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Abstract: Sustainability, safety and service life expansion in the construction sector have gained a lot
of scientific and technological interest during the last few decades. In this direction, the synthesis and
characterization of smart cementitious composites with tailored properties combining mechanical
integrity and self-sensing capabilities have been in the spotlight for quite some time now. The
key property for the determination of self-sensing behavior is the electrical resistivity and, more
specifically, the determination of reversible changes in the electrical resistivity with applied stress,
which is known as piezoresistivity. In this study, the mechanical and piezoresistive properties of
mortars reinforced with carbon nanotubes (CNTs) and carbon micro-fibers (CMFs) are determined.
Silica fume and a polymer with polyalkylene glycol graft chains were used as dispersant agents
for the incorporation of the CNTs and CMFs into the cement paste. The mechanical properties of
the mortar composites were investigated with respect to their flexural and compressive strength. A
four-probe method was used for the estimation of their piezoresistive response. The test outcomes
revealed that the combination of the dispersant agents along with a low content of CNTs and CMFs
by weight of cement (bwoc) results in the production of a stronger mortar with enhanced mechanical
performance and durability. More specifically, there was an increase in flexural and compressive
strength of up to 38% and 88%, respectively. Moreover, mortar composites loaded with 0.4% CMF
bwoc and 0.05% CNTs bwoc revealed a smooth and reversible change in electrical resistivity vs.
compression loading—with unloading comprising a strong indication of self-sensing behavior. This
work aims to accelerate progress in the field of material development with structural sensing and
electrical actuation via providing a deeper insight into the correlation among cementitious composite
preparation, admixture dispersion quality, cementitious composite microstructure and mechanical
and self-sensing properties.

Keywords: carbon microfibers; carbon nanotubes; cement; piezoresistive; flexural strength; compressive
strength

1. Introduction

Cementitious-based materials are widely used in the construction engineering field
due to their low cost, rich resources and high compressive strength. These materials are very
popular because they can easily be produced and used locally and have good environmental
adjustability [1,2]. However, such constructions are subjected to deterioration due to
erosion and corrosion processes. Therefore, cement composite materials are reinforced
using several fillers such as carbon nanotubes (CNTs), carbon nanofibers (CNFs) and
microfibers (CMFs), inorganic nanoparticles, graphene oxides, etc. The incorporation of
these fillers aims to improve the mechanical as well as electrical and thermal properties of
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the produced composite materials [3]. The enhancement of mechanical properties leads to
constructions with increased mechanical integrity, whereas the enhancement of electrical
properties renders them with self-sensing properties. As a result, smart and sustainable
infrastructures with improved service life, reliability and durability are developed [4].

CNTs attain exceptional properties, which are attributed to their unique structure,
namely their enhanced mechanical properties (high tensile strength (11–63 GPa), elastic
modulus (270–950 GPa), stiffness) combined with their low density (2.1 g/cm3) and ex-
tremely elevated surface area. Additionally, they have high electrical (106–107 S/m) and
thermal conductivity (3000–3500 W/m·K) while being chemically stable in most aggressive
mediums and thus being corrosion-resistant [5]. Carbon nanotubes are widely used as
cement-reinforcing materials because of their enhanced mechanical properties, as men-
tioned earlier, and carrying capacities due to the presence of sp2 hybrid orbitals in their
covalently bonded C atoms, along with their high aspect ratio and fiber-like structure.
Their high electrical conductivity, which is attributed to their π C-C bonds on the z-plane,
can potentially reinforce the piezoresistive properties of cementitious materials containing
them [6]. According to the literature, CNTs embedded into concrete act as bridges across
voids and cracks, forming interfacial bonds with cement, thus resulting in compressive
strength improvement [7–9]. Similar outcomes have been observed in studies by Haddad
et al. [10], Li et al. [11] and Wang et al. [12]. The direct fabrication of CNTs on clinker so as
to be employed in cement-based materials is also mentioned in the literature by Calixto’s
research group [13]. In the work of Moon et al. [14], it is stated that the effective disper-
sion of CNTs in ultra-high-performance concrete leads to, on the one hand, a remarkable
enhancement in electrical conductivity and, on the other hand, the formation of a denser
structure with improved mechanical properties with respect to stiffness.

Carbon fibers are also widely used as fillers for cement composites due to their unique
properties such as fatigue, creep, corrosion and high temperature resistance. Moreover,
their chemical stability and electrical conductivity, along with their light weight and high
specific strength, enable the usage of CMFs as fillers in concrete. The work of Gao et al.
reported that the mechanical properties of cement-based composites with respect to flexural
strength are enhanced and the resistivity is decreased after the incorporation of CMFs [15].
Chuang et al. stated that the CMF concentration influences the conductivity of cement-
based composites [16]. The work of Diaz et al. indicated that the incorporation of short
CMFs in cement paste results in a reduction in resistance [17]. In the research of Wang
et al., it was revealed that both the bending strength and conductivity of cement-based
composites are improved with better CMF distribution [18].

Over the last few years, both CNTs and CMFs have received increasing interest as
fillers. Lee et al.’s research group found that both CMF and CNT incorporation in cementi-
tious composites improves the stability of the electrical resistivity of the composites [19].
The embedment of them into cementitious-based materials imparts improvement in their
final mechanical properties with respect to flexural and compressive strength. Moreover,
the electrical resistivity of the materials varies during a loading–unloading procedure,
indicating the material’s sensing capability. In the work of Yoon et al., the synergistic effect
of CMFs and CNTs that were added into cement composites was investigated with respect
to their electromagnetic wave shielding properties [20].

However, an important factor that influences the final behavior of cementitious-based
materials is the dispersion quality of the CNTs and CMFs in the matrix. More specifically,
pristine CNTs do not exhibit sufficient dispersion when incorporated into different matri-
ces [5,21–24]. Agglomerates of CNTs and CMFs are formed during the dispersion process
due to their intrinsic hydrophobic surfaces, their high rigidity and their chemical inert
behavior, all due to π-π bonds between the carbon atoms of their lattices, which are very
strong. The π-π bond strength is also affected by the specific structure of CNTs. Namely,
according to their synthesis techniques/methodologies, single-wall CNTs (SWCNTs) or
multi-wall CNTs (MWCNTs) can be produced. SWCNTs are considered hollow cylinders
that are produced by rolling a single graphite sheet in such a way that their ends meet.
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Their diameter and length are approximated as 2 nm and 2 µm, respectively, while their
bandgap ranges between 0 and 2 eV. MWCNTs comprise 2–10 coaxial graphene layers so
that their diameter and length are >10 nm and 0.5–50 µm, respectively. Consequently, it
can be deduced that the overall efficiency of CNT incorporation in composite materials
is highly dependent on several morphological characteristics, such as size, shape and
classification, according to their structure, namely if they are SWCNTs or MWCNTs [5].
Thus, many attempts have been made to improve the dispersibility of CNTs and CMFs in
cement composites. In the literature, there are several studies reporting on the employment
of silica fume as a dispersing agent for cement fillers such as CNTs and CMFs [25,26]. Silica
fume can enhance the strength of concrete because of its chemical composition. It has been
proven that concrete that contains silica fume can preserve its strength for a long time. The
positive effect of silica fume is attributed to its spherical-shaped particles that penetrate into
the cementitious composites and increase the distance between the fillers [27,28]. Kim et al.
found that the incorporation of silica fume in concrete led to the enhancement of its mechan-
ical and electrical properties because of the improvement in CNT dispersion [29]. Stynoski
et al. showcased that the use of silica fume enhanced the mechanical properties of mixtures
containing CNTs and CMFs, denoting a stronger frictional bond between the reinforcement
agent and the matrix [30]. In the work of Chuang et al., it was revealed that the addition of
silica fume into cement-based composites positively affected the CMF dispersion and was
correlated with an increase in the electrical conductivity of the composites [16]. Further-
more, several other studies have proven that the addition of silica fume to either mortar or
concrete results in an increase in the dispersion of CNTs and CMFs, which subsequently
leads to improved electrical and mechanical properties for the composites [31,32]. In the
work of Song et al., it was revealed that CNTs’ dispersibility in mortar was improved by
increasing the replacement ratio of silica fume [27]. The use of polycarboxylate-based
stabilizers additionally provides a positive effect on the dispersibility of CNTs and CMFs in
the cement paste without deteriorating or destroying their structures [33–36]. This type of
stabilizer acts as an effective dispersion agent because of its long lateral ether chains, which
impart steric repulsion between the fillers in cement-based composites [37].

Moreover, since in the case of CNTs, their reactivity, solubility, dispersion and overall
performance depend highly on their surface properties, as CNTs interact interfacially via
their surfaces with any potential mediums, different approaches to CNT surface modifica-
tions have been examined extensively in the literature. These surface modifications via the
introduction of functional groups onto the external (exohedral) or internal (endohedral)
walls of CNTs are introduced with the term “functionalization”. At this time, there are a vast
variety of methodologies for the functionalization of CNTs, which have been thoroughly
examined. More specifically, there is covalent and non-covalent functionalization, which act
as the two subcategories of exohedral functionalization and endohedral functionalization.
In the covalent functionalization of CNTs, chemical groups are either directly attached onto
their surface (e.g., fluorination, hydrogenation and 1,3-dipolar cycloadditions, electrophilic
addition, etc.) or via the derivatization of already existing functional groups. In covalent
functionalization, chemical groups are incorporated onto CNTs’ surfaces via chemical reac-
tions that change sp2 carbon bonds to sp3 bonds, thus affecting the core properties of CNTs,
while in non-covalent functionalization, hydrogen bonding, π-π stacking and Van der
Waals forces are the dominant forces developed as part of the physical reactions between
CNTs and substances like the polymeric dispersants of surfactants. The latter scenario is
realized without affecting the stricture of the CNTs. The use of dispersants is considered
a case of non-covalent CNT functionalization [38–40]. Endohedral functionalization has
attracted considerable research interest since the interior tube, bounded by CNT walls,
constitutes an area where different substances can be incorporated and bind strongly (with
high binding energy) and where chemical reactions that do not take place elsewhere can
take place. Up to now, metals, fullerenes and other substances such as halogens have been
reported to be encapsulated into CNTs [39,41].
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The motivation behind the present work is the development of cementitious-based
composite materials with structural sensing and electrical actuation along with enhanced
mechanical properties. The aim of this work is to identify structural changes in mortar
and determine how properties can be enhanced by the incorporation of CNTs and CMFs
together with silica fume. More specifically, their effect on the mechanical properties and
electrical conductivity of the cementitious matrix as a function of their concentration is
estimated. Mortar test specimens were prepared, comprising a range of CNT and CMF
concentrations by weight of cement (bwoc). The surface morphology of the prepared
and fractured cement specimens was evaluated via SEM, while an elemental analysis
was performed via energy-dispersive X-ray analysis. The macro-mechanical integrity was
investigated with respect to flexural and compressive strength (EN 196-1 [42]). The results
revealed that the CNTs, CMFs and dispersing agent content influenced the mechanical
properties and electrical conductivity of the mortar specimens. Finally, it may be remarked
that the added value of this work resides in the fact that the presented results shed light on
current and future opportunities to accelerate progress in the field of material development
with structural sensing and electrical actuation.

2. Materials and Methods
2.1. Materials

Analytical reagent-grade chemicals were used. Portland Cement CEM I 52.5 N was
used as cementitious material; its physical properties and chemical composition are sum-
marized in Table 1. Sand (NORMENSAND CEN-Standard Sand DIN EN 196-1 [42]) and
silica fume (Sika® Silicoll P) were used as aggregates, whereas SIKA SI100 (a polymer
with polyalkylene glycol polymer graft chains) was used as a stabilizer. Multi-walled
carbon nanotubes (CNTs) were fabricated through the catalytic thermal chemical vapor
deposition method (CT-CVD), according to our previous works [43,44]. Finally, the CMFs
were received from R&G Faserverbundwerkstoffe GmbH (chopped carbon fiber strands
3 mm).

Table 1. Chemical compositions and physical properties of cementitious materials *, **.

Composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

% (mass) cement 19.47 4.75 3.43 63.16 1.43 2.68 0.28 0.62

* Loss on Ignition: 3.26. ** Specific surface area (cm2/g): 3635.

2.2. Synthesis of Reinforced Mortars

Mortar samples including CNTs and CMFs were fabricated according to the EN 196-1
standard [42] using Portland Cement CEM I 52.5 N [45] as cementitious material. Regarding
the piezoresistivity tests, prismatic test samples 40 mm × 40 mm × 160 mm in size with
electrodes embedded into them were fabricated (in triplicate) (Figure 1). Concerning the
conductivity tests, prismatic test samples 40 mm × 40 mm × 160 mm in size were prepared
(in triplicate).

The CNTs were incorporated into the aforementioned mixture as additives at several
concentrations bwoc. Based on ground work and preliminary tests that have been con-
ducted by the authors, CNTs were dispersed in water prior to their incorporation in mortars
with the aid of the SIKA SI100 stabilizer. In the aforementioned preliminary tests, using a
stabilizer proved to give rise to more stable suspensions of CNTs in water vs. time. In detail,
the methodology followed entails the addition of CNTs in a beaker containing the desired
amount of water (total w/c must remain at 0.5) and SIKA SI100 stabilizer (max. conc. 0.3%
bwoc) under vigorous stirring with a magnetic stirrer. Subsequently, the suspension was
subjected to ultrasonic treatment for 45 min and then added into the stirring bowl together
with cement powder, sand and silica fume. Prior to the preparation of the composite
samples, the surface of the CNTs was functionalized by chemical modification, introducing
oxygen-containing groups such as hydroxyl (–OH), carboxyl (–COOH) and carbonyl (C=O)
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groups. The functionalization of CNTs is described in detail in our previous work [44].
Briefly, the surface of the fabricated CNTs was functionalized with –COOH groups via the
use of an acid solution mixture of sulfuric acid and nitric acid (H2SO4:HNO3 3:1). The
CNT–acid solution mixture underwent vigorous stirring for 5 h, and then the mixture was
centrifuged, and the obtained functionalized CNTs were rinsed with water and acetone
and left to dry. This modification promoted the wettability of the CNTs and the bonding be-
tween their surfaces with the hydration products. The mortar was prepared by mechanical
mixing and was compacted in a Teflon mold using a jolting apparatus. The specimens in the
mold were kept at room temperature conditions for 24 h, and then the demolded specimens
were placed under water for a curing period of 28 days. Figure 2 illustrates the aforemen-
tioned synthetic procedure. According to the aforementioned procedure, CNT-reinforced
mortar specimens, CMF-reinforced mortar specimens and CNT/CMF-reinforced mortar
specimens were fabricated using the parameters tabulated in Tables 2–4, respectively.
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Table 2. Tabulated parameters for the fabrication of CNT-reinforced mortar specimens using silica fume.

Samples Cement (g) Silica
Fume (g) Sand (g) Ratio w/c H2O (mL)

Concentration
CNTs

(% bwoc)

Sika®Stabilizer-
100 (g)

Mortar-Ref 405 45 1350 0.5 225 - -
Mortar-0.02%CNT 405 45 1350 0.5 225 0.02 0.25
Mortar-0.05%CNT 405 45 1350 0.5 225 0.05 0.625
Mortar-0.1%CNT 405 45 1350 0.7 315 0.1 1.25
Mortar-0.2%CNT 405 45 1350 0.7 315 0.2 2.5
Mortar-0.5%CNT 405 45 1350 0.7 315 0.5 6.25

Table 3. Tabulated parameters for the fabrication of CMF-reinforced mortar specimens using silica fume.

Samples Cement (g) Silica
Fume (g) Sand (g) Ratio w/c H2O (mL) Concentration

CMFs (%bwoc)
Sika®Stabilizer-

100 (g)

Mortar-Ref 405 45 1350 0.5 225 - -
Mortar-0.05%CMF 405 45 1350 0.5 225 0.05 0.405
Mortar-0.2%CMF 405 45 1350 0.5 225 0.2 0.405
Mortar-0.25%CMF 405 45 1350 0.7 315 0.25 0.405
Mortar-0.3%CMF 405 45 1350 0.7 315 0.3 0.405
Mortar-0.4%CMF 405 45 1350 0.7 315 0.4 0.405
Mortar-1%CMF 405 45 1350 0.7 315 1 0.405

Table 4. Tabulated parameters for the fabrication of CNT/CMF-reinforced mortar specimens. For
each sample, 405 g of cement, 45 g of silica fume and 1350 g of sand were used, respectively.

Samples Ratio w/c H2O (mL)
Concentration

CNTs
(%bwoc)

Concentration
CMFs

(%bwoc)

Sika®Stabilizer-
100 (g)

Mortar-Ref 0.5 225 - - -
Mortar-0.4%CMFs+0.02%CNTs 0.5 225 0.02 0.04 0.225
Mortar-0.4%CMFs+0.05%CNTs 0.5 225 0.05 0.04 0.562
Mortar-0.4%CMFs+0.1%CNTs 0.5 225 0.1 0.04 1.125

The aim was to evaluate the influence of both CNTs and CMFs together with silica fume in
the mortar specimens with respect to their mechanical and piezoresistive properties. Silica fume,
which was selected to be incorporated into the mortar specimens, improved the mechanical
properties of the mortar due to the increase in the secondary hydrated reactions with Ca(OH)2,
resulting in the formation of C-S-H gel [25,27,46]. The chosen concentration of CMFs for the
fabrication of the CNT/CMF-reinforced mortar specimens was 0.4% bwoc (Table 4) because
the Mortar-0.4% CMF specimen demonstrated the best flexural strength value of all the CMF-
reinforced mortar specimens (as it is discussed in detail in Section 3.2. Mechanical Properties).

2.3. Characterization

The morphology of the additives and the mortar specimens was estimated via scanning
electron microscopy (SEM) using a Hitachi Electron Microscope TM3030 coupled with an
Ultra-High-Resolution Scanning Electron Microscope (UHR-SEM) and a NOVA NANOSEM
230 (FEI Company, Hillsboro, OR, USA, 2009) equipped with an Energy-Dispersive X-ray
Spectrophotometer (EDS) (QUANTAX 70, BRUKER, Billerica, MA, USA, 2016).

The macro-mechanical integrity was investigated by means of flexural strength (EN
196-1 [42]) using a material testing machine to apply loads (Instron 1121, load accuracy:
±0.5% of the reading) with a displacement rate (speed) of 1 mm/min (Figure 3) and by
means of compressive strength (EN 196-1 [42]) using an INSTRON 300DX-B1-C4-G6C (load
accuracy: ±0.5% of the reading) with a displacement rate (speed) of 5 mm/min (Figure 4).
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It is mentioned that for the compressive strength tests, the specimens that were used were
the prism halves from the flexural strength tests [47].
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The piezoresistive response properties of the aforementioned CNT-reinforced mortar
specimens, CMF-reinforced mortar specimens and CNT/CMF-reinforced mortar specimens
were evaluated using a data acquisition system via the four-probe method. The dimensions
of the prismatic samples were 40 mm × 40 mm × 160 mm, with stainless steel mesh
electrodes embedded into them. The resistivity was measured as a function of the cyclic
load in order to evaluate the self-sensing properties of the produced mortar samples.
The aim of using relative resistance measurements under cyclic loading is to monitor
the material’s sensing capability during a loading–unloading procedure. The electrical
measurements were obtained using a Keithley Source-Meter 2400 (0.012% basic measure
accuracy with 6½-digit resolution), together with a material testing machine applying loads
(Instron 1121). In each measurement, a fixed direct current (DC) of 1 mA was applied
to the outer two electrical contacts, while the voltage drop between the inner electrical
contacts was measured (Figure 5). The displacement rate (speed) was 1 mm/min, the
cyclic load ranged from 0.2 kN to 9.5 kN (a pre-stress was applied equal to 0.2 kN), and
a laser extensometer, Fielder Optoelektronik K-100, was used to accurately measure the
displacement. Then, the relative change in the electrical resistance, (∆R)

Ro
(fractional change

in resistance, FCR), as a function of time was recorded under repeated compressive loading,
where R0 is the initial electrical resistance of the specimens, with a compressive loading
equal to 0.2 kN at the beginning of the experiment. The results can be depicted as either
a function of load or as a function of stress. In order to eliminate the effect of the electric
polarization and depolarization of cement-based materials on the compressive sensitivity
testing results, enough time was left to pass until the voltage value became stable. The
resistivity, ρ, of the modified mortar sample was calculated by Equation (1):
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ρ =
RS
l

(1)

where S is the effective area of the voltage pole (the cross-sectional area), l is the space
between the two voltage poles (the length of the material being tested in the direction of
the resistance, R), and R is the electrical resistance [or volume (bulk) resistance].

Then, the FCR is given by Equation (2):

FCR =
(∆R)

Ro
=

(∆ρ)

ρo
+

[
(∆l)

lo

]
(1 + v1 + v2) (2)

where (∆l)
lo

is the compressive strain, and v1 and v2 are the values of the Poisson’s ratio in
the two transverse directions [34]. According to Equation (2), ∆R depends on both ∆ρ and
∆l. It is assumed that the resistance change is a indication of the piezoresistivity; therefore,
(∆ρ)

ρo
>> (∆l)

lo
, and, subsequently, Equation (2) becomes the following:

FCR =
(∆R)

Ro
=

(∆ρ)

ρo
(3)

The effect of sensing on the inherent piezoresistivity (an evaluation indicator of the
sensitivity of the strain sensor) is described by the gauge factor (GF), which is defined as the
FCR per unit strain (Equation (4)). The GF constitutes a means of evaluating the inherent
piezoresistivity of a material, having exemplified the irreversible resistivity changes due to
impairment or permanent microstructure alterations. In this work, the GF is determined
via the four-probe method, which, as indicated in the literature, constitutes a safer and
more accurate approach compared to the two-probe method [48,49].

GF =

(∆R)
Ro
(∆l)

lo

=

(∆ρ)
ρo

(∆l)
lo

(4)
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Figure 5. Indicative photo of the experimental setup for measuring the electrical resistance under the
compressive load of the prismatic test samples, which are 40 mm × 40 mm × 160 mm in size.

3. Results
3.1. Morphological and Structural Characterization

SEM images of the produced CNTs and the utilized CMFs are illustrated in Figure 6a,b,
respectively. In the case of the produced CNTs, the SEM image reveals that they are tangled
and distributed randomly. They appear in varying sizes, and their diameter ranges between
14 and 45 nm. In the case of the CMFs, the SEM image depicts that their diameter is roughly
6.9 ± 0.2 µm.
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Figure 6. SEM images of (a) the produced MWCNTs (×300,000); (b) the utilized CMFs (×5000).

Moreover, SEM images of the mortars with incorporated CNTs and CMFs are depicted
in Figures 7 and 8. The SEM images illustrated in Figures 7 and 8 are 20,000×-magnified and
20,000×-magnified, respectively. The presence of CMFs can only be seen in the specimen
labeled Mortar-0.4%CMFs+0.1%CNTs (Figure 7d). Taking into account that the diameter
of CMFs is roughly 7 µm and that the scale bars in Figures 7 and 8 are 5 µm and 20 µm,
respectively, it may be remarked that it is difficult to obtain representative samples including
CMFs. On the other hand, the presence of CNTs is clearly observed in all the specimens
including CNTs (Figures 7b–d and 8b–d). Taking into consideration the aforementioned
figures, it can be stated that in the sample labeled Mortar-0.4%CMFs+0.05%CNTs, the
dispersion of CNTs is not as good compared to the rest of the samples. Therefore, it can
be concluded that in the sample labeled Mortar-0.4%CMFs+0.05%CNTs, the CNTs are
tangled and randomly distributed within the bulk mortar specimen, showing relatively
poor dispersion in the cementitious matrix and random orientations. Finally, it can clearly
be seen from the SEM images in Figures 7d and 8d that the presence of CNTs in the sample
labeled 0.4%CMFs+0.1%CNTs is higher compared to the other samples.
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3.2. Mechanical Properties

The obtained values for the flexural and compressive strengths of the reference speci-
mens, as well as the CNT-, CMF- and CNT/CMF-reinforced mortar specimens, are depicted
in Figures 9–11. All the specimens were evaluated after 28 days of curing in water.

Figure 9 demonstrates the flexural and compressive strength of CNT-reinforced mortar
specimens. Taking into account these results, it may be noted that the highest flexural
strength and compressive strength values are demonstrated for the sample with 0.05%
CNTs bwoc.
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Figure 10 demonstrates the flexural and compressive strength measurements of the
CMF-reinforced mortar specimens. Taking into account these results, it may be noted that
the incorporation of CMFs into the mortar does not enhance the flexural strength properties
of the composites. However, the best flexural strength value was depicted for the sample
with 0.4% CMFs bwoc. On the other hand, the incorporation of CMFs into the mortar
enhances the compressive strength properties of the composites for all CMF concentrations.
The sample with 0.2% CMFs bwoc demonstrated the highest compressive strength value.
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Figure 11 demonstrates the flexural and compressive strength measurements of the
CNT/CMF-reinforced mortar specimens. Taking into account these results, it can be seen
that the incorporation of both CNTs and CMFs into the mortar influences the flexural
strength of the composites. Moreover, the sample with 0.4% CMFs and 0.05% CNTs
bwoc exhibits the highest flexural strength values. On the other hand, it is clear that the
incorporation of both CNTs and CMFs into the mortar enhances the compressive strength
of the composites. Furthermore, the sample with 0.4% CMFs and 0.05% CNTs bwoc exhibits
the highest compressive strength value.
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Taking into account all of the above-mentioned results, it can be seen that the in-
corporation of both CNTs and CMFs into the mortar influences the flexural strength of
the composites. The maximum flexural strength was reported in the case of the mortar
reinforced with 0.4% CMFs and 0.05% CNTs bwoc, which showed an increment of 36.57%
compared to the control specimens. Another specimen that showed improved flexural
strength by 30.44% compared to the reference mortar was the mortar reinforced with 0.4%
CMFs and 0.02% CNTs bwoc. In the cases of the mortars reinforced with only CNTs or
with only CMFs, their flexural strength was degraded compared to the reference mortar
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samples. In the case of mortars reinforced with only CNTs, this behavior is attributed to
the poor dispersion of CNTs in the cementitious matrix. On the other hand, in the case of
mortars reinforced with only CMFs, the flexural strength degradation, aside from poor
CMF dispersion, is probably owed to the fact that CMFs’ short length leads to failure
in load transfer [49,50]. According to the literature, the incorporation of CMFs in the
cementitious matrix is expected to enhance their flexural strength, provided that their
orientation is favorable and their dispersion in the matrix is homogeneous and of good
quality. Otherwise, the mechanical strength of the carbon fiber-reinforced cementitious
composites may not exhibit the expected results, as in the case of the flexural strength
in this work. In Figure 10, the poor dispersion of CMFs in the mortars is shown since
CMFs are shown to form small clusters locally. In several research articles, poor CMF
dispersion has been directly correlated with CMF clustering and air bubble formation, thus
altering the cementitious matrix microstructure and having a negative impact on both the
mechanical and electrical properties. CMF dispersion improvement has been approached
by different methodologies, including using longer mixing times, altering the order of
addition for the different admixtures in the cement slurry, and using additives such as
ultra-fine silicon fume, which can help in keeping CMFs apart from each other, improving
their dispersion quality, as well as by practicing surface treatments on the CMFs in order
to enhance their chemical and physical affinity to the cementitious matrix [15,16,18,51,52].
On the contrary, when mortars are reinforced with both CNTs and CMFs, the increment in
flexural strength suggests better CNT dispersion in the cementitious matrix owed to the
presence of the CMFs.

As is also indicated by these results, the compressive strength of mortars is also
affected by the presence of CNTs and CMFs. Again, as in the case of the flexural strength
surface treatment of CMFs, their mass fraction and, of course, their dispersion quality
in the cementitious matrix play a crucial role regarding their impact on the compressive
strength of the cementitious composite [51]. C. Wang et al., in their work, proved that
poor dispersion of CMF in mortars can lead to a severe decrement in compressive strength,
whereas when the dispersion quality is controlled via all the approaches mentioned before,
the values for the compressive strength of the corresponding composites are actually
improved [51]. The mortar specimens reinforced with only CMFs and CNTs/CMFs showed
improved compressive strength for all CMF and CNT/CMF concentrations compared to
the reference mortar specimen, even though their dispersion was poor, as discussed earlier
(Figures 10 and 11). This behavior is attributed to the incorporation of silica fume in the
mortars. It is reported that silica fume can improve the cement microstructure by enhancing
the bond between the aggregates and the cementitious paste, which is correlated with the
enhancement of specific mechanical properties of the cementitious composites [53]. In
the case of the mortars reinforced with CMFs and CNTs/CMFs, this mechanism prevails
over the poor dispersion of the carbonaceous admixtures, and their compressive strength
is enhanced. The maximum compressive strength was reported in the case of the mortar
reinforced with 0.2% CMFs bwoc, which showed an increment of 88.65% compared to the
control specimens. CMFs, due to their low specific surface area, do not absorb water during
the mixing procedure, thus not negatively influencing the cement paste’s workability.

Moreover, their high flexibility prevents the fibers from interlocking, something that
is common for stiff reinforcement bars such as steel bars. As a result, the CMF-reinforced
mortars show improved compressive strength compared to the reference specimens. On
the other hand, the mortar specimens with only CNTs incorporated in them revealed
degradation in their compressive strength. This is attributed to poor CNT dispersion in
the cementitious matrix, as also mentioned earlier in the evaluation of the corresponding
mortars’ flexural strength. Finally, it can be noted that the maximum compressive strength
was reported in the case of the mortar reinforced with 0.4% CMFs and 0.02% CNTs bwoc,
which demonstrated an increment of 49.81% compared to the control specimens. Figure 12
illustrates the % improvement in the flexural and compressive strength values of the



Fibers 2024, 12, 62 13 of 20

specimens labeled Mortar-0.4%CMFs+0.02%CNTs, Mortar-0.4%CMFs+0.05%CNTs and
Mortar-0.4%CMFs+0.1%CNTs.
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Finally, it must be mentioned that the compressive strength of the reference samples
was determined to be below the expected 52.5 MPa because of the poorly controlled curing
conditions and, more specifically, the low temperature and humidity during the first day of
curing and the low temperature during the rest of the curing days.

3.3. Self-Sensing Capacity

Taking into account the optimum mechanical performance of the CNT/CMF-reinforced
mortar composites with regard to flexural and compressive strength, the cases of Mortar-
0.4%CMFs+0.02%CNTs and Mortar-0.4%CMFs+0.05%CNTs were chosen to be examined
for their self-sensing capacity.

The results for the piezoresistive response of the reference mortar and the above-
mentioned mortar composite specimens are illustrated in Figures 13–18. Piezoresistivity is
a means of evaluating the sensing of changes in stress and/or strain via the measurement
of electrical resistance.
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The graphs reflect the compression loading–unloading cycles and the corresponding
FCR under the infliction of DC. The loading and strain are negative since the mortar
specimens are compressed during the tests. It can clearly be seen from the above diagrams
depicting the piezoresistivity response of the obtained specimens that the DC used causes
a severe polarization effect since there is a constant increase in the resistivity/resistance
over time. This phenomenon has also been thoroughly highlighted and discussed in the
literature [54]. The electrical polarization caused by the movement and aggregation of
ions changes the electrical conduction mechanism, which is dominated, in this case, by
ionic conduction. As a result, the measured resistance is extremely increased, making it
difficult to determine changes in resistance during cyclic compressive loading during DC
measurement. To overcome this pitfall, the DC is applied for some time before the infliction
of the compression loading. In this way, the system’s total resistance becomes stable, and
the polarization effect is neutralized [4].

Moreover, it should be mentioned that the gradual increase in baseline resistance as
stress cycling progressed can be attributed to irreversible damage in the mortar specimens.
The increase in the amplitude of resistance variation as cycling progresses is attributed
to the effect of damage on the extent of defect dynamics. The greater the damage, the
greater the extent of defect healing during loading and the greater the extent of defect
aggravation during unloading [55]. In the regime of elastic deformation, the damage
does not affect the strain permanently, as shown by the total reversibility of the strain
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during cyclic loading. Nevertheless, damage occurs while the stress increases, causing a
damage-induced resistance increase. The damage-induced resistance increase is a sensitive
indicator of minor damage (without a change in the modulus), in addition to being a
sensitive indicator of major damage (with a decrease in the modulus). In contrast, the
intense and abrupt baseline resistance increase is an indicator of major damage only, which
is not apparent here [55]. It should also be noted that the strain does not return to zero at
the end of each cycle, denoting that the specimen is subjected to plastic deformation and
subsequent crack formation.

Based on the analysis above and taking into consideration Figures 14, 16 and 18, the
fractional change in resistivity for the reference mortar and the samples labeled Mortar-
0.4%CMFs+0.02%CNTs, respectively, exhibits a steep increase, which is attributed to dam-
ages induced to the mortar specimens during loading–unloading cycles, owing to the
inherent brittleness of the material. On the contrary, a smoother increase in the frac-
tional change in resistivity as well as the fact that this change seems to be reversible
upon loading (increase in stress), as depicted in the case of the samples labeled Mortar-
0.4%CMFs+0.05%CNTs (Figure 18), comprise strong indications that the composites with
the specific loads of CMFs and CNTs attained self-responsive behavior.

The changes in the electrical resistivity values due to the incorporation of CMFs
and CNTs into mortar with silica fume before performing load tests (a pre-stress was
already applied equal to 0.2 kN) are tabulated in Table 5. This table depicts how much
the presence of carbonaceous material within the composite affects the electrical resistivity.
The calculation of electrical resistivity was conducted taking into account that in each
measurement, a fixed direct current (DC) of 1 mA was applied to the outer two electrical
contacts and that the prismatic test samples were 40 mm × 40 mm × 160 mm in size. Taking
into account the obtained results, it can clearly be seen that the carbonaceous material
incorporation into the composites reduced the electrical resistivity prior to the load tests.
However, it should be mentioned that the decrease in electrical resistivity is not inversely
proportional to the increase in the presence of carbonaceous material in the composites.
This outcome can be attributed to the poor dispersion of the CNTs, resulting in the creation
of voids in the composites. This assumption is also confirmed by the reduction in the
corresponding compressive strength values (Figure 9).

Table 5. Electrical resistivity values prior to load tests.

Electrical Resistivity (Ohm m)

Mortar-Ref 531.1
Mortar-0.4%CMFs+0.02%CNTs 254.3
Mortar-0.4%CMFs+0.05%CNTs 462.9

The maximum value of the GF determined during the loading–unloading cycles for
the mortar composite samples (0.4%CMFs+0.02%CNTs and 0.4%CMFs+0.05%CNTs) is
shown in Table 6 below. The GF was obtained from the slope of the initial, approximately
linear part of the curve of resistivity versus strain in the elastic regime.

Table 6. Maximum GF for self-sensing additive content.

CMFs + CNTs (%) GF (Maximum)

0.4 + 0.02 182
0.4 + 0.05 65,696

In the literature, GF values for cementitious materials are reported to be below 500
and even below 100 in cases including the incorporation of nanofillers and/or continuous
fibers [49]. On the contrary, the GF values determined in this work fall under the category
of “giant piezoresistivity” since they are greater than 500. This behavior is attributed to two
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separate mechanisms, the first one due to the incorporation of CNTs as conductive nanopar-
ticulates and the second one due to the incorporation of CMFs, which are discontinuous
fibers and, more specifically, discontinuous carbon fibers, which are also conductive. As
far as the first mechanism is concerned, when compression is induced, the proximity of
CNT nanoparticles is improved in the cementitious composite, thus reducing its resistiv-
ity and consequently increasing its GF value. In the case of improving the proximity of
nanoparticles to the extent of creating a continuous conductive path, the reduction in the
resistivity is greatly enhanced, as is the increase in the GF value, while the concentration
of nanoparticles in the composite is acknowledged as the percolation threshold. As for
the second mechanism, the incorporation of discontinuous carbon fibers (CMFs) tends to
bridge microcracks formed in the brittle cementitious matrix. Upon applying compression
to the fibers, the width of microcracks becomes smaller, thus leading to a resistivity decrease
and a subsequent GF increase. On the contrary, when the compression seizes to exist, the
pull-out effect is reversed, and, as a result, the composite resistivity is reduced and the GF
value is increased [49,56].

4. Conclusions

Structural materials with self-sensing- and electrical actuation-related properties have
attracted considerable scientific attention over the past few decades since such materials
can contribute to sustainability in the construction sector and enhance safety within the
lifespan of constructions. This work aims to contribute to accelerating the progress of these
materials. The results obtained constitute solid groundwork in this direction. More specifi-
cally, it is shown that when CNTs and CMFs are incorporated as admixtures in mortars, the
composite materials show improved mechanical strength. Different concentrations of CNTs
and CMFs were evaluated, while the composites containing 0.4% bwoc CMFs together
with 0.02% and 0.05% bwoc CNTs stood out as the optimum ones in terms of flexural and
compressive strength. The maximum flexural strength was reported in the case of the mor-
tar reinforced with 0.4% CMFs and 0.05% CNTs bwoc, which demonstrated an increment
of 36.57% compared to the control specimens. Furthermore, the maximum compressive
strength was reported in the case of the mortar reinforced with 0.4% CMFs and 0.02% CNTs
bwoc, which presented an increment of 49.81% compared to the control specimens. These
two cases of mortar composites, 0.4%CMFs+0.02%CNTs and 0.4%CMFs+0.05%CNTs, were
then evaluated in terms of piezoresistivity, which serves as a means of evaluating the effect
of strain on materials’ microstructure and electrical resistivity and whether this effect is
reversible or not. Piezoresistivity renders self-sensing properties in materials. The results
demonstrate that the percolation threshold of CMFs/CNTs is 0.4%CMFs+0.05%CNTs since
this is the case with the highest GF value (65,696) and the FCR presents a smooth and
reversible increase over time during loading and unloading cycles. As discussed previously
in this work, the mechanism via which CNTs affect piezoresistivity comprises that they
come closer when tension is applied, thus leading to the formation of conductive paths
within the cementitious composite and a reduction in the corresponding resistivity values
measured. Additionally, the mechanism that describes the effect of CMF incorporation in
cementitious materials’ piezoresistivity comprises the reversible effect they have on the
composite microstructure and the bridging of cracks, thus improving the formation of
conductive pathways within the cementitious composite. Smart, self-sensing constructions
are expected to enhance sustainability in this sector with great economic, societal, environ-
mental and safety impacts. Further exploring materials in this direction appears promising
for future work.
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