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Abstract

This study explores self-sensing properties in carbon black (CB)-based cementitious coatings,
focusing on the influence of internal moisture on electrical measurements. Various saturation
levels were examined by gradually drying the coatings and encapsulating them with epoxy
resin to shield them from external humidity. Results show that inner water impacts the strain-
sensing response of the coating, reaching an optimal moisture saturation of 25% where an
equilibrium between carbon black particles, water, and free ions was attained. For coatings on
tension surfaces of concrete beams under flexural loads, 230.7 + 25.8 was the obtained gauge
factor for 3 wt% added carbon black. Epoxy-sealing reduced the bonding strength between the
coating and the substrate by 27%. Nonetheless, epoxy-encapsulated coatings with 3 wt%
carbon black achieved a gauge factor of 110.9 + 35.5, indicating a promising path for the
production and application of self-sensing coatings that remain unaffected by external humidity

conditions.

Keywords: Structural health monitoring, self-sensing, carbon black, cement-based materials,

smart coatings

1. Introduction

As the construction industry has shifted its focus towards preventive and predictive

maintenance, strategies to extend the lifespan of existing structures are being explored [1].
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Structural health monitoring (SHM) aims to manage and evaluate the conditions of structures
through data acquisition and analysis obtained through external sensors and visual analysis [2].
Traditional methods for monitoring structural integrity, however, face issues related to cost,
accessibility, and real-time data acquisition [3]. While these SHM techniques are commonly
used, a significant drawback in their practical implementation involves their effectiveness in
challenging environments. These conditions may affect their performance, potentially resulting
in early failures, and consequently, insufficient data collection and structural evaluation [4]. To
overcome these limitations, innovative monitoring solutions have emerged, including the use
of smart materials [5]. Among them, self-sensing composites exploit the electrical conductivity
obtained by incorporating carbon-based nanomaterials, such as Carbon Black (CB), into the
cement mixture [6], [7], [8], [9]. Thus, these composites can correlate changes in electrical
resistivity with mechanical stresses and deformations within structures, allowing for the
autonomous and real-time detection of structural issues [10]. This sensing property can be
further processed and interpreted to monitor additional conditions such as the presence of
damage in the structure [11]. In addition, the initiation of corrosion can be detected by
monitoring strain development from swelling of steel reinforcement [12]. Alternatively, the
electric charge storage capability of these materials has been employed for de-icing and snow-

melting purposes [13] or to attenuate and shield electromagnetic radiation [14].

The system’s conductivity primarily arises from ionic conduction, due to the presence of
absorbed water, and from the movements of electrons within the filler network, i.e., electronic
conduction [15]. The latter mechanism depends on the proximity and contact between
conductive particles, as a continuous filler network facilitates electron movement [9]. Thus, the
variation in filler distance, which can be related to a change in its concentration and distribution
throughout the matrix, strongly influences the conduction mechanism [16]. Ionic conduction

in Portland cement binders, on the other hand, is primarily attributed to hydroxide and
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sodium/potassium/calciumions in the pore solution [ 17]. Different from electronic conduction,
the ionic conductive process is highly dependent on the amount of free water present in the
matrix. Therefore, assuming a sufficient filler presence, a reduction in the inner water
concentration makes the cementitious specimen more dependent on electronic conduction,i.e.,
electronically dominant. In contrast, saturated conditions produce a highly conductive sample
— prevalently ionic — whose electric network does not primarily rely on the presence of
conductive fillers. This phenomenon leads to electronic/electrolytic interactions and the
formation of Electrical Double Layers (EDL) at the interfaces [18], [19], [20]. Thus, as stated
by Zhang et al. [21], the overall electrical response of conductive cement derives from a
function of four conductive pathways involving ionic, electronic and EDL of electrolytic

solution with both cement and conductive particles.

Researchers have noted a correlation between the strain-sensing properties of cementitious
composites and internal moisture levels. Han ef al. [22] demonstrated that high water-to-
cement (w/c) ratios have been observed to improve the gauge factor. Indeed, large w/c, leading
to more extended porous networks, is assumed to increase the system’s deformation capacity
while improving the filler dispersion [23]. Moreover, Dong et al. [24] found an increasing trend
in the sensing response of carbon black-based systems, i.e., gauge factor varying between 400
and 485 within 0-8% range of water content. However, as moisture levels increased further,
the composites’ strain sensitivity decreased to 150. Similarly, del Moral et al. [25] identified a
diminishing gauge factor beyond a saturation degree of 75% for CBT/graphite-based elements.
Han et al. [26] also reported an increase in sensing performance for CNT-based cement
composites between 0-3% water content, ranging from 0.6 kQ/MPa to 0.73 kQ/MPa. This
performance was followed by a decrement, reaching 0.06 kQ2/MPa at 10% water content.
Relative humidity (RH) has also been acknowledged as a factor influencing the sensing

performance of cementitious materials by increasing the specimens’ inner moisture. Kim et al.
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e] reported an increase in stress sensitivity from 0.060 to 0.079%/MPa as the relative humidity

increased from 20% to 60%, before decreasing to 0.064%/MPa for RH = 80%.

The aforementioned analyses can be justified by the balance between inner moisture content
and the presence of conductive fillers [28]. In fully saturated systems, filler particles become
water coated, resulting in minimal changes to the electrical characteristics of the composite
network when subjected to mechanical stress [29]. During the drying process, on the other
hand, the absence of water reduces the overall ionic conductivity [30]. Table 1 presents a list
of optimal saturation degrees found in the literature in relation to the obtained sensitivity to
external load. In consideration of the above information, it can be suggested that peak
sensitivity is not necessarily attained by completely dried samples. A certain level of water
content is beneficial for sensing as it facilitates tunnelling effects within the matrix, enhancing
the electric network [25]. The optimal moisture content, however, appears to vary depending
on the type and concentration of conductive phase in the cementitious composite. In addition,
these tests are typically conducted in a laboratory where, differently from real-case
applications, environmental conditions are controlled and are stable throughout the sensors’
lifespan.

Table 1 — Optimal saturation degrees and relative strain/stress sensitivity found in the

literature. The optimal saturation degree values reported for [24], [30] were calculated with

available data in the papers.

Article Conductive filler type Filler Optimal Strain / stress
concentration saturation sensitivity
degree [%]
[31] Carbon nanotubes 0.5 wt% 55 8%/MPa
[24] Carbon black 3 wt% 40 488
[32] Conductive brass fibres 0.8 vol% 91 28
[30] Carbon nanofibres 2.5 vol% 63 101.3
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[25] Carbon nanotubes / 1 wt% /5wth 71 3.8
Graphite

The above-mentioned studies described the monitoring behaviour in varying humidity
conditions of self-sensing materials directly subjected to external load, namely bulk
applications [5], [28], [33]. On the other hand, externally attached cementitious sensors,
designed as coating applications, offer versatile use for both new and existing structures [34],
[35]. These sensors not only present cost benefits [36] but are also characterised by broader
monitoring capabilities than conventional sensing mechanisms (e.g., strain gauges). Traditional
sensing devices generally encounter issues related to limited lifespan, decreased sensitivity,
and inadequate compatibility with the concrete substrate [37], [38]. In contrast, cement-based
coatings have emerged as cost-effective alternatives, demonstrating good compatibility with
concrete and greater versatility in monitoring — ranging from strain detection [39] to damage
identification and tomography [40]. Moreover, beyond their primary monitoring function,
external cementitious sensors also serve as an effective retrofitting solution, capable of
addressing both structural and non-structural repairs [41]. Therefore, this study aims to
investigate how moisture influences the strain-monitoring capability of self-sensing CB-based

coatings on concrete substrates subjected to bending.

Despite the advancements characterising self-sensing materials, a few challenges remain in
maintaining consistent performance in varying environmental conditions. As the theory behind
self-sensing materials is based on multiple conductive mechanisms [21], [28], [42], [43],
maintaining consistent moisture levels in aggressive environments [30] is critical to ensuringa
stable sensor response [44], [45], [46]. The implementation of waterproofing measures is
acknowledged as an effective approach to safeguard general cementitious composites from
moisture ingress [29], [32], [47], [48]. Dong et al. [49] impermeabilized carbon black-based
cementitious binders with the addition of silicon hydrophobic powder and crystalline

waterproofing admixture. That said, the use of such mineral admixtures can affect the electrical
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network inside the matrix, therefore, altering its sensing properties. Alternatively, the sensing
system can be externally sealed with a resin layer, keeping the internal properties constant and
ensuring no interference from environmental conditions [50], [51]. Similarly, in the field of
road construction, epoxy membranes can be used for the impermeabilization and protection of

infrastructure from multiple aggressive agents [48], [52], [53].

Hence, this study advances the state of the art by focusing on an effective and efficient
impermeabilization protocol for carbon black-based smart coatings. Indeed, differently from
previous studies which focused mainly on bulk applications, without addressing the challenges
of encapsulation, this research develops an impermeabilization solution to enhance the
durability and reliability of external cementitious sensors. Through the application of
waterproof epoxy resin, which is both a safe and simple method for encapsulation, the
stabilisation of the sensor’s electrical reading can be achieved in changing conditions,
providing a possible solution for practical real-world requirements. The monitoring efficacy of
externally applied coatings relies on their interaction with the substrate [54]. Consequently, the
presence of a polymeric layer negatively affects the interface between the two [55]. This can
lead to critical strain differences [56], diminishing the monitoring property of the sensor.
Therefore, with the aim of ensuring a robust interfacial bond when investigating the sensing
performance of smart coatings [57], [58], this work also focuses on the adhesion strength
variation caused by epoxy gluing and its impact on the sensing performance of

impermeabilized smart coatings.

In summary, this work examines the influence of different internal moisture conditions on CB-
based smart coatings. After determining the optimal saturation degree, epoxy encapsulation
was used to stabilise the water content in the sensors while shielding them from external
humidity. The objective of this work is to provide a sensing solution that can be applied as a

coating without hindering the mechanical properties of the structural elements under study.

6
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Despite a weaker strain propagation, the epoxy-sealing protocol demonstrated consistency and
reliability in the sensing response. The obtained trade-off between moisture control and sensing
reliability highlights the potential of these systems for monitoring civil engineering structures

and expanding the scope of structural health monitoring.

2. Materials and Methods

2.1 Materials
Smart coatings were produced by mixing Portland cement (CEM I —52.5N), supplied by
Hanson Cement, UK and conforming to BS EN 197-1 standard [59], with compressed
acetylene carbon black powder (Table 2), supplied by Thermo Fisher Scientific, UK. To aid
the mixing procedure, different percentages of superplasticizer, MasterGlenium C315 —
supplied by BASF, UK — were applied by weight of carbon black, providing consistent

workability for the varying CB concentrations investigated.

Table 2 — Carbon black properties as per the manufacturer.

Appearance (colour) Black
Form Powder
Ash (%) <0.50
Electrical resistivity (Q-cm) <0.25
pH 7.6
Moisture (%) 0.12
Average particle size (nm) 42
Surface area (m?/g) 75
Bulk density (g/L) 170-230

In view of practical applications of smart coatings, this study focused on concrete substrates as
a reference for most of the infrastructural environment. The substrate was fabricated by
blending sand and coarse aggregate with the cement mix (conforming to BS EN 206-1 standard
[60]). The sand had a 2 mm maximum size, a specific gravity of 2.56, and 0.6% water
absorption, while the coarse aggregate had an 11 mm maximum size, a specific gravity of 2.58,

and 1.8% water absorption, consistent with prior research [61]. The coarse aggregate size was
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chosen in agreement with standard BS EN 12390-1 [62] as the maximum dimension for
laboratory size applications. Moreover, coarse aggregates have the potential to increase the
interaction between the concrete substrate and carbon-based coatings. Indeed, when employing
repair layers on concrete substrates, failure occurs at the interfacial transition zone between the
two phases [63]. Thus, the presence of coarse aggregates, by enhancing friction and
interlocking effect between the two, facilitates the deposition of cementitious overlays and

modifies the failure modes [64], [65].

To secure and affix the coatings onto the concrete substrates, a two-part epoxy resin, Araldite®
rapid resin from Huntsman Advanced Materials, US and supplied by RS Components, UK,
was brushed on the coating’s surface with one single layer ~0.2 mm thick, which is assumed
to impart the greatest lap shear strength for construction applications [66]. The two-phase
rapid-hardening adhesive was characterised by a specific gravity of ~1.18, a viscosity of 25-
50 Pa.s at 25°C and a pot life of 5-8 minutes. Subsequently, 20 mm in length and 1 mm in
thickness copper wires, sourced from RS Components, UK, were incorporated within the

coating to ensure stable electrical connectivity throughout the system.

2.2 Sample preparation
This study focused on the strain monitoring of concrete beams (40 mm % 40 mm % 160 mm)
with the use of electrically conductive CB-cement paste coatings (7.5 mm X 3 mm x 80 mm).
Additionally, this research also highlighted the limits that the epoxy-driven application has on
the adhesion strength between carbon black-based pastes (40 mm x 20 mm X 40 mm) and
mortar specimens of equivalent size. The sensors’ geometry was optimized in relationship to
the substrate [67]. Future work could focus on improving the coating’s connection by adapting

its geometry to match the areal or torsional stiffness of the substrate under study.
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2.2.1 Cementitious substrates
The mix design used for producing cementitious substrates, in the form of concrete
(BS EN 206-1 [60]), is shown in Table 3 and followed a cement:water:sand:coarse aggregate
ratio of 1:0.45:2.1:3. A laboratory bench-scale blender was used for all mixes which were cast
into steel moulds previously sprayed with release oil. The concrete beams’ dimensions (i.e.,
40 mm % 40 mm % 160 mm) were chosen in agreement with similar works on flexural strain-
sensing systems [27], [68]. The samples were compacted for 2 minutes on a vibrating table to
release entrapped air and ensure adequate compaction. The specimens were then wrapped in
plastic and demoulded after 24 hours. After that, the hardened samples were left to cure at a

temperature of 20°C £ 2°C in a water tank for 28 days.

Table 3 — Mix design of the concrete substrate tested in this study (kg/m?).

Cement Water Fine Coarse
aggregate  aggregate
Concrete 178 829 1184
substrate

The concrete beams were reinforced with a 200 mm long @6 mm rebar, with a cover depth of
10 mm, to improve their mechanical performance under flexural loading. The rebar diameter
was selected according to the minimum longitudinal reinforcement of concrete set by the
standards (BS EN 1992-1 [69]). Additionally, this research investigated the adhesion influence
that epoxy has on the bond between cementitious substrates and carbon-based samples. A series
of mortar 40 mm X 20 mm x 40 mm prisms were cast, demoulded and cured analogously to
the aforementioned 40 mm x 40 mm % 160 mm prisms. Table 4 presents the mix design used
for producing mortar substrates (BS EN 998-1 [70]), with a cement:water:sand ratio of
1:0.45:3. Differently from the sensor response evaluation to strain, the adhesion test involved
mortar specimens as the cubic sample size proved to be unsuitable for concrete casting,

according to BS EN 12390-1 [62].
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The cement-polymer interaction primarily relies on the connection between the polymer
oxygen-groups and hydration products [55], [71], [72]. Hence, water has the ability to weaken
and disrupt this connection [71]. Since mortar has lower water absorption than concrete [73],
due to lower volume of aggregates [74], it is plausible that it retains a larger amount of water
on its surface. Thus, mortar was assumed to be characterised by a weaker interaction with the
polymer. On the other hand, concrete surfaces demonstrated an enhanced interlocking effect
with epoxy resin, attributed to the micro-voids and roughness characterising its surface [75],
[76]. Therefore, the use of mortar helped determine critical parameters influencing epoxy-
driven adhesion between two cementitious composites, as the interaction with the polymeric

resin is assumed to be weaker in mortar than in concrete [77], [78].

Table 4 — Mix design of the mortar substrate tested in this study (kg/m?).

Cement Water Fine
aggregate
Mortar 59 216 1437
substrate

2.2.2 Conductive sensor coatings

The cementitious conductive sensors were fabricated with a water-to-cement ratio of 0.45 and
varying filler content of 2, 3 and 4% by weight of cement (Table 5), labelled in the manuscript
as CB2, CB3 and CB4, respectively. The studied concentrations of carbon black, along with
the production, size, curing and application protocols for the samples, were developed in

agreement with previous work from the authors [67].

Table 5 — Mix design of the coating composition tested in this study (kg/m?).

Name Cement Water Carbon  Dispersant CB CB
black dosage dosage
[Wt%] [vol%]
CB2 2921.2 57.8 5.8 2.0 11.1
CB3 2906.8 1327.5 85.9 8.6 3.0 15.7
CB4 2892.4 113.5 11.3 4.0 19.9

10
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The sensing coatings were produced by initially blending the carbon black powder with half of
the mixing water and superplasticizer. The CB-based solution was mechanically stirred via a
rw20 mixing probe (IKA, UK) at 4000 rpm for 6 minutes. Subsequently, cement was
introduced into the homogeneous solution along with the remaining water, and mechanical
stirring continued for 5 minutes at 5000 rpm until achieving sufficient homogeneity for casting.
The casting and consequent curing techniques varied based on the application protocol, which
is discussed in the following section. For the sensing coatings, the electrodes (i.e., copper wires)
were vertically embedded in the coatings, aided by small pincers that controlled their position
and prevented any movement throughout the casting and curing phases. The locations of the

electrodes were chosen to represent the entire constant bending moment region (i.e., 60 mm).

2.2.3 Coating application protocol

Two types of application methodologies are introduced in this section, i.e., fresh and epoxy-
driven. The influence of both coating installation procedures was investigated in relation to
adhesion strength and electromechanical analysis. The fresh application protocol is
schematically represented in Figure 1a, for CB-based coatings. This consisted of casting the
fresh conductive CB-based mix on three hours old concrete prisms to ensure robust adhesion
between the two elements. The coating + substrate systems were subsequently sealed in plastic
film and removed after 24 hours. They were afterwards left to cure for 28 days by being
submerged in water (Figure 1b), in agreement with BS EN 13670 [79] and BS 8500 [80]. After
curing, the samples underwent a progressive drying protocol to be investigated at specific

saturation degrees, as described in section 2.3.2.
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Figure 1 — (a) Schematic representation of the mixing steps of CB-cement paste coatings and
concrete substrates. First, concrete is mixed and cast in 40 mm % 40 mm x 160 mm moulds.
After 3 hours, the conductive CB/cement mixture is produced and applied on top of the concrete
substratein 7.5 mm X 3 mm x 80 mm silicon moulds. Finally, the (b) composite system is left

to cure in water for 28 days.

In regard to the epoxy-driven method, as illustrated in Figure 2a, both the conductive coatings
and the concrete substrates were cast separately and submerged in water for 28 days.
Afterwards, the fully cured coatings were dried at a specific saturation degree (section 2.3.2)
and subsequently sealed with epoxy (Figure 2b). Finally, the carbon black-based sensors were

bonded to 28-day old concrete substrates (Figure 2¢) using the same polymeric resin. To ensure

12
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good contact between the coatings and the substrates, the entire system was pressed with a
constant weight for 24 hours. The coating + epoxy + substrate systems were tested in bending
and the influence of epoxy on the sensor’s electrical response was obtained and compared with

that of the coating + substrate systems for the same saturation degree.
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in water
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= mechanical substrate substrate submerged coating sealing
coarse mixing casting in water and gluing
aggregate

(a)

(b) ()

Figure 2 — (a) schematic representation of the enhanced application method for CB-cement

paste coatings onto concrete substrates. Concrete is mixed and cast in

40 mm x 40 mm % 160 mm moulds and, after 24 hours, left to cure in water. In parallel
conductive CB/cement mixture is poured in 7.5 mm X 3 mm % 80 mm silicon moulds and left
to cure for one day before being submerged in water. Finally, the sensing coating is (b) sealed

with epoxy and (c¢) accordingly glued to the hardened substrate.
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269 2.3 Experimental program

270 2.3.1 Adhesion strength

271  Splitting tensile bond tests were conducted to assess the adhesion strength between the concrete
272  substrate and the smart coating. Both the coating/epoxy/substrate and coating/substrate
273  interfaces were investigated following the same fabrication technique as the bending test
274  described in the previous section. Adhesion was assessed by the splitting tensile test on 40 mm
275  cubic samples, these samples comprised two halves: CB-cement paste and mortar (Figure 3).
276  This test was conducted for both the fresh and epoxy driven application methods, as
277  schematically depicted in Figure 3 a,b. Moreover, since epoxy may reduce the bond strength
278  between the two elements, adhesion was also assessed following a similar configuration while
279  incorporatinga 15 mm x 5 mm X 15 mm indentation in the prism with carbon black addition

280  (Figure 3 c,d).

'+'+i '+i

Cement + CB Epoxy Mortar Cement + CB Mortar

(a) (b)

+ +

Cement + CB Epoxy Mortar Cement + CB Mortar

(c) (d)

281

282  Figure 3 — Schematic description of samples tested (a,c) with and (b,d) without epoxy interface
283  between mortar and CB-based conductive cement. Samples (c,d) represent the 5 mm deep

284  indentation in the CB-based section.
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The bond strength was evaluated according to equation 1 by employing a load rate of 500 N/s.

The obtained values for all configurations were compared and evaluated accordingly.

2F

fer = TLd (eq. 1)

where f.; [MPa] is the bond strength, ' [N] is the load at failure, L [mm] is the load length and
d [mm] is the height of the tested element (BS EN 12390-6 [81]). Similar to the bending test,

the bond strength was defined by testing three identical cubic samples.

2.3.2 Drying protocol
To investigate the influence of moisture content on the electrical response of the carbon black-
based systems, the specimens were subjected to a controlled saturation and subsequent gradual
drying regimen, during which both electromechanical response and mass were measured at
specific time intervals. This technique was employed due to its simplicity and equipment
availability to indirectly assess moisture content in combination with electrochemical
impedance spectroscopy which validated any variation in the water conductive phase within

the sample. The drying protocol is depicted as a flowchart in Figure 4.
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Figure 4 — Flowchart showing the steps in the drying protocol and moisture characterisation

for strain sensing testing.

The initial step involved the saturation of the specimens with water, followed by a systematic
desiccation process where the weight was constantly measured to ensure stable inner moisture
for the duration of the sensing test. Water-saturated specimens were placed in an oven with a
constant temperature of 45°C to ensure the evaporation of moisture until the target weight was
reached. The drying temperature and duration were based on preliminary experiments,
achieving effective cement drying while avoiding rapid evaporation of inner water, which
would lead to internal stress accumulation [82] and impact the strain monitoring performance
of the sensors. Following the drying period, each sample was extracted from the chamber and
placed in a sealed plastic bag for approximately 4 hours to prevent moisture exchange with the
surroundings. The system was able to cool under laboratory conditions (20 = 5°C, RH = 50%)
until both internal and surface temperatures equilibrated with the laboratory environment. This

step was critical in ensuring that no high temperature would affect the electrical properties of
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the conductive system (i.e., Seebeck effect [83]). Ultimately, a sample was considered dried
when no mass change was witnessed between two consecutive days of oven-drying. The

moisture content at a specific time interval was quantified using equation 2 [29]:

wi- Wdry
Wdry

M; (%) = (eq. 2)
where Wiis the sample weight at a specific instant (i) and Wy is the weight of a fully dried

specimen. In agreement with Zhang ef al. [21], the saturation degree was calculated as:

M;

SD;(%) = (eq. 3)

where M; is the moisture content at an instant i and Mg, is the moisture content for fully

sat

saturated specimens. Finally, the electromechanical tests were conducted on samples at
saturation degrees of 90%, 75%, 50% and 25%. The investigated saturation degree interval was
considered suitable to cover realistic working conditions of self-sensing specimens [21]. At the
end of each strain-sensing test, the weight of the specimen was measured to ensure that the
change in the system’s moisture was less than 5%. Preliminary tests were also developed
towards both fully saturated (SD = 100%) and dried (SD = 0%) configurations. Nonetheless,
these conditions were not investigated in this study as it was unfeasible to maintain such

saturations for the entire duration of the test.

For instance, fully saturated samples rapidly released some of the inner moisture to the
surrounding environment during the duration of the test. Indeed, the rapid moisture equilibrium
dynamics occurring inside the materials led the samples to adapt to the surrounding
environment. On the other hand, the complete drying of specimens led to thermal expansion
and, consequently, fractures within the specimens’ microstructure. Moreover, preliminary
sensing tests with very low saturation degrees showed no consistent electrical response and,

consequently, this configuration was not considered any further.
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To address these issues, future work could investigate the influence of implementing different
drying and moisture stabilisation methods to the microstructural integrity of the conductive
system. Possible solutions involve slower drying rate or the use of chemical desiccation
protocols [84]. Additionally, future studies could modify the duration and frequency of the
sensing test to reduce moisture fluctuation during the experiment; potential modifications
include adjusting the loading rate or reducing the number of loading cycles. For instance,
increasing the load speed can help reduce testing time and decrease the moisture variability.
However, the loading rate should be designed to ensure compatibility with the data collection
frequency, not to impact the sensor’s resolution. Alternatively, the specimens could be
preconditioned at an earlier stage and subsequently placed in a humidity chamber to correct

any moisture variation before being reloaded for a shorter duration.

2.3.3 Electromechanical test

Once the specific saturation degree was achieved for all specimens, the sensor response
evaluation to strain was conducted. The prismatic samples were subjected to external flexural
load within their elastic domain. The application of flexural load for strength and sensing tests
was accomplished with an Advantest9 Uniframe machine — supplied by CONTROLS, Italy. A
4-point bending test, with a loading rate of 50 N/s, was used to determine the flexural strength
of 40 mm % 40 mm X 160 mm prisms of CB-cement paste (Figure 5) according to equation 4:

3 PL
fo=3,7 (eq. 4)

where f, [MPa] is the flexural strength, P [N] is the maximum load at failure, L [mm] is the
support span, b [mm] is the width of the test beam and d [mm] is the depth of the beam. The
flexural strength was obtained by testing three identical samples for each carbon black dosage

to provide statistical confidence in the measurements.
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Figure 5 — Experimental setup for electromechanical testing of a concrete beam with
conductive coating (all units in mm). The coating is here shown with some transparency to

better present the embedment of the copper wires used as electrodes.

Via 2-probe method [85], [86], the application of alternate current was implemented using a
potentiostat PGSTAT204 (Metrohm, Switzerland) to minimise the polarization effect in the
system. The voltage amplitude of 0.5 V was selected as the optimal value for sinusoidal signal
to ensure a stable and linear response within the system [87], aligning with previous studies
[88], [89], which have demonstrated its effectiveness in perturbing cementitious binders.
Regarding the frequency range (between 20 Hz — 300 kHz at 9 points per decade), the upper
limit was chosen to ensure a stable electrochemical impedance response from the equipment,
avoiding instrumental and environmental noise at higher frequencies. The lower frequency
limit, on the other hand, was selected to adequately capture the Nyquist plot's low-frequency
region without significantly increasing the measuring time. Preliminary frequency analyses
between 1 Hz and 300 kHz were significantly more time-consuming and did not yield
additional useful information compared to the chosen range. The bulk resistance, obtained by
deconvoluting the impedance spectrum, can be used to define the effective conductivity,

defined by equation 5:

- G) = Opulk (eq. 5)

Rpuik

where Ryui 1s the resistance value corresponding to the ionic conduction of the interconnected

pores in parallel with the electronic conduction through the conductive filler [21] [Q], L is the
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distance between the pair of chosen electrodes or gauge length [m] and A is the cross-section
of the specimen [m?]. The findings detailed in Section 3.1 showed the significance of ionic
conduction in contributing to the electrical response.

After assessing the electrical properties, this study evaluated the strain sensing response of the
coatings by measuring changes in their resistivity under applied loads. This is referred to as the
Fractional Change in electrical Resistivity (FCR) [90]. Within the elastic range, 20 load cycles
were applied to cementitious prisms as displayed in Figure 6. The load ranged between
0.84 MPa (0.6 kN) to 4 MPa (2.84 kN), with a loading rate of 50 N/s, all within a standard
laboratory setting. The minimum and maximum thresholds represented 5% and 20% of the
substrate’s flexural strength, respectively. The maximum load was selected to ensure bending
within the sample’s elastic region. The preload was chosen to produce irreversible minor
damage in the coating, enhancing the sensor’s response amplitude to external load [91]. The
number of cycles was chosen as the electric output tended to stabilize due to polarization drift
and drying of trapped water. Consequently, the assessment of load sensitivity focused on the
last 5 cycles, where a stable sensing response was attained. The electromechanical study
involved three carbon black concentrations (i.e., 2, 3 and 4 wt%) each at four different

saturation levels, i.e., 90%, 75%, 50%, and 25%.
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Figure 6 — Graphical representation of 20 loading cycles applied to concrete prisms and
ranging between 0.84 MPa (0.6 kN) to 4 MPa (2.84 kN), over 1000 seconds with a loading
rate of 50 N/s.

The strain value (g) at the midpoint of the concrete beam was precisely determined using
Digital Image Correlation (DIC) with GeoPIV-RG [92]. When subjected to external loads, the

relationship between FCR and the induced strain can be defined using equation 6.

FCR=2"2=}.¢ (eq. 6)

Po
where p is the instantaneous resistivity, which is a function of the state of strain and the
conductive filler, po is the initial resistivity value (i.e., when no load is applied) which depends
mainly on the conductive filler, € is the strain and A is the angular coefficient of the FCR-¢
curve. Ultimately, the strain sensitivity was determined through the gradient of the linear
regression applied to the FCR versus strain plot. This sensitivity is defined as the fractional

change in resistance per unit strain, commonly referred to as the gauge factor (GF).
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3 Results and discussion

3.1 Saturation degree influence on strain-sensitivity
This section discusses the flexural strain response of smart coatings applied on concrete prisms
in bending at four different saturation degrees (SD): 90%, 75%, 50% and 25%. In this case, the
coatings were not sealed from external environments and their application technique is

described in Figure 1.

The FCR amplitude in each strain cycle correlates with the coating's strain sensitivity, as
demonstrated in Figure 7, which compares the electrical response of smart coatings for varying
saturation degrees against the strain development in the concrete substrate's bottom layer. The
obtained measurements were related to the micromechanical behaviour of functional fillers
getting strained inside the partially insulating matrix [93]. Self-sensing materials in bending
typically present both increase and decrease in the FCR, however, given the localised
application of the sensor, the piezoresistive response was only characterised by a resistance
increment due to the progressive stretching and separation of conductive particles for each

loading cycle, before returning to almost initial conditions when unloaded [5].
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Figure 7 — Strain and FCR time histories for (a,d,g,j) CB2, (b,e,h,k) CB3, and (c,f,i,]) CB4
smart coatings, applied on partially reinforced concrete beams subjected to cyclic flexural

loading. Each configuration was tested at a constant saturation degree of (a,b,c) 90%, (d,e,f)

75%, (g,h,1) 50% and (j,k,1) 25%.

The strain sensing test analysis in Figure 8 reveals the various trends across different saturation
degrees. In agreement with equation 6, the linear fit for all loading cycles (black line and blue
dots in Figure 8) provided the gauge factor and coefficient of correlation. For cementitious
composites containing 2 and 3 wt% of carbon filler, the gauge factor gradually decreased as
SD reduced from 90% (GFawu=55.5+6.0 and GFswy% =39.1+£5.7) to 50%
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(GFawie = 10.1 £ 1.5 and GF3wi, = 11.4 £1.6). However, the strain sensitivity peaked at
SD =25% for both dosages reaching a maximum of 168.1 +£45.6 and 230.7 + 25.8 for CB2
and CB3 respectively. In contrast, cementitious composites with4 wt% of conductive additive
exhibited a progressive increase in the gauge factor, starting from a minimum value of
35.9 £2.5 at 90% to a maximum of 101.4 + 10.1 for SD = 25%. The fractures developed in the
microstructure at each loading cycle can influence the conductive network of the matrix, and
consequently its response to strain, particularly in samples with low inner water content

(SD = 25%).

Additionally, minor fluctuations in internal moisture (<5%) during electromechanical testing,
although impacting all measurements, significantly affected samples with higher FCR
responsiveness. These variations were quantified by weighing the specimens immediately
before and after the electromechanical test to provide an accurate measure of internal moisture
(Figure 4). To minimise the impact of moisture fluctuations on the electrical performance, and,
consequently, strain-sensitivity, possible measures include conducting the electromechanical
test within a controlled environmental chamber or applying a more robust moisturebarrier [25],

[94].
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Figure 8 - FCR vs strain for substrates/coatings subjected to monotonic flexural load (last 5
loading cycles), and linear fit models, as a function of varying CB dosage: (a,d,g,j) 2 wt%;
(b,e,h,k) 3 wt%; and (c,f,1,1) 4 wt%. Saturation degree = (a,b,c) 90%; (d,e,f) 75%; (g,h,1) 50%;
and (j,k,1) 25%.

Figure 9 summarises the trend for flexural gauge factor as a function of saturation degree and
carbon black dosage. Coatings with nearly exclusive electronic conduction (SD = 25%)
exhibited the highest sensitivity to external loads, yet gauge factor trends varied with CB
concentrations. This behaviour was attributed to the bulk conduction mechanism and

ionic/electronic balance within the matrix [15], [95]. Increasing the filler content can enhance
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the moisture dependency of bulk conductivity through a rise in the solid-liquid interfaces. This
effect, however, can be reduced by a high filler content which mitigates short-circuiting

because of numerous particle contact points [21].

For samples with filler inclusion at 2 and 3 wt%, a growing presence of capillary water
disrupted electronic conduction between CB particles, resulting in a decreased gauge factor
[32]. Indeed, high conduction did not necessarily correspond to an analogous sensing property.
In contrast, the low conductivity achieved by cementitious samples with 2 and 3 wt% of CB
produced a highly unstable electrical network which was significantly influenced by any
strain/stress variation. Since the effect of moisture on the sensing performance of coatings is
limited, the obtained response can be discussed in comparison with bulk applications. For
instance, Dong et al. [24] subjected cement paste cubes with 3 wt% CB addition to 3 cycles of
compressive loading up to 2 MPa. The highest FCR magnitude of 12% was achieved for
samples with a water content of 8%, and the maximum FCR progressively decreased as the
water content increased. Similarly, in this study, a decrease in FCR was observed as the
saturation degree increased. However, at partially saturated conditions (i.e., 90%), CB2 and
CB3 coatings exhibited a recovery in strain sensitivity, with maximum FCR amplitudes of

5.4 +0.4 and 4.8 = 0.6, respectively.

When using a low filler dosage, a higher water presence modified the percolation zone,
significantly relying on ionic conduction contribution. It could be posited that the electric
network in the matrix, due to the low filler concentrations, benefitted from a large presence of
water which contributed to an ionically dominant conductive network. Wang et al. [30] found
a similar pattern when including 2.5 vol% carbon nanofibres in mortar samples subjected to
cyclic compressive loading. Applying 5 MPa corresponded to a maximum FCR amplitude of
2% for a water content of 1.5%, which led to a gauge factor of 84.8. As moisture content
increased to 2.64% the gauge factor decreased to 29.9. Del Moral ef al. [25] found an analogous
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strain sensitivity trend for cement pastes including 1 wt% CNT subjected to multiple
compressive loading cycles with a 4.06 MPa stress amplitude. For low saturation degrees, they
obtained an FCR variation of 8%, corresponding to a gauge factor of ~3.2, followed by a sharp
decrement for wetter conditions (25% < SD < 50%). Similar to the findings presented in this
study, for large inner water concentrations, the gauge factor began a progressive increment,

peaking at the saturation degree of 71%.

In contrast, the 4 wt% CB dosage reached a balance between ionic and electronic conduction
mechanisms, maintaining a relatively stable micromechanical performance as the material
dried. A similar pattern was observed by Wen & Chung [19], who tested the strain sensing
response of carbon fibre-based cement pastes in wet and dry conditions. They found that when
applying o, = 2.5 MPa to specimens with a filler concentration of 0.5 wt%, the gauge factor
decreased from 276 under dry conditions to 220 under wet conditions. This behaviour, in
agreement with percolation theory, can be attributed to the abundant presence of conductive
filler, which guaranteed uninterrupted electronic connections throughout the matrix and,

therefore, a lower and more linear dependence on moisture [28].

Therefore, higher saturation degrees decreased strain sensitivity as excessive moisture overly
stabilizes the conductive network. Consistent findings were obtained by Dong et al. [49], who
found that submerging cement pastes with 1 wt% CB in water for 24 hours decreased the
composite’s piezoresistive response. When compressively loaded up to 5 MPa, CB-based
samples experienced a variation in the FCR amplitude from 40% to 25%, before and after
saturation respectively. The addition of large amounts of filler increases the porous network
and water channel [96], which, in turn, increases the electrical conductivity but decreases the

strain sensitivity [97].
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Figure 9 — The gauge factor for 2, 3 and 4% CB dosage in the cement—based coating for
varying saturation degree (i.e., 25, 50, 75 and 90%). The standard deviation was defined by
comparing gauge factors of samples with the same filler concentration and inner moisture

content. Refer to online version for colour representation.

By interpreting the logarithmic Nyquist plots in Figure 10, which depict cementitious pastes
with varying carbon black dosages at different saturation degrees, the transition in the
water/filler conduction mechanisms becomes evident. An equivalent circuit can be defined
from the interaction between the contact resistance of the electrodes and the capacitance and
resistance of the pore solution, cement paste and conductive fillers [98]. The first semicircle
can be deconvoluted into the contribution of electrical double layer (EDL) between cement and
the electrolytic solution, ionic conduction and electron hopping [42], [99]. The mid-arc is
related to the EDL between conductive particles and electrolytic solution [100], [101], [102]
while the Warburg line at low frequencies is associated with the electrode/electrolyte

interaction [42], [103], [104].

Thus, for all three filler concentrations, the Warburg line disappeared as the influence of water
progressively reduced. Consequently, the first and mid arcs were characterised by a descending

electrical resistance. Indeed, when water evaporates, the resistance/conductance of the pore
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solution is substituted by insulating air [15], [99], leading to less conductive pathways [105].
The imaginary part of the impedance (-Z’’) behaved similarly. Nonetheless, its decrement was
smaller for higher carbon black dosages. This proved that the electrical capacitance and
polarization effect were particularly influential in the strain sensing performance for coatings
with lower filler additions [30]. Indeed, at high filler concentrations (e.g., 4 wt%), there is a
lower dependence on moisture because there is a stable and mutual conductive bulk-cluster
pathway amongst the particles [28]. In addition, the obtained results showed that EIS has the
potential for continuous in-situ monitoring of moisture under varying environmental
conditions. This technique can help deconvoluting the contributions of various conductive
phases within cementitious matrices, offering a real-time and non-destructive method to
monitor changes in internal water content. However, this type of application presents several
challenges, including the need for preliminary sensor calibration and robust application of the
coating to withstand harsh environments. Additionally, the integration of real-time data
analysis and wireless data transmission for remote monitoring would necessitate significant

electronic optimisation before any practical implementations.
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Figure 10 — Nyquist logarithmic plots for (a) CB2, (b) CB3 and CB4 (¢), at a frequency range
of 1 Hz — 10° Hz, as a function of saturation degree: 90%; 75%; 50%; and 25%. All systems at
high inner water content displayed three semi-circles that progressively reduce to two as the

moisture decreases and the electrical contribution of the free water reduces [106].

When considering large inner water concentrations, coatings with 2 wt% of filler reached
maximum sensitivity under flexural strain. However, this study has proven that coatings with
3 wt% carbon black can reach the highest gauge factor performance in partially dried settings.
Therefore, this mix design was selected for future tests, ensuring all experiments were
conducted at the optimal saturation degree of 25%. Nonetheless, the obtained empirical trends
can only be partially interpreted theoretically via percolative interaction between water and
conductive fillers. Therefore, future work will focus on simulations at the nanoscale to better
frame the contribution of each phase to the electronic transport mechanism, refining percolation

theory for practical applications in water-dependant settings.
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3.2 Epoxy encapsulation
Since this study focused on exploiting the strain-sensing properties of carbon black based smart
coatings, the epoxy encapsulation becomes a critical step to be analysed to deduce its influence
on the adhesion strength and subsequent contribution to the sensor’s electrical response to

strain.

3.2.1 Adhesion strength
This section examined epoxy adhesive's impact on bond strength between a mortar substrate
and smart coating using a 40 mm cube. The adhesion results for all configurations of carbon-

based cement paste and mortar are depicted in Figure 11.
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Figure 11 — Adhesion strength of 40 mm x 20 mm % 40 mm prisms (CB-based paste and
mortar) bonded with and without epoxy adhesive. The x-axis represents the presence of a
15 mm x 5 mm % 15 mm indentation on the carbon black paste. Refer to online version for

colour representation.

The results present a clear variation between the system with and without epoxy bonding. The
use of polymeric resin led to a bond strength decrement of approximately 27% with respect to
cement-cement interaction. This behaviour agreed with existing cases on repair and
strengthening techniques, where the presence of an interstitial section reduces the overall

adhesion strength [55], [107]. Nonetheless, the obtained strength of 2.43 MPa was still
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considered serviceable according to BS EN 1504-3 [108], therefore its adhesive potential could
be used for strain-sensing purposes. In addition, for systems with epoxy interface, the presence
of the indentation caused a negligible 4% increment in the bond strength. Such a variation was
around 25% for samples presenting the indentation with no epoxy gluing. Indeed, the bonding
agent acted as a plane of separation between the two halves [109], regardless of any possible

benefit from the indentation.

It could be posited that the moisture on the two surfaces led to water interference between the
bonding agent and the cementitious prisms [110]. Moreover, reduced surface roughness is an
additional factor that can affect the epoxy compatibility with cement paste and concrete [111].
Indeed, when gluing two cementitious sections, epoxy polymers flatten their surface,
diminishing the importance of their superficial roughness [107] and interlocking effect [72].
This, combined with moisture, is influenced by the polymeric chains of the resin which struggle
to adhere to the C-S-H when loaded. Finally, epoxy interaction with coating and substrate is
affected by its shrinkage. Similar to cement-to-cement applications, differential volumetric
variations between the various phases can diminish the adhesive potential of the resin, leading
to micro-voids and cracks at the interface [112]. To overcome these limitations, both
mechanical and chemical surface treatment methods can be employed to modify the surface
texture and chemistry, promoting better interaction and strain transfer between the sensing
coating and the substrate [ 113]. Potential techniques include pre-drying the application surface
[114] and/or using surface roughening methods [115], which improve the overall adhesion
performance of epoxy. However, these techniques were not used to better simulate real-case

applications with sensing systems applied directly to untreated substrates.

To further improve the bonding capability of the polymeric encapsulation, future studies could
focus on employing a specific bonding agent [116]. While epoxy resins are widely recognized
for their adhesion properties with cement [55], alternative encapsulation materials, such as
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silane [117] and decane carboxylic acid [118], can be used as protective layers for cement,
reducing hydrophilicity and inhibiting water ingress in C-S-H capillary pores [119].
Additionally, using a more ductile impermeabilization layer would benefit the sensing

coating’s design, particularly when loading the system within its plastic domain.

Future work shall address the limited long-term durability and stability of the resin when
subjected to external conditions. Indeed, UV exposure [121], thermal variations [122] and
chemical attacks [123] can mechanically and chemically deteriorate the sealing structure,
failing its protecting purpose. To mitigate these effects, antioxidants, photostabilizers and heat
stabilizers could be employed to protect the resin from oxidation, light and thermal-driven
degradation [120]. Additional research is required to enhance the impermeabilization durability

through long-term field testing and accelerated aging studies.

3.2.2 Sensor response evaluation

Based on the investigation in section 3.1, all coatings with a saturation degree of 25% resulted
in the highest strain-sensing performance for their respective concentration e.g. 2, 3 and 4 wt%.
As aresult, these sensors were sealed at this specific moisture level and attached to the concrete
substrates with epoxy. Their sensing capabilities under 4-point bending within the elastic
domain were further explored. Figure 12 displays the electrical behaviour of the sensing
coating under cyclic loading while Figure 13 represents the FCR of each different coating

plotted against the tensile strain of the bottom side of the substrate.
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Figure 12 — FCR and strain time histories for epoxy sealed CB-based coatings with (a) 2, (b)
3 and (c) 4 wt% filler dosage.
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Figure 13 — Electric response of epoxy sealed sensing coatings plotted against the tensile strain

of the concrete substrate: (a) CB2; (b) CB3; and (c¢) CB4.

Figure 14 displays the gauge factor for both sealed and unsealed coatings, at a constant
saturation degree of 25%. When comparing the obtained sensitivities with the performance of
directly cast coatings at the same SD, all epoxy-applied samples witnessed an average
decrement in their strain sensitivity of 52 + 9%. Such a performance was attributed to the epoxy
layer between the coating and the substrate and the subsequent interaction weakening in this
three-phase system, i.e., sensing coating, epoxy adhesive and concrete substrate. Indeed, using
epoxy adhesive for traditional concrete strain gauge measurements introduces variations due
to its thickness and curing conditions [56]. The presence of a soft adhesive causes a strain
redistribution which in turn results in a lower strain transfer to the sensor [124]. This epoxy-

driven installation resulted in an average 25 + 6% adhesion reduction (Figure 11) which, in
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turn, led to lower gauge factors for the studied CB-based sensing coatings; specifically,

65.3 £ 4.3 for CB2, 110.9 £+ 35.5 for CB3 and 58.6 + 6.4 for CB4.

This ascending/descending trend was similar to what was defined in the literature by Li & Li
[125]. They investigated CB-based mortar specimens, obtaining gauge factors of 52, 247 and
105 for 2.5, 5.0 and 10.0 vol% filler concentration, respectively. This descending trend was
attributed to the variation of the tunnelling effect and percolation phenomena inside the matrix
for increasing carbon black concentrations [47]. Higher dosages of conductive fillers led to a
denser network that became less responsive to any load variation [5]. When comparing the
obtained gauge factors (Figure 14) with carbon black-based bulk applications in compression,
e.g.,95[126],96 [127],111 [128], they presented slightly higher sensitivities to CB2 and CB4
but were similar to CB3. For externally applied coatings in bending, Baeza et al. [ 129] reported
a gauge factor of 64.8. Further studies used the FCR amplitude as a metric to evaluate the
sensing performance. In this study, this value reached 6.1, 8.2 and 4.8, for carbon black dosages
of 2, 3 and 4 wt%, respectively. Within the literature, Wen & Chung [68] obtained a maximum
FCR in tension of 0.15%. Kim et al. [27] reported an amplitude of 2% while Durairaj ef al.
[130] noted values between 10-15%. Overall, the maximum FCR values of this work were
withinrange of those found in the existing literature. It should be mentioned though that limited
information could be extracted from this value alone and sensing coefficients are a more

suitable approach to characterising sensors.
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Figure 14 — Strain sensitivity for coatings with (Epoxy application) and without (Fresh
application) epoxy gluing onto the concrete substrates. Values shown for 2, 3 and 4% CB
dosage in the cement—based coating ensuring a constant saturation degree for all specimens of
25%. The standard deviation was defined by comparing the gauge factors of samples with same

filler concentration and installation protocol. Refer to online version for colour representation.

To summarise, in view of structural monitoring for existing structures, epoxy-driven adhesion
becomes essential to ensure the durability of the sensing coating on the area under monitoring.
Particularly in scenarios where a fresh sensing layer is applied to a substrate that has already
undergone its drying and shrinkage phase, the absence of an epoxy coating could result in the
early detachment of the smart coating. The use of epoxy resin, however, led to a reduced bond
strength between the CB paste and substrate. Since the monitoring capability of externally
applied coatings is primarily dependent on their interaction with the substrate [54], a poorer
interface between the two led to significant strain differences [56] which in turn caused a
reduction in the strain-sensing property. Despite this reduced interaction, employing epoxy
impermeabilization results as a highly necessary step for stabilising the impact of water on the
system’s conduction mechanism and, therefore, its strain sensitivity. Moreover, the obtained
electrical response was within the same range of values described in the literature for bulk
applications in compression and for coatings in bending.
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In conclusion, this study has described the development and installation protocol of a CB-based
smart coating capable of providing a reliable and stable sensing measurement. Additional
studies are required to assess the performance of the moisture-sealed system when fracture
occurs in the substrate and propagates to the coating itself. Extreme damage in the coating is
expected to fracture the epoxy layer and lead to a subsequent sudden increase in electrical
resistance, providing a critical warning sign of significant fracture extension. Potentially, epoxy
could be replaced with a more ductile polymeric resin capable of stretching, tailoring its
stiffness to break and influence the electrical response at specific serviceability or ultimate limit
states, critical for the parenting structure under study. Experimental approaches could include
real-time monitoring of electrical resistance during controlled fracture tests [11], while
analytical methods could involve finite element or lattice modelling at the microscale to predict
the behaviour of the smart coating under various stress conditions [131]. Hence, future work
shall also examine the long-term limitations of smart coatings in relation to the durability and

stability of polymeric encapsulation.

4 Conclusions

This study investigated the influence of inner moisture on the electrical properties and strain-
sensing characteristics of carbon black-based cementitious coatings applied onto concrete
substrates. Different saturation degrees were considered for coatings attached to the surface of

the substrate and encapsulated in epoxy resin to seal the inner humidity.

The following conclusions were drawn from the results and discussions presented in this study:

e An optimal saturation degree for the system was defined at 25% where a balance
between carbon black particles, water and free ions was achieved, significantly

enhancing the strain-sensing response.
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e The maximum gauge factor for sensing coatings attached on the tension surface of
concrete beams subjected to elastic flexural load was 168.1 £45.6 for 2 wt%,
230.7 = 25.8 for 3 wt% and 101.4 = 10.1 for 4 wt% of added carbon black.

e Epoxy-driven sealing, while reducing the adhesion strength by 27% (2.43 MPa)
compared to cement-on-cement interfaces, effectively impermeabilized the sensing
system, stabilising its electrical properties.

e Despite halving the strain-sensing capabilities, epoxy-encapsulated sensing coatings
presented gauge factors comparable to conventional sensors (i.e., GFowe, = 65.3 £4.3,
GF3wi, = 1109 £35.5 and GFawy = 58.6 £ 6.4), underscoring their potential in

structural health monitoring.

In summary, the interplay between inner water and conductive fillers significantly influences
the electrical properties and strain sensing behaviour of cementitious composites. Although
epoxy encapsulation reduces mechanical bonding strength, it is crucial for controlling moisture
and maintaining a stable sensor performance. This study has confirmed that achieving optimal
moisture/filler balance is crucial to maximising strain sensitivity. Therefore, standardising the
design and application protocol for CB-based coatings through effective epoxy encapsulation
ensures stable and consistent strain-sensitivity in different environmental conditions, across the
designed sensing life. The coatings investigated in this study demonstrated how smart materials
can be used to enhance the longevity and safety of various structure types when compared to
conventional sensors. Possible large-scale field analysis could employ the smart coatings
described in this study, providing both moisture control and sensing monitoring. This
application ensures that the strain sensors, applied across the structure’s most critical sections,
maintain stable performance regardless of external environmental conditions. Additionally,
reference sensors could be deployed for any necessary compensations in electrical readings.

Future studies will focus on optimizing these smart sensors for broader applications, including
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damage sensing and corrosion monitoring. Indeed, when loading the system within its plastic
domain, a stable water concentration is maintained through the epoxy encapsulation. This
stability in electrical properties can be exploited for the continuous monitoring of crack
initiation and propagation at the substrate level, further extending the coatings’ contribution to

accomplish intelligent infrastructure.
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