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ABSTRACT

This study explores the innovative use of 3D robotic spray for applying self-sensing cementitious
coating, emphasising its potential for multifunctional smart concrete applications. The effects of
spray parameters on the performance of self-sensing cementitious composites were
investigated by systematically examining the impact of nozzle travel speed, air injection
pressure, nozzle standoff distance, and spray direction on the self-sensing coating. In-depth
analyses were conducted on mechanical strength, coating adhesion properties, and sensing
performance. Micro-CT was performed to investigate the coating’s inherent porosity. This study
evaluated the sensing performance of the coatings by analysing their piezoresistive behaviour
under cyclic compression and bending. Furthermore, it demonstrated the coating’s capacity for
real-time structural health monitoring by evaluating its performance under compressive and
bending stresses until failure. This research underscores the significant impact of spray
parameters on optimising the sensing capabilities of the self-sensing spray coating, highlighting
its potential for advanced real-time structural health monitoring.
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1. Introduction . . . . .
ideally suitable for applying multifunctional smart con-

3D concrete printing (3DCP) is a potentially transfor-
mative innovation in the field of construction engin-
eering, which offers substantial potential to enhance
productivity and safety [1, 2]. Owing to its mechanis-
ation and automation, 3DCP can significantly acceler-
ate the construction process, reduce labour
consumption and intensity, and minimise waste in
construction. It enables the efficient execution of
complex design with formwork-free construction, redu-
cing the overall costs while improving construction
efficiency [3-5]. Despite its advantages, extrusion-
based 3DCP faces significant challenges due to its
layer-by-layer construction method and its restriction
in vertical printing direction, limiting the wider appli-
cations of 3DCP technology [6, 7]. 3D robotic spray
has been developed, which integrates the advantages
of shotcrete and 3DCP process. The high pressure
incorporated in 3D robotic spray effectively enhances
interlayer bonding strength between layers and offers
excellent flexibility in multi-orientation deposition [6].
It allows multi-directional construction and shows
high precision in automated construction, which is

crete to existing structures.

Given the capability of robotic 3D spray technology to
apply multifunctional smart concrete with high bonding
strength and precision, it has a high potential for enhan-
cing the functionality of existing infrastructure. Cur-
rently, the tremendous growth of infrastructure
development has posed a significant challenge to the
engineering community in ensuring structural safety.
Concrete, as the most widely used construction material,
has undergone rapid utilisation and has been utilised in
a wide range of structures, such as high-rise buildings
and offshore structures. However, the brittle nature of
concrete structures makes them susceptible to cracking,
which can result in in-depth erosion and damage that
can pose serious hidden dangers, shorten the durability
of the structures and even cause catastrophic failures [8].
Therefore, continued monitoring and health assessment
are of great significance for detecting and estimating the
service conditions of concrete structures [9]. Various
types of sensors can be used to monitor real-time struc-
tural performance, including strain gauges, optical fibre
sensors, piezoceramic sensors and other piezoelectric-
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based sensors [10-13]. As one of them, self-sensing
cementitious composites demonstrate both structural
and sensing functionalities, exhibiting enhanced dura-
bility and high compatibility with existing structures,
effectively overcoming the limitations of traditional
sensors [14]. The self-sensing cementitious composites
can achieve sensing functionalities through the incor-
poration of conductive functional fillers, which form a
conductive network within the cement matrix. The
formed conductive network endows the cementitious
composites with piezoresistive performance, which can
be defined as the reversible change in electrical resis-
tivity caused by the deformation of the conductive
network when subjected to external loading [14, 15]
Self-sensing cementitious composites can be applied
in multiple application forms, including bulk, sandwich,
sensor, and coating forms [15]. Compared to the bulk
form, coating, sandwich, and embedded forms allow tar-
geted placement of the sensing composites within struc-
tural elements and broaden monitoring capabilities with
reduced material costs [16]. Particularly, as a coating,
self-sensing cementitious composites can be readily
applied to existing structures. Simultaneously, the self-
sensing cementitious composite coating can serve as
an additional protective and reinforcing layer, thereby
offering dual functionalities [17, 18]. However, despite
these advantages, applying self-sensing cementitious
composites, especially as coatings on existing structures,
comes with its own challenges. These include achieving
a uniform, cost-effective, large-scale application and
operating in areas that are difficult for humans to work
in, such as tunnels. Traditional application methods,
like manual spraying, often fall short of providing con-
sistent coverage and present issues related to labour
intensity, productivity, and personnel safety, conse-
quently compromising the composite’s sensing per-
formance. In addition to this, the quality of work
performed during installation has a significant impact
on the repeatability and robustness of sensors [19].
Advancements in robotic technology, specifically 3D
spraying technologies, provide a viable solution to
these challenges [7, 20]. The use of robotic 3D spray
for the application of cementitious composite coating
can ensure uniform distribution, thereby enhancing
the overall sensing performance and protective capa-
bility. Furthermore, it can cover complex structural
details with minimal human intervention, significantly
reducing labour intensity and costs while improving per-
sonnel safety. 3D spray printing offers transformative

Table 1. Mixing proportion of the robotic spray coating.

applications in construction, enabling not only the cre-
ation of complex patterns onto vertical surfaces
without formwork but also advanced multi functional-
ities such as temperature and strain monitoring and
de-icing by resistance heating [21, 22].

McAlorum et al. [19] have demonstrated the feasi-
bility of coating concrete substrates with self-sensing
geopolymer material using a robotic spraying system.
However, the absence of conductive functional filler in
the developed sensing material leads to its susceptibility
to the external environment, consequently limiting its
application in large-scale structural monitoring. A pre-
vious study by the author successfully developed a
self-sensing cementitious composite coating material
suitable for robotic 3D spray applications. The sensing
properties of the self-sensing cementitious composite
materials have been optimised by employing a carbon
fibre (CF) addition of 0.4 vol.% as the functional filler,
which has the potential to enable effective and consist-
ent monitoring of stress, strain, and deflection across
structural elements [23].

However, although the development of the self-
sensing composite material has made significant pro-
gress, critical aspects such as the optimisation of spray
parameters and their impact on the coating’s adhesion
and sensing performance were not thoroughly investi-
gated. The importance of the spray parameters such as
nozzle travel speed, spray pressure, nozzle distance
and spray direction (horizontal spray, vertical spray and
overhead spray) in achieving comprehensive sensor cov-
erage and enhancing sensing performance remains
unexplored. This study addresses these gaps by system-
atically examining these key spray parameters to opti-
mise the performance of self-sensing spray coating.

2, Methodology
2.1. Mix design and preparation

2.1.1. Material and mix design

Table 1 illustrates the mix design proportion of the
developed robotic spray coating material used in this
study. Ordinary Portland cement was used as the
primary binder material. Silica fume, a supplementary
cementitious material, was added to adjust the rheologi-
cal properties of the mixture. Fly ash cenosphere is a
hollow spherical lightweight aggregate sourced from
fire power plants, which was incorporated to reduce
density and enhance the distribution of sprayed

Cement Silica fume Fly ash cenosphere

Water CF (vol.%) SP (wt.% of binder)

1 0.05 0.25

0.394 0.4 0.2




Table 2. Material properties of carbon fibre.
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Diameter Length Carbon content Tensile Strength Modulus of Elasticity Density (g/ Electrical Resistivity
(pm) (mm) (%) (MPa) (GPa) cm’) (Q-cm)
CF 7 3 92.5 4000 240 1.81 0.00155

materials against gravity-induced shear [20]. CF was
selected as the conductive filler due to its high conduc-
tivity and ease of dispersion, and it was added to the
cementitious composite to achieve its conductive and
piezoresistive characteristics [15]. In general, CFs are
sized during manufacturing with a viscous coating
applied to facilitate handling. The existing sizing can
lead to improper dispersion of the CFs, resulting in
poor conductivity networks and the formation of
defects within the cementitious composites. In order
to eliminate the effects of sizing, water-soluble-sized
CFs were used in this study, with the properties shown
in Table 2.

2.1.2. Preparation of spray materials

The mixture was prepared using a Hobart Mixer with
adjustable rotation speed. To ensure a homogenous
mixture and well-dispersion of conductive functional
filler, the latter mixing method, illustrated in Figure 1,
was adopted for mixture preparation [14]. The large
surface areas of CFs can induce high Van der Waals
force interaction between single fibres, requiring pre-
mixing to prevent agglomeration [24]. A combination
of chemical and mechanical dispersion methods was
used by first dissolving CFs in an aqueous solution
with a sufficient surfactant before mechanical

Carbon
Fibre
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Mixing Water + Surfactant

:'E ﬁ. Dry Materials LQ ﬁ‘
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Figure 1. Schematic drawing of the latter mixing method

dispersion. Polycarboxylate-based superplasticiser was
selected as an effective surfactant for chemical dis-
persion, with magnetite dispersion applied to ensure
fibres were dispersed properly into individual filaments
instead of in bundle form. All dry materials were initially
mixed in a Hobart mixer with a flat beater for 2 min at a
mixing speed of 59 RPM, followed by adding the pre-
pared functional filler suspension. Mixing continues at
low speed (59 RPM) for 2 min, then at medium speed
(107 RPM) for another 3 min or until homogeneity is
achieved. Once mixed, the fresh mixture underwent
rheological tests to analyse its static yield stress,
dynamic yield stress, and plastic viscosity [23]. The test
confirmed that the developed mixture could be consist-
ently sprayed and was subsequently transferred into the
pumping system for robotic spray printing.

2.2. Robotic spray

2.2.1. Setup of spray printing

Figure 2 illustrates the robotic spray printing setup,
including a detailed specification of the spray printing
nozzle. The setup employs an ABB-IRB 1600 six-axis
robotic arm with a reach of 1.45 meters to ensure
precise control of the nozzle orientation and position
during the spray printing process. During the spray

Remove Fibre Sizing

Carbon Fibre
Suspension

R (O
2 i

C—
Continue Mixing till Homogenous
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(b)

Figure 2. Setup of the robotic spray: (a) spray printing system and (b) details of the spray nozzle.

printing, the prepared self-sensing cementitious mortar
mixture was first poured into the material feeder and
subsequently delivered through the material delivery
hose by a rotor-stator Pictor pump (MAI-2 Lyra). The
material delivery hose connected to the pump and the
spray nozzle was 2.5 m in length and had an inner diam-
eter of 25.4 mm. The spray nozzle tip, with a length of 50
mm and an inner diameter of 18 mm, was mounted at
the end of the robotic arm. Concurrently, compressed
air was injected into the mixture via the air tube con-
nected to the nozzle, helping the material to be
sprayed onto the substrate. Throughout this process,
the spray printing nozzle moved along a predetermined
path at a controlled speed to ensure uniform spray print-
ing results. The thickness of the sprayed coating is con-
trolled to range from 3-5 mm, which is related to the
spray parameters.

2.2.2. Design of spray parameters

The quality and functionality performance of the self-
sensing cementitious coating can be greatly influenced
by the spray parameters [25]. Four key parameters,
each with three distinct values selected, have been
identified and investigated in this study in order to
gain a comprehensive understanding of the effects of
spray parameters. Table 3 summarises the chosen par-
ameter values alongside with their anticipated
influence on the coating.

The nozzle travel speed is anticipated to be the
primary determinant of the coating thickness, which
ranges from 3-5 mm. It is expected that a higher travel
speed will result in a thinner coating. However, excessive
speed may disrupt the continuity of the spray, resulting
in poor coverage and compromised uniformity of the

Table 3. Designed parameters and values evaluated for spray

printing.
Parameter Value Anticipated Effect on Coating
Nozzle travel 75 mm/s Coating thickness
speed 112.5 mm/
s
150 mm/s
Air injection 0.5 bar Coating surface quality, Coating
pressure 1.0 bar uniformity and porosity, Bonding of
1.5 bar the coating
Nozzle standoff 50 mm Coating uniformity, Spread area of the
distance 75 mm coating
100 mm
Spray direction  Vertical Bonding of the coating
Horizontal
overhead

coating. Air injection pressure can have multiple
effects on the coating, influencing attributes such as
surface quality and uniformity, porosity and bond
strength. An elevated spray pressure typically results in
a denser coating and can potentially enhance bonding
strength. However, excessive pressure can displace
material, leading to poor uniformity of the coating. 50,
75 , and 100 mm were chosen to be the nozzle
standoff distance used in this study, as it can affect the
coating uniformity, a closer nozzle standoff distance
can lead to localised concentration and limit the over-
spread of the spray, potentially resulting in uneven
coating [6]. Spray direction was studied, considering ver-
tical, horizontal, and overhead sprays (Figure 3). The
chosen direction influences the bonding strength of
the coating, with gravitational effects particularly
impacting horizontal and overhead applications. Study-
ing these three directions is necessary to ensure that
every geometric aspect of a structure, regardless of its
orientation, can be effectively coated.
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Figure 3. Schematic of robotic spray in 3 directions:(a) vertical, (b) horizontal and (c) overhead.

2.2.3. Sample preparation

Concrete blocks, cast in the dimensions of 100 x 100 x
300 mm beams and 100 mm cubes, were utilised as
the substrate for spray application. The electrodes
were attached to the precast concrete blocks at the
designed locations prior to the spray printing to
achieve an enhanced electrode-coating bond. Distinct
parameters, including nozzle travel speed, air injection
pressure, nozzle standoff distance and spray direction,
were varied methodically to analyse their influence on
the coating performance. The specifics of each specimen
group are summarised in Table 4. After the coatings
were applied onto the prefabricated concrete blocks,
all prepared specimens were covered with preservative
plastic films, and water was regularly sprayed onto the
samples to ensure proper curing until the test age of
28 days.

Table 4. Detailed spray application parameters of prepared
concrete specimens.

S/ Nozzle travel  Air injection  Nozzle standoff Spray
N  speed (mm/s) pressure (Bar) distance (mm) direction
1 150 1 75 | Vertical

2 75 1 75 1 Vertical

3 1125 1 75 | Vertical

4 112.5 0.5 75 | Vertical

5 112.5 15 75 | Vertical

6 1125 1 100 | Vertical

7 1125 1 50 | Vertical

8 1125 1 75 1 Overhead
9 112.5 1 75 « Horizontal

2.3. Testing methods

2.3.1. Mechanical properties

Compressive and flexural strength were evaluated to
study the potential enhancement in mechanical proper-
ties provided by the coating on concrete substrate.
Three samples from each testing group were tested to
ensure consistent and reliable results. The compression
tests were conducted on 100 mm cubes with the
loading direction parallel to the spray direction. 100 x
100 x 300 mm beams were undertaken three-point
bending tests to determine the flexural strength
(Figure 4). For comparison, three uncoated samples,
both cubes and beams, were tested as reference bench-
marks to understand the reinforcing effect of the coating
on the inherent mechanical properties of concrete
blocks.

2.3.2. Split tensile test

The splitting tensile test was conducted in accordance
with ASTM C496 [26] to evaluate the bond strength
between the concrete substrate and coating. The test
employed scaled-down, cubic samples to align with
the dimension of 3D sprayed coating [27, 28]. As
shown in Figure 5, two steel strips were placed at the
top and bottom of the specimen to ensure a consistent
and uniform distribution of tension throughout the
samples during testing. The split tensile strength of



6 L. WANG ET AL.

Spray
Direction

*

(a)

Figure 4. Schematic of compression and 3-point bending tests.

Steel strip

Concrete
substrate

Self-sensing
coating

Figure 5. Schematic diagram of split tensile test for bond
strength measurement.

the samples can be defined as (1):

2P,

fo. =
7 mBD

(M

Where P, is the ultimate load, B is the specimen thick-
ness, and D is the specimen width. Despite the fact
that cubic specimens were employed in this study
instead of cylinders, the same expression remains valid,
as confirmed by the established findings that stress dis-
tribution is similar in both geometries at the centre
plane [29].

The specimens for the split tensile tests were pre-
pared by cutting from larger coated specimens, which
were cured for 28 days under the same conditions as
the samples designed for mechanical and electrical
measurement. To ensure accurate bond strength
measurements, these specimens remained intact and
have not been subjected to any loading prior to
cutting. Given the variations in the coating thickness,
which ranged between 3-5 mm, precise cutting was
made by a diamond cutter to ensure that the interlayer
between the coating and substrate was centrally loaded
in each sample, thus avoiding eccentric loading and
ensuring the reliability of the test results.

1

Spray

— Direction

(b)

2.3.3. Micro-CT analysis

To conduct a detailed analysis of porosity and to explore
its impact on the bonding properties of the coatings,
micro-computed tomography (micro-CT) scans were
performed [30]. Three specimens from each test group
were selected for CT scan analysis, which was conducted
using a Bruker Skyscan-1173 scanner. The scanning par-
ameters were set to achieve a voxel dimension of 48 um,
a voltage of 70 kV and a current of 160 pA. From each
prepared sample, a selected area with a dimension of
5 mm x5 mm was extracted from the interlayer zone
of the coating to characterise its porosity. The scanned
images of the selected zone were subsequently recon-
structed using the digital image processing (DIP) soft-
ware Avizo3D. This involved processing over 800
extracted Y-Z plane CT slices per specimen, enabling
the reconstruction of the pore distribution and the cal-
culation of the overall porosity (Figure 6).

2.3.4. Analysis of self-sensing performance
Piezoresistivity tests for coated specimens under mech-
anical strain were conducted to evaluate the self-
sensing performance of the coating. A 4-electrode
Vander Pauw configuration, as demonstrated in
Figure 7, was utilised to ensure accurate resistance read-
ings, as it can minimise the influence of contact resistance
and reduce the interfacial stresses between the electro-
des and the self-sensing coating during curing [19].
Prior to testing, all samples underwent a drying
process in an oven at 60°C for three days to mitigate
the polarisation effect induced by the moisture. This
polarisation effect is caused by the use of direct
current during testing. There are two common
methods to eliminate this effect: one is conducting a
drying process to evaporate the pore solution; another
is applying the current for an extended period until
the specimens are fully polarised. In practical
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Figure 6. Schematic of Micro-CT scanning and reconstruction of 3D images.

applications, the alternative current is recommended, as
it does not lead to the polarisation issues associated with
direct current due to its periodically reversing direction.
The coated 100 mm cubes were subjected to cyclic com-
pression by applying a force of 4 MPa per cycle over ten
cycles. Concurrently, the 300 mm coated beams were
subjected to cyclic bending, each with a magnitude of
1.45 MPa. The applied loads were selected to ensure
that the examinations of the piezoresistivity of the devel-
oped self-sensing coating were conducted within the
elastic range. The control of the loading conditions is
crucial to preventing any damage that could lead to irre-
versible changes in the electrical resistivity of the
sensing materials. This irreversible change could com-
promise both the stability and repeatability of the
sensing materials, resulting in inaccurate test results.
Both of cyclic compression and cyclic bending were
applied by a universal testing machine Instron 960.
Throughout these tests, variations in electrical resistance

Concrete
substrate
y 1 N
Voltage output | Self-sensing Current input
| o | 74
Electrodes

Figure 7. Schematic drawing of 4-electrode Vander Pauw
configuration for piezoresistivity measurement.

were continuously recorded with a Keithley 2100 multi-
meter, with a built-in auto range selection function. The
fractional change in resistivity (FCR) of each specimen
was calculated using Eq. (2).

Pm — Po % 100%

Po

FCR = ()
Where p,, is the measured electrical resistivity and p; is
the initial electrical resistivity.

Figure 8 illustrates a schematic of the electrodes and
sample layouts adopted for these tests. For cubic
samples, the coated surface faced frontward, which
experienced compression. For beams, the coated surface
was positioned on the underside of the beam, which is
the area predominantly under tension during bending.
In both layouts, the electrode orientation was aligned par-
allel to the strain changes, ensuring maximum sensitivity
in response to substrate strain variations. Beyond the
cyclic tests, a load-to-failure approach was employed for
both cubes and beams, aiming to observe the resistivity
changes up to the structural failure point under both com-
pressive and flexural scenarios.

3. Results and discussions
3.1. Mechanical performance

The compressive and flexural strength of coated speci-
mens, subjected to a variety of spray parameters, were
thoroughly examined, and the results were analysed
and presented in Figure 9. As reference values, the
strength of the uncoated concrete substrate, as well as
the coating itself, are indicated in the figure.
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Figure 8. Schematic of electrode configuration of samples under (a) compression and (b) bending with measurement orientation

parallel to strain variation.

Figure 9(a) indicates that the application of the
coating has a negligible impact on the strength of the
concrete substrate, with the test results closely aligned
with the reference value of the uncoated specimens.
Although variations in the compressive strength can
be noted, these discrepancies are more likely attributed
to the variability of concrete substrates rather than the
effect of the spray process. An exception could be
observed for samples coated at a nozzle travel speed
of 75 mm/s, which exhibit an increase in compressive
strength. This enhancement could be related to the
development of a thicker coating layer. This highlights
the capability of the spray coating in terms of improving
the structural strength, which is particularly beneficial
for those with existing cracks.

Figure 9(b) suggests that the flexural strength of the
sprayed concrete coating is comparable to that of the
concrete substrate. It is noteworthy that when the
coating was applied under increased pressure or from
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a greater distance, a slight enhancement in flexural
strength was observed, which indicates the potential
of denser coating to improve the flexural strength of
the concrete substrate. Conversely, when the coating
was applied in orientations such as horizontal or over-
head directions, a contrasting behaviour was noted.
Under these conditions, the sprayed coating is weaker
in strength, and the overall reduced flexural strength
could be attributed to the cracking of the coating.
These cracks within the coating may lead to stress con-
centration, thereby accelerating the early failure of the
concrete substrate.

3.2. Bond strength and adhesion of the coating

Figure 10 (a) shows the results of the interfacial split
tensile strength tests, which indicate the bonding
strength and adhesion characteristics of the spray
coating to the substrate. The bonding strength is

Nozzle Travel Speed @ -—-- Concrete Substrate
E Air Injection Pressure R Sprayed Coatjng
Nozzle Standoff Distance
6 Spray Direction

Flexural Strength (MPa)

T T
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Figure 9. (a) Compressive and (b) Flexural strength of samples with sprayed coating.
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Figure 10. Assessment of correlation between coating adhesion and spray parameter: (a) bonding strength measurements and (b)

microscopic images of bonding zones.

related not solely to the properties of the material itself
but is also highly significantly impacted by external
factors [31]. According to the results, most of the spray
parameters tested are significantly correlated with the
strength of the interlayer bonding. However, an excep-
tion could be observed with nozzle travel speed, which
does not exhibit a consistent trend in influencing
bonding strength. As expected, the bonding strength
of the coating increases with an increase in air injection
pressure, underscoring the direct relationship between
pressure and bonding strength. A pressure setting of
1.5 Bar was found to be effective, which maintained a
balance between improving bond strength and prevent-
ing materials from being displaced [23, 32]. In contrast,
coatings applied in the overhead direction displayed
the lowest bonding strength, as gravitational forces
may lead to a reduction in adhesion, preventing an
effective bond between the substrate and applied
coating.

In addition to these observations, a previously unex-
pected correlation between nozzle standoff distance
and interlayer bonding strength was identified. It was
found that an increase in nozzle standoff distance led
to enhanced bonding. It is possible to explain this
phenomenon by considering how nozzle standoff dis-
tance influences spray coverage. A larger distance
between the nozzle and substrate results in a wider
spray patch, leading to overlap between successive
spray profiles. Such overlapping, particularly when
applying subsequent layers, creates a compacting
effect on earlier layers, resulting in a denser interlayer
structure that potentially enhances bonding strength.

In addition to the quantitative analysis of the bond
strength, high-resolution microscope images were

used to visually assess the bonding zone of the
samples, providing a visual confirmation of the coating’s
microstructural integrity and adhesion property. An
optical high-resolution microscope (SZX7, Olympus Cor-
poration) equipped with an ACH-1X achromatic objec-
tive, a U-CMAD3 camera adapter, and an SC30 colour
camera was used to examine the exposed normal
cross-sections of cut samples. Figure 10 (b) demon-
strates the quality of the bonding between the
sprayed coating and the concrete substrate, which is
consistent with the findings obtained from the
bonding strength tests. It is evident that coatings
sprayed at higher air injection pressures (1.5 Bar) or at
longer nozzle standoff distance (100 mm) exhibit
superior bonding properties. Conversely, when the
coating is applied at a lower pressure (0.5 Bar) or in an
overhead direction, air voids can be observed between
the coating and the substrate. This consistency in obser-
vation across both visual and quantitative analysis
further validates the relationship between the spray par-
ameters and the adhesive effectiveness of the coating.

Figure 11 demonstrates the porosity results of the
selected samples obtained from the CT scanning.
Coating subjected to lower air injection pressure exhib-
ited higher porosity, likely due to the reduced impact
force of the spray, consequently leading to less com-
pacted deposition of materials [33]. Conversely, the
coating applied in the vertical direction or with
extended nozzle standoff distance showed a decrease
in porosity. This reduction could be attributed to the
compaction force of gravity or effective layer stacking
during spray.

It was observed that samples exhibiting higher
bonding strengths typically possessed lower porosity,
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which proven that the inherent porosity of the coating
materials may also be a significant factor influencing
bond strength. The reduced porosity appears to
enhance bond strength through two primary mechan-
isms [34, 35]. Firstly, it increases the contact area
between the coating and substrate, consequently
strengthening the mechanical interlocking and enhan-
cing the adhesion [36]. Studies have established a posi-
tive correlation between the shrinkage in cementitious
materials and their porosity, as well as the pore size
[26, 27]. The reduced pore size and porosity can lead
to a reduction of shrinkage in the coating, which pre-
vents the formation of cracks and gaps at the interface
that could compromise the bond [37].

The pore size distribution of internal pores, together
with the 3D reconstructed images of pore distribution
in specimens, illustrated in Figures 11-14, further
demonstrates the impact of spray parameters on the
coating porosity. Among all tested specimens, the
pores smaller than 0.002 mm? account for more than
50% of the total pore count. The pore size distribution
curve across all test groups displays a pronounced nega-
tive exponential trend, indicating a decrease in the per-
centage of pores with the increasing pore size.

Figure 13 illustrates the influence of air injection
pressure on pore size distribution. As the pressure rises
from 0.5 Bar to 1 Bar, there is a noticeable decrease in
the proportion of larger pores, accompanied by an
increase in smaller pores. This phenomenon can be
attributed to the breakdown of large pores into
smaller ones. With further increase of pressure, these
smaller pores were expelled from the matrix, leading
to a reduction in the overall porosity. In addition, the

Nozzle Travel Speed
E= Air Injection Pressure
10 4 Nozzle Standoff Distance
Spray Direction

Porosity (%)

0 T T T ’l— T T T T T T T

1% \»\’Lb:\@ 02 A0 %

(mm/s) (Bar) (mm)
Spray Parameters

Figure 11. Comparative analysis of spray coating porosity across
different spray parameters.

orientation of the spray exhibits a noticeable influence
on pore size distribution (Figure 15). Coatings applied
in horizontal or overhead directions tend to exhibit a
higher proportion of larger pores compared to other
specimens.

3.3. Piezoresistive performance of coated
specimens under cyclic loading

Figure 16 demonstrates the piezoresistive responses of
the spray-coated samples subjected to two different
loading scenarios: cyclic compression (Figure 16(a))
and cyclic bending (Figure 16 (b)).

The coating was applied to the surface parallel to the
loading direction for the compressive scenario. Samples
exhibit a decrease in electrical resistivity during the
loading phase and an increase in electrical resistivity
during the unloading phase. This change is attributed
to the reduced spacing between the adjacent CF,
which leads to an increase in fibre overlap and, conse-
quently, a shorter conductive path within the coating
composite. During the unloading phase, the fibres
recover to their original position, thus extending the
conductive path and increasing the resistivity. For the
bending scenario, the coating was applied to the
bottom surface of the beam, thereby subjected to
tensile strain during loading, which behaves inversely
compared to the compressive scenario.

The change in FCR (AFCR) under cyclic loading as
illustrated in Figure 16, highlights the sensitivity of the
piezoresistive performance. Although the applied loads
for compression and flexural scenarios are different,
and sensitivity increases with the increase of applied
load, both tests were conducted within the elastic
range of the material. This ensures that they are still
comparable when evaluating the piezoresistive perform-
ance of the coating. The piezoresistivity tests in both
compressive and flexural scenarios obtained the
maximum sensitivity before any damage occurred,
allowing for an assessment of the sensing performance
of the material close to its capacity. A more pronounced
AFCR is observed in the sample subjected to bending
compared to the sample under compression, indicating
the applied coating is more sensitive to tensile stress.

In the compressive scenario (Figure 16 (a)), a continu-
ous increase of FCR over time is noted. This phenom-
enon can be attributed to the polarisation effects
resulting from the movement of the ions within the
specimens. When a direct current is applied, the move-
ment of ions creates an internal electric field with a
direction opposite to the applied current, and conse-
quently leads to an increase in measure resistance.
However, as the pretreatment process effectively
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Figure 12. Pore size distribution of the sprayed coating with nozzle travel speed of (a) 75

mm/s, (b) 112.5 mm/s and (c) 150 mm/s.
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Figure 14. Pore size distribution of the sprayed coating with nozzle standoff distance of (a) 50 mm, (b) 75 mm and (c) 100 mm.

eliminated most of the free water within the composite
and consequently minimised the effect of polarisation;
therefore, the observed increase in FCR is primarily
attributed to the deformation of the conductive
network within the composite, likely resulting from
fibre debonding under applied load. These indicate
that it is essential to understand the recoverability of
the conductive network after external loading is
removed, which could be defined as the repeatability
of the signal.

Beyond sensitivity and repeatability, stability is
another factor that is important in evaluating the
sensing performance of the coating, which refers to

the consistency of the piezoresistive response over
time and under varying conditions.

3.4. Impact of robotic spray parameters on
piezoresistive performance

The subsequent analysis focuses on the piezoresistive
performance of the coating applied under varied spray
parameters (Figure 17). This includes the calculation of
the average AFCR from 10 loading cycles, which quan-
tified the sensitivity of the coating. The standard devi-
ation of AFCR was calculated, indicating the stability of
the piezoresistive response. The overall change in FCR
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Figure 15. Pore size distribution of the sprayed coating with (a) vertical, (b) horizontal and (c) overhead spray.
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Figure 16. Piezoresistive response of self-sensing coating under (a) cyclic compression and (b) cyclic bending.

(FCRy throughout the testing process provides a
measure of the repeatability of the coating when sub-
jected to cyclic loading conditions. The repeatability is
closely related to stability, as observed in Figure 17,
where higher stability correlates with a lower FCR;, indi-
cating good repeatability. This proves the recovery
ability of the conductive networks after the removal of
the applied load.

By comparing the data from Figure 17 (a) and Figure
17 (b), it appears that variations in spray parameters
produce consistent trends in piezoresistive performance,
both under cyclic compression and cyclic bending.
Specifically, AFCR values are slightly higher when sub-
jected to bending forces compared to compression,
highlighting the coating exhibits higher sensitivity to
bending. Coatings applied at a speed of 150 mm/s
exhibit the highest average AFCR, suggesting that
thinner coatings are more sensitive to the deformations
of the substrates. There appears to be an inverse

relationship between sensitivity and stability, where
the increased sensitivity in the coating correlates with
diminished stability. At a spray setting of 0.5 bar and a
distance of 50 mm, the coating displays a lower AFCR.
This outcome is consistent with the coating’s interlayer
bonding strength, which is also possibly due to a less
compact coating structure and its inadequate coverage.
The coating with higher porosity tends to have a
reduced effective contact area with the substrate,
which compromises the sensitivity of the coating. In
addition, higher porosity can lead to poor bonding
between the conductive fibres and the matrix, resulting
in a higher chance of fibre debonding when subjected to
external loading, consequently leading to poor repeat-
ability of the coating sensing performance. Moreover,
the presence of pores within the coating structures
can disrupt the continuity of the conductive networks,
reducing the coating’s overall sensing performance in
terms of accuracy and stability. When the pressure and
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Figure 17. piezoresistive performance of the coating subjected to (a) cyclic compression and (b) cyclic bending.

standoff distance increase to 1 bar and 75 mm, respect-
ively, the overall performance of the self-sensing coating
improves, which is attributed to the improved bonding
strength and denser structures. Stronger bonding
enhances the transfer and distribution of mechanical
stress throughout the coating and, consequently,
improves its piezoresistive response. However, when
the pressure and nozzle standoff distance further
increased to 1.5 bar and 100 mm, a reduction in AFCR
was observed, which could be attributed to the denser
structure of the coating [38]. Such a dense structure is
inherently more resistant to deformation, affecting its
piezoresistive response. Regarding the direction of
spray application, coatings applied in a horizontal or
overhead direction exhibit lower sensitivity compared
to those applied vertically. Although the bonding
strength affects the piezoresistive performance of the
coating, the primary determinant appears to be the
internal structure of the coating itself, which is consist-
ent with the finding in coating porosity where the poros-
ity is lower for vertical direction, higher for horizontal
direction, and highest for overhead direction. Corre-
spondingly, the bond strength is inversely related to
porosity. Higher bond strength generally leads to piezo-
resistive performance; however, a denser microstructure
in the coating limits the deformation of the conductive
network, resulting in less significant sensing sensitivity.
It is important to improve the bonding strength of the
coating without affecting its microstructure. The use of
bonding agents could be considered in future studies.
Additionally, the orientation of spray printing affects
the alignment and distribution of CFs within the
coating, which impacts its conductive networks and,
consequently, the piezoresistive behaviour. During the

spray process, CFs may curl up, which can negatively
affect the sensing performance. Future research could
explore the use of more porous functional fillers and a
combination of fibrous and particle materials to
enhance the piezoresistive performance.

3.5. Assessment of self-sensing performance
through load-to-failure tests.

Figure 18 illustrates the correlation between FCR and the
applied axial compressive stress and the bending load
up to the point of failure, which aims to assess the capa-
bility of the self-sensing spray coating in monitoring the
progression of the real-time crack development.

For the sample subjected to compression, the FCR
initially decreases, corresponding to the compaction of
the conductive network under pressure. This is followed
by the fluctuation phase of FCR due to the formation of
fresh cracks, which lead to the destruction and recon-
struction of the conductive networks. Finally, an abrupt
increase in FCR could be observed, which results from
a disruption in conductive networks caused by the
extension of cracks and the failure of the specimens [15].

Conversely, the sample under bending initially exhi-
bits a slight increase in FCR with the increasing
bending load, which is likely attributed to the inherent
electrical charges of CFs [39]. The FCR begins to show
significant fluctuations and increases once the initial
crack forms at the tensile face of the beams. The expan-
sion of crack width can lead to an increase in the con-
ductive path resulting from the CF fracturing and
being pulled out from the surrounding matrix, which is
reflected in the continued growth of FCR [40, 41].
Finally, a sudden reduction in the flexural loading with
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Figure 18. Fractional change in resistivity in coated specimens when subjected to (a) compressive and (b) flexural load to failure.

an abrupt change in the corresponding FCR can be
observed, attributed to the fracture of the coating,
thus indicating the compromise of the structure.

3.6. Practical application of developed material

The piezoresistive properties of the self-sensing cemen-
titious coatings applied using 3D robotic spray technol-
ogy could enable real-time monitoring of structural
performance, which is crucial for the maintenance and
safety of civil infrastructure. The self-sensing cementi-
tious coating could achieve real-time response to
various external loading conditions, allowing them to
monitor structural deformations, identify potential
failure points, and provide insights for preventive
maintenance.

The self-sensing cementitious coating can be applied
to critical structural components such as bridges, exist-
ing buildings and tunnels where traditional monitoring
methods are either costly or challenging to implement.
The robots can operate in environments that are
difficult for human access, which also enhances safety
and efficiency.

With further improvements in the mechanical proper-
ties of the coating, it could be applied to critical points of
the structure or the location that have suffered previous
damages, providing multi-functions such as sensing
materials and repairing materials. Further research
could explore integrating the sensing responses of the
coatings into an automated system that could trigger
alerts based on continuous monitoring data.

This study innovatively employed robotic 3D spray
technology for sensing coating applications and
offered critical insights into spray parameters

optimisation for enhancing coating sensing perform-
ance. However, despite the fact that it comprehensively
explored the correlation between spray parameters and
coating characteristics, the optimal combination of
these parameters remains undetermined. Future
research will focus on optimising this combination and
exploring a wider variety of functional fillers, which
aims to enhance the sensing performance of the
coating, paving the way for SHM applications.

4. Conclusions

This study was done to investigate the impact of spray
parameters on the mechanical strength, adhesion prop-
erties and piezoresistive behaviour of the sprayed self-
sensing cementitious composite coating. An ABB
robotic arm was utilised to conduct spray by varying
the spray parameters, including nozzle travel speed, air
injection pressure, nozzle standoff distance and spray
directions. Based on the test results, the conclusions
can be summarised as follows:

1. Overall, the application of the coating has a negli-
gible impact on the strength of the concrete sub-
strate. Applying the coating at a nozzle travel speed
of 75 mm/s results in enhanced compressive
strength, indicating potential for structural reinforce-
ment. In terms of flexural strength, although certain
spray conditions can slightly improve the substrate’s
strength, specific orientations lead to coating weak-
nesses. The initiation of cracks within the coating
under these orientations may accelerate the early
failure of the concrete substrate.



2. Air injection pressure and nozzle standoff distance
effectively contribute to the bonding strength of
spray coatings to concrete substrates. The bonding
strength of the coating improves with the increasing
air pressure, with an optimal air pressure of 1.5 Bar.
Additionally, increased nozzle standoff distance is
found to enhance bonding, attributed to better cov-
erage and a compressive effect on the overlaying
coating layers.

3. CT scanning evaluation revealed that optimal
air pressure and spray orientation significantly
reduced the porosity of cementitious coatings,
leading to stronger bonding with the substrate
by minimising shrinkage and improving mechan-
ical interlocking.

4. The piezoresistive performance of the sprayed coat-
ings was influenced by spray parameters, showing
distinct sensitivity, stability, and repeatability under
cyclic loading. Coatings exhibit higher sensitivity to
bending than compression, with thinner coatings
applied at faster speeds being particularly respon-
sive. Optimal spray conditions, such as a pressure of
1.5 bar and a distance of 100 mm, lead to denser
coatings with lower sensitivity but potentially
higher stability.

5. The coating exhibits a similar three-phase piezoresis-
tive response when subjected to compression and
bending, which can be characterised as an initial
FCR changing phase, fluctuation phase and abrupt
increase phase. This demonstrates its ability to
detect structural deformations, crack formations,
and failures in real-time, suggesting its potential in
SHM applications.
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