95:5 weight ratio with 90%-densified
silica fume to produce a precursor. The chemical compositions of pre-
cursor materials, measured via x-ray diffraction [5], are shown in
Table 1. PVA fibres of 3 mm length were added to the precursor (0.5 wt
%) to reduce drying shrinkage [25] and to increase shape stability
during printing [26].

Sodium silicate (27.8% SiO5 and 8.5% Na30) and sodium hydroxide
(10 M) were mixed at a mass ratio of 2 to make the activator solution.
The activator was poured into the dry components and mixed for 5 min
until a homogenous mix was achieved. The final precursor to solution
ratio was 0.90, and the density of the final uncured mix was 1.73 g/mL.

Table 1
— Chemical composition of precursor components.

Material SiO, (%) Al,03 (%)
Kaolin 47 38
Metakaolin 87%

Silica fume 92.85 0.27
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2.2. 3D printing of AAM

The 3D printing set up is similar to that described in our previous
work [5]. Briefly, a screw cavity extruder fitted with a nozzle of size 18G
(0.84 mm) was mounted onto a commercial 3D printer with an x-y
gantry axis (Fig. 1). The uncured AAM was inserted into the syringe
barrel and a pressure of 2 bar was applied to feed the material from the
cartridge into the dispenser. The flowrate of extrusion was 2 mL/min,
and the print speed was 30 mm/s.

A 3D CAD file of the intended objects was exported in stereo-
lithography (STL) file format. Slicer software (Slic3r) was used to
generate the required G-Code from the STL file, which defines the print
paths and extrusion rates. Adjustments to the G-Code to include required
time gaps were made by editing the code directly.

Two types of objects were printed for this investigation, buildability
rings (see Section 3.3) and patches/overlays for adhesion and sensor
testing (outlined in Sections 3.4 and 4.3 respectively). Fig. 2 presents a
typical data file for a buildability ring and the overlay. Buildability rings
were comprised of up to 10 layers. Patches consisted of two layers, each
of layer height 0.6 mm, deposited with a rectilinear infill density of
100% and a 90° crosshatched infill pattern. A single perimeter was also
added to close potential gaps at the patch’s edges caused by the infill
path to improve interlocking between the infill and the outer shell [27].

3. Parameters 3D printing cement overlays

The work in this paper originally had the single aim of demonstrating
the printing of strain-sensing AAM repairs. Before we could achieve this,
however, we discovered a need to assess and quantify the properties of
our AAM mix so that we could optimise its mix design and printing
parameters. To this end, we have modified a method originally put
forward by Le et al. [28] and later Kazemian et al. [29], to produce four
essential parameters to assess the 3D printing of cement overlays:

i. Extrudability: The ability of a mix to be continuously extruded
as a continuous filament from a dispensing unit.

ii. Printability window: Time limit in which the mix is printable
and no blockage occurs.

iii. Buildability: The ability of a material to maintain its self-weight
and the weight of subsequent layers without noticeable
deformation.

iv. Adhesion: The bond strength achieved between the printed
material and the substrate.

il

Air pressure

' Dispens unit

L

X-y gantry axis 1

Fig. 1. — Cavity dispenser mounted onto x-y gantry axis.
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Single filament layer
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In this study the aim was to quantitively portray these parameters (in
particular, extrudability and buildability) and convert them to experi-
mentally measurable metrics that can be optimised.

Measurements of electrical impedance are also required in the pre-
sent work to assess whether the printed specimen can be electrically
interrogated, but this is discussed in more detail in Section 4.

3.1. Extrudability

Extrudability was broken down into two phases, both of which
provide a true/false result. During phase 1, we test whether filament can
be extruded for 10 s by the dispensing unit. The second phase involves
printing three lines of filament with a length of 200 mm (each line
separated by 4 mm). The 200 mm length was chosen to approximately
match the intended lengths of features in our final application. If these
longer printed lines were free from defects and had a consistent shape,
then the mix was deemed extrudable.

The mix design described in Section 2.1 (with 0.5 wt% 3 mm PVA
fibres) passed the phase 1 extrudability test. Other mixes which used
higher quantities of PVA fibre (e.g. 1 wt%), longer PVA fibres (e.g. 6
mm), or stiffer fibres (e.g. carbon- or polypropylene fibres) did not pass
the phase 1 test using our particular printing set up, so were discarded
from further assessment.

Fig. 3 depicts the outcome of the phase 2 test for the successful mix
design candidate. As shown, the three lines maintained a fairly consis-
tent shape and were free from major defects. Slight variations in
extruded thickness resulted from variations in levelling and entrapped
air in the cement mix. This extrudability test could be improved in future
work by imaging these extruded lines or by measuring their mass to
better quantify variations in deposition rates and line thickness.

3.2. Printability window

The printability window is a parameter that determines how long a
mix can be extruded without significant discontinuities. This test is
essentially an extension of the extrudability test: three lines with a
length of 200 mm (4 mm spacing) were printed every 10 min until major
discontinuities were observed.

Fig. 3. — Extrudability assessment of mix design by printing three 200
mm lines.
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Fig. 2. — G-Code representation of a) buildability ring and b) overlay for concrete substrate.

Fig. 4 presents the results of the printability window test with the mix
and printing parameters described in Section 2. As shown, the print-
ability window is 120 min, as the filament is extrudable in a consistent
manner for this duration. Small gaps that do appear are primarily due to
residual air bubbles in the filament. Beyond this 120 min time frame, our
mix suddenly became difficult to extrude, as it hardened and clogged the
dispenser due to increasing viscosity over time.

For completeness, the open time of the AAM mix was measured using
a Vicat needle as outlined in BS EN 196-3:2016 [30]. The initial and
final setting time of the mix were recorded as 16 h and 20 h respectively.
This setting time is long compared to mixes used in most printing ap-
plications in the literature, but mixes with prolonged setting times [26]
are still usable. In general the setting time of mixes is short (less than an
hour) in mixes which have higher solid contents, fillers and thickening
agents [31,32].

The ongoing challenge in cementitious 3D printing is understanding
how parameters like open time or workability (measured using a stan-
dard slump test) can be used to optimise a 3D printing process in which
there are many coupled variables. These parameters are perhaps better
suited to conventional concrete mix design. Open time is, furthermore
the only printing parameter directly referring to “time” in Le et al.’s
original set of printing parameters [28]. Diggs-McGee et al. [33] con-
ducted an extensive study to define the different categories of time in 3D
printing. Time was classified as total construction time, print time of
layer, delay time and elapsed time of layer. Most studies primarily focus
on the total time to construct an object without considering potential
faults and maintenance requirements in printing. This is what we have

i

0 10 20 30 40 50 60 70 80 90 100 110 120
min min- min- min min. Min Min Min Min Mmin- Min min  min

Fig. 4. — Printability window test for 120 min at 10 min intervals.
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attempted to address in the present experimental work.
3.3. Buildability

Buildability in this work has been defined by extruding cylinders, or
“buildability rings”, with a diameter of 60 mm, as shown in Fig. 5. We
can then define the buildability as:

_Actual height of printed object

Buildability (%) = Design height x 100 1)

In this work, buildability rings were printed with a time gap of 1 min
between printed layers. Ten rings were printed for each test and 10
height measurements were made for each ring to assess the buildability
as a function of the number of printed layers.

Fig. 6 shows the buildability for the mix printed with a time gap of 1
min between layers. Buildability starts at 98% but can drop as low 73%
after 10 layers. This signals that the previous layers are unable to fully
support the weight of the newly deposited layers, especially if they are
not given much time to harden. This results in deformation and subse-
quently incorrect filament deposition due to the increasing head dis-
tance. The maximum recommended deformation allowed in buildability
and shape retention tests ranges between 80 and 90% [34-36]. If we
arbitrarily select a cut-off of 95%, then Fig. 6 suggests that we should not
print any more than 2 layers. If required, buildability can be increased
by expanding the time gap between layers [37]. Large time delays
though can be counterproductive as they can lead to excessively long
print runs.

Note that when investigating the buildability, it is important to keep
a constant head distance between all objects. Different head distances
can lead to different quality objects and ultimately different heights.
Fig. 7 presents four supposedly identical rings that have been printed
with different head distances. As can be seen, as the nozzle’s distance
from the bed increases, the quality of the printed object decreases. The
head distance should be kept constant (equal to the layer height) during
buildability tests to ensure consistency.

As pointed out by Nerella et al. [38], when talking about buildability,
the allowed deformations and tolerances should be based on the end
application, to avoid the risk of overdesigning. In the current applica-
tion, the intention is to produce self-sensing coatings on substrates.
Deformation is allowable in this application as coatings are required to
spread onto the concrete surface and anchor into the concrete capillaries
to achieve a greater bond [39]. The mix and methods that we outline
here will not be suitable for constructing structural elements. Indeed, the
application discussed in the present work could be considered as 2.5D
printing due to the relatively low thickness of the layers [40], although
the terminology used does not affect our requirement to develop an
quantifiable printing parameters.

Fig. 5. — Ten-layer printed buildability ring.
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Fig. 6. —Buildability for rings between 2 and 10 layers with a time delay be-
tween layers of 1 min. Errors bars represent standard deviation of 10 mea-
surements per sample for 10 samples.

3.4. Adhesion

In the present work, adhesion refers to adhesion between the printed
patch, and the concrete substrate (rather than the inter-layer adhesion
between printed layers [41]). Adhesion is required for a self-sensing
cementitious patch as it affects strain transfer from the substrate to
the sensor, and because the bond strength of the patches with the con-
crete is an indicator of their suitability for use as a repair material.

Double-layered 90 mm x 90 mm patches were printed onto 100 mm
concrete cubes (as shown Fig. 10, concrete mix design C30-compressive
strength of 30 MPa). The top layer of the concrete cube surface was
removed with an electrical brush prior to printing to expose the aggre-
gates to improve adhesion between the patch and the substrate [42], and
the concrete substrate was also pre-wetted [43] to avoid liquid ab-
sorption from the concrete and thus excess liquid loss from the repair.

The bond strength of the printed AAM patches onto concrete was
evaluated using a pull-off adhesion tester in accordance with BS EN
1542-1999 [44] at 6, 28 and 97 days after extrusion. The results, pre-
sented in Fig. 8 show no substantial change over the course of time. All
coatings tested exhibited adhesive failure at the interface between the
patch and the substrate. Overall the average bond strength of 0.6 MPa is
low compared to manually deployed AAM repairs [25,45] but it is still
within a serviceable range for a non-structural repair material. While it
could be inferred that the layer-by-layer deposition may have affected
the mechanical properties of the coatings [46], this could also be a result
of the surface preparation technique. The mean surface roughness of the
concrete after wire brushing (characterised using a Micro Epsilon Scan
Control 2700-100) was 0.44-0.68 mm, which is relatively low
compared to that achieved in other studies that employ more aggressive
techniques like sandblasting [47].

4. Strain sensing characterisation methods
4.1. Overview

With a printable cement patch in hand, we proceed to characterise
strain sensing performance. The following AAM overlays were printed
for strain sensor characterisation:

e Large square patches of footprint 90 mm x 90 mm printed onto 100
mm side concrete cubes (as shown in Fig. 10).

e Small square patches of footprint 45 mm x 45 mm printed onto
smaller 50 mm side concrete cubes.
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Fig. 7. — Printed objects with different surface quality due head distance issues (head distance increases from left to right).

1.4 T T T
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Adhesion strength (MPa)

0.2

6 28 97
Days

Fig. 8. — Adhesion strength of printed overlays at days 6, 28 & 97. Errors bars
represent standard deviation of measurements for 3 samples.

e Rectangular patches of footprint 35 mm x 50 mm printed onto glass
fibre reinforced polymer (GFRP) test pieces. Fig. 9 shows test piece
dimensions and Fig. 11 shows a printed patch on a GFRP test piece
under tensile testing.

GFRP was chosen as an alternative substrate for strain characteri-
sation it is an electrically insulating material that can be tested under
tension, and it presents a linear stress-strain response in the loading
range investigated in this paper. The material properties of the GFRP
substrate are listed in Table 2. While steel substrates are more tradi-
tionally used in tensile testing, complete electrical insulation between a
steel substrate and an AAM layer is difficult to achieve. Current flow in a
steel test piece (and indeed the grips of the tensile tester) would make
these components part of the sensing system. AAM and GFRP do, how-
ever, have poor adhesion compatibility, so sand was epoxied onto the
‘neck’ of the tester (area between A x W in Fig. 9) prior to patches being
printed in this region. This allowed the AAM patches to mechanically
interlock with the sand.

Once patches were extruded onto substrates, stainless steel elec-
trodes were inserted into the uncured AAM in the Van der Pauw (VDP)
configuration [48], as shown in Fig. 10. Once electrodes were inserted,

A
b 4

Fig. 9. GFRP test piece dimensions: A = 60 mm, B = 50 mm, C = 50 mm, L =
200 mm, T = 8 mm and W = 35 mm.

Table 2
— Manufacturer’s values for properties of GFRP.

Tensile strength Elongation Density Modulus of elasticity
160 MPa 3.5-5% 1.35 g/cm3 5.5 GPa
a) Load b) Load
5 3
Kl
2 3 Current
S © (measured)
s £
3 et
[ =
© [
o =
> 3
Voltage (applied)

Fig. 10. - Large square patches printed onto concrete cubes. Images also show
electrode orientation of patches: a) Layout 1 where measurement is parallel to
applied load; b) Layout 2 where strain measurement is perpendicular to
applied load.

Fig. 11. GFRP test piece hosting 3D printed rectangular AAM patch under
tensile testing and interrogation.
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Part 1: Initial
Investigation

Legend

- Loading segment 1 only
|:| Loading segment 1, 2 and 3
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Part 2: In-depth
Investigation

2.1 Compression 2.2 Tension
Z: (1) BT ot 2.2A) GFRP
concrete cubes

Fig. 12. — Summary of the five mechanical tests conducted in this work, and the loading segments that were investigated during each test.
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Fig. 13. — Compressive and tensile strain sensing behaviour of patches printed
on GFRP during loading Segment 1.
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Fig. 14. - Sensing response of patch printed on GFRP under tension for (top)
loading Segment 1 (cycles 1-6) and (bottom) loading Segment 3 (cycles 47-52).
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Fig. 15. - Fractional change in impedance versus applied displacement for 3
load cycles under tension for GFRP.
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Fig. 16. — Averaged (over 3 load cycles) fractional change in impedance versus
tensile strain for patch printed on GFRP.
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Fig. 17. — Nonlinear sensing response of patch printed on GFRP under high
tensile strain.
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Fig. 18. - Sensing response of patch printed on 50 mm cube under compression
for loading: (top) Segment 1 (cycles 1-6) and (bottom) loading Segment 3
(cycles 47-52).
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Fig. 19. - Fractional change in impedance versus applied displacement for 6
load cycles under compression for 50 mm concrete cube.
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Fig. 20. — Average fractional change in impedance versus applied stress for
100 mm concrete cubes for 6 load cycles.
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Fig. 21. - Average fractional change in impedance versus applied compressive
stress for 100 mm concrete cubes interrogated using electrode layout 2.

samples were cured in containers at ambient temperature for 28 days.

4.2. Electrical impedance measurement

To prevent electrolysis at the electrodes, AAM samples are usually
excited using an alternating voltage, V(t). The resulting current
response, I(t), is measured and used to calculate the sample’s
impedance:

V()

Ty = Zeos(o) +isin(p)] = Zé, @

where Z = |?| is the impedance modulus or magnitude, and ¢ is the
phase difference between the current and voltage. There have histori-
cally been studies that use direct current to interrogate AAM sensors (i.e.
they measure the sample’s electrical resistance, rather than its imped-
ance). These studies risk inducing time-dependent changes in imped-
ance due to interactions between alkali-metal ions and the electrodes.
While the VDP method provides an average measurement of patch
impedance that is less sensitive to lead and contact resistances, the
orientation of the electrical connections has important impacts for strain
sensing [49]. To measure strain responses in the direction of the applied
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load, the voltage and current should be applied and measured parallel to
the applied load as shown in Fig. 10a (i.e. voltage is applied across
electrodes 1 and 4 and current is measured across electrodes 2 and 3).
This configuration is denoted ‘Layout 1°. As part of a further investiga-
tion in this work, ‘Layout 2’ shown in Fig. 10b was also tested. In this
configuration measurement is made perpendicular to the loading di-
rection, so we may expect to measure strains induced by the Poisson
effect.

During mechanical testing, AAM patch electrical impedance was
interrogated using an impedance analyser in potentiostatic mode.
Voltage excitations of amplitude 10 mV and frequency 5 kHz were
applied, and three measurements of the current response were obtained
at each load state. The average and standard deviation (error bar) value
of the impedance modulus, Z, at each load state was then calculated.

The average initial impedance values for sensors applied onto con-
crete cubes (both 50 mm and 100 mm) and tensile pieces was 190 Q and
3591 Q respectively. It can be inferred that the type of substrate and the
nature of the interface between the sensor and the substrate impacts
impedance measurements.

4.3. Mechanical testing for sensor characterisation

4.3.1. Factors affecting strain sensing

The strain sensing performance of self-sensing cementitious mate-
rials is affected loading rates [50,51], temperatures during testing
[15,52], moisture content of the sample [53-55] and filler content
(when present) [10,56,57]. Most of these factors have only been
investigated in OPC binders rather than in AAM. Nevertheless, previous
studies on OPC were used to design the following constraints for me-
chanical testing in this work:

e Samples were removed from containers and placed next to the testing
apparatus for 15 h to allow them to equilibrate with the testing
environment prior to testing.

e Experiments were conducted in a stable environment at constant
temperature and humidity of at 21.7 + 0.2 °C and 33.9 + 0.7%
respectively.

e Samples were not dried, and were wrapped in plastic film to avoid
moisture evaporation from AAM samples over the course of the test.
Some moisture is required as the charge moves by ionic conductivity
within AAM sensors [8].

e Loading rates were kept constant.

4.3.2. Loading schemes

Fig. 12 summarises the mechanical testing conducted in this work.
Large scale concrete cubes (sample set 2.2B in Fig. 12) were tested using
a 500 kN capacity load-controlled compressive tester with 0.2 kN pre-
cision. The loading rate was 5 kN/s. All remaining sample sets (1.1, 1.2,
2.1A, and 2.2A) were tested using a displacement-controlled universal
tester. The displacement rate applied was fixed at 0.3 mm/min. A small
preload was applied to all samples to eliminate any nonlinearity issues
that commonly occur at low loads [58].

For concrete compressive testing, electrically insulating GFRP sheets
were placed between the loading plates and the sample to avoid making
the compressive tester part of the electrical circuit.

As shown in Fig. 12, the strain sensing investigation was divided into
an initial investigation (part 1) and the in-depth investigation (part 2). In
part 1, the responses of printed AAM sensors were investigated under
compression and tension using GFRP test pieces. In part 2, compressive
strain responses were investigated using concrete cubes, and tensile
strain responses were investigated in more detail using GFRP test pieces.

The experiments summarised in Fig. 12 made use of up to three time-
dependent loading profiles, described as follows:

e Segment 1 (stepped). Samples were loaded in 5-step increments
and then unloaded in 5-step increments. Each step was held for 1 min
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to allow impedance measurements to be taken. This loading cycle
was repeated 6 times overall. For large concrete cubes under load-
controlled compressive testing (sample set 2.1A), the step size was
10 kN and the maximum load was 50 kN. For displacement-
controlled compressive tested samples, the step size was 0.02 mm
and the maximum displacement was 0.1 mm. For tensile tested
samples, the maximum displacement was 0.04 mm with a step size of
0.008 mm. All of the maximum values keep sample substrates within
their linear-elastic regions.

Segment 2 (cycling). Samples were cycled 40 times without steps
between the minimum and maximum ranges of displacement
described for Segment 1. Impedance measurements were not taken.
Segment 3 (stepped). The Segment 1 loading pattern and mea-
surement protocol were repeated after cycling.

5. Strain sensing results and discussion
5.1. GFRP substrate strain sensing

Fig. 13 shows time series of the fractional change in electrical
impedance modulus, AZ/Z, for AAM patches adhered to GFRP test
pieces under tension and compression (sample sets 1.1 and 1.2 in Fig. 12
respectively). The dynamic response of the impedance aligns with the
expected behaviour of AAMs in both loading directions, but the
repeatability and reversibility are clearly low, with the baseline
impedance of samples at zero load increasing with each load cycle.

Reversible behaviour is difficult to achieve in cementitious sensors
due to small changes in the microstructure of the matrix after a load is
applied [53,59]. However, it has been found that reversibility and
repeatability can be improved by imposing multiple load cycles on a
sample prior strain characterisation [57]. Fig. 14 presents the tensile
strain sensing behaviour for an AAM patch adhered to GFRP under
tension (sample set 2.2A). The responses during loading Segment 1
(prior to cyclic loading) and Segment 3 (post cyclic loading) are shown.
Similar to Fig. 13, these samples show repeatability issues during
loading Segment 1, but repeatability improved after cycling loading.
This suggests that there may need to be a period of “breaking in” or
relaxation prior to using these sensors for structural health monitoring in
the field.

Fig. 15 presents the impedance response for a GFRP sample post-
cycling as a function of applied displacement. The observed hysteresis
phenomenon has been seen in cementitious strain sensors in previous
studies [10,15], but it is often underreported and its root causes are still
not well understood. Fig. 16 presents the averaged impedance response
of Fig. 15 as a function of applied strain. As shown, the gauge factor (GF)
for this sample was 14.42.

While cyclic loading has made the repeatability acceptable within
each sample, the repeatability between individual GFRP samples was
low. Of the 5 samples tested, gauge factors ranged from 14 to 65. This
may be due to the inconsistent strain transfer imparted by the manually-
deployed sand-epoxy layer. Overall, a high variation in GFs is common
in filler-free AAM sensors, with reported gauge factors in other studies
ranging from 20 to 2000 [10,56,60,61]. The fundamental reason could
lie in strain’s influence on ion exchange and conductivity in AAM, but
while studies have been carried out [6,8,62], this concept is not un-
derstood to the extent where sensing performance of AAM binders can
be reliably predicted. Further work in this field is required.

Finally, Fig. 17 displays the sensing response for the instrumented
GFRP under high levels of tensile strain. The behaviour is nonlinear as
expected [63], as applying high loads compromises the structural
integrity of the AAM patches, leading to cracking and debonding.

5.2. Concrete strain sensing: compression

5.2.1. 50 mm cubes
Fig. 18 presents the strain sensing response for 50 mm concrete cubes
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under compression (2.1A in Fig. 12). Similar to GFRP test pieces, there
are repeatability issues during Segment 1 that can be explained by minor
damage in the patch, and the development (and gradual relaxation) of
stresses at the interface between the substrate and the overlay upon each
cycle [53]. After undergoing cyclic loading in Segment 2, sensing per-
formance is more stable.

Fig. 19 presents the fractional change in impedance as a function of
applied displacement for all six load cycles in Segment 3. The 3D printed
sensing patches again showcase hysteresis. GFs between samples were
reasonably repeatable at 8.59 + 1.55. This is a better repeatability than
that typical found for filler-free applications reported by other authors,
where GFs range between 20 and 65 [10,60,64]. This may be because of
the improved repeatability offered by the 3D printing process. The mean
GF is lower than these previous studies, and this may also be a direct
consequence of 3D printing, as we have found that it results in a lower
adhesion strength between materials (see Section 5.3), and hence a
lower strain transfer.

5.2.2. 100 mm cubes

Changes in impedance were found to be consistent for patches
printed onto 100 mm side concrete cubes under loading. As displace-
ment measurements were not acquired with this loading apparatus, the
stress sensitivity coefficient (SSC) was used to characterise the sensing
performance of the patches. Analogous to the gauge factor, this is
defined as the fractional change in impedance per unit applied stress.
Fig. 20 shows an average SSC for one sample of —0.046 MPa~!. The
average SSC over all 3 samples tested was —0.034 + 0.008 MPa ..

5.3. 3D Printing: effect on strain sensing

To authors’ knowledge, the effect of 3D printing on self-sensing
cement strain sensing performance has never been studied. However,
we can draw analogues with mechanical performance: for instance, it is
known that printed cementitious materials present anisotropic me-
chanical behaviour due to the weakened interface between layers and
are thus affected by the direction of the applied load in comparison to
the direction of layers [46,65]. In the present work, AAM patches were
printed following a 90° crosshatched infill pattern (the first layer is
deposited vertically, second layer horizontally). This was done to create
a more uniform patch that would be less sensitive to directional effects.

The printed AAM was also highly workable to improve adhesion with
the concrete substrate, and interlayer adhesion between subsequently
extruded material lines. Recent studies have also stated that the rheo-
logical properties of a mix play a more important role on the mechanical
performance of printed binders rather the printing orientation compared
to the applied load [66]. From this we can tentatively suggest that strain
transfer has been optimised to some extent given the current set up, but
more study of this area is required.

5.4. Sensitivity to electrode orientation

Finally, the strain sensing performance was investigated as a func-
tion of the electrode layout. Referring to Fig. 10b, electrodes were
connected using Layout 2 and the 100 mm cube test experiment (sample
set 2.2B) was repeated. As shown in Fig. 21, even though the sample is
under compression, the impedance increased (i.e. tensile strain was
measured) with an SSC of 0.014 MPa . This value for the SSC is about
30% of the value noted for Layout 1 in Fig. 20, suggesting that the patch
may now be measuring strains resulting from the Poisson effect. Further
studies will be required to investigate whether this is truly the case, but
it is clear that the sensitivity to strain in one direction can be reduced by
swapping the electrode layout. This may be a useful technique for
reference sensing in future.
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5.5. Sensor evaluation and potential improvements

The GFs for the AAM sensors in this study ranged from 8 to 60.
Incorporating conductive filler such as carbon fiber [57] and graphene
[67] has shown to be able increase the strain sensitivity of AAM sensors.
One of the drawbacks of incorporating such filler, as mentioned in
Section 3.1, is that extrudability of the mix will be compromised. As such
proper consideration must be given when selecting conductive filler
under printing applications. That said rather than adding conductive
filler, an effective means of increasing the GF in sensing coatings would
be by increasing the bond between the sensor and the substrate as the
performance is influenced by the bond achieved [18]. Adhesion between
the sensor and the concrete substrate was relatively low (0.6 MPa),
therefore it can be assumed that only a portion of strain is being suc-
cessfully detected. The bond strength can be improved by applying a
more aggressive surface preparation technique such as sandblasting
[47]. This will enable a higher bond strength which in turn will allow a
high degree of strain to be transferred from the substrate to the sensor.

It should be pointed out that in this study, the temperature and the
moisture content of the sensor were controlled during testing. The strain
sensing response of cementitious materials may vary if these factors are
changed [68]. Future work is required to investigate the impact of these
conditions on AAM strain sensing.

6. Conclusions

This paper presented experimental protocols for comparing and
optimising 3D printed cement repairs. The adhesion strength between
the printed patches and concrete substrates was 0.6 MPa, which is
within the range required for a non-structural concrete repair. Alkali-
activated material coatings were then printed onto concrete cubes and
glass fibre reinforced polymer sheets, and their strain-sensing responses
were investigated under compression and tension. These printed self-
sensing cements exhibit a strain-dependent electrical impedance
response without relying on the use of conductive fillers, and showcase a
linear response at low loads. The sensors required multiple loading cy-
cles before a repeatable strain response was achieved, and demonstrated
hysteretic effects. Gauge factors for the sensors ranged from 8 to 60, with
3D printed patches on concrete substrates showing a high level of
repeatability between samples. Future work will look to take this
printing process out a gantry 3D printer so that strain sensing patches
can be deployed more flexibly using extruders mounted to robotic arms.
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