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The widespread adoption of innovative cementitious composites
requires proper attention to the controlled performance of structures by
using these functional materials. This paper delves deeper into this
concept, utilizing a conventional Engineered Cementitious Composites
(ECC45) matrix that has been embedded with conductive fillers,
enabling it to detect damage in a variety of loading scenarios. As
functional fillers, graphene nanoplatelets (GNPs) combined with
polyvinyl alcohol (PVA) and nylon (NF) fibers were used at different
curing ages of 28, 56, 90, and 180 days. In an attempt to build on
previous results and address some knowledge gaps, the simple matrix
was incorporated with graphene nanoplatelets at a fixed concentration
of 2 % by wt. of cementitious materials along with one of the
reinforcement fibers (PVA) or (NF) at 2% volume fraction, which
remained constant throughout the experiment. The matrices were
tested for compressive strength, splitting strength, three-point flexural
strength, and direct tensile strength to evaluate the innovative
matrices' behavior and ability to sense damage under these types of
stresses. results demonstrated a unique behavior of the samples due to
the excellent behavior of GNPs, particularly during the late curing ages,
and the synergistic behavior it exhibits with the reinforcement fibers,
which enables entire additives to work in a balanced manner in
developing the self-sensing ability in conjunction with the high
efficiency of the mechanical properties against the loading conditions
described in this paper.
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1. Introduction

Recently, the concept of cementitious composites has
begun to transform from conventional composites to
smart and advanced functional composites on both
mechanical and electrical axes by integrating them
with conductive fillers that make them useful in
several applications, including self-sensing of loads
imposed on the concrete structure under different
scenarios of those loads. Therefore, a new technology
based on the concept of creating an electrical network
inside conventional concrete has been used to enable
its employment in these many applications, including
early detection of damage before its development
through the concept of electrical resistivity of the
network formed inside the matrix by functional fillers

prepared for this purpose [1-9]. The transition from
traditional concrete to advanced smart concrete
requires materials that integrate with the structure
of regular concrete and develop it. The most
important of these materials are carbon fillers of
different types, whether macro, micro, or nano.
Among these different types, nanocarbon materials
have received wide-ranging attention, focusing on
studying the effect of these fillers on the behavior of
cement compounds, which can be produced in many
important applications such as self-sensing of damage
before it worsens, which can achieve low cost and
eliminate the disadvantages of integrating electronic
sensors in terms of sensing, durability, or
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incompatibility with cement structures [4, 10-16].
Previous investigations have shown that some
nanomaterials, called zero-dimensional, did not
prevent the development of cracks [17, 18]. Graphene
nanoplatelets (GNP) are a type of carbon nano-fillers
that has caught the attention of researchers working
in the field of Engineered Cementitious Composites
(ECC). They have shown a unique ability to improve
the durability and strength of concrete structures to
various kinds of stresses. They have also been shown
to create an electrically conductive network inside the
cementitious matrix, which can be utilized in a
variety of related applications such as thermal and
electrical applications. This is attributed to the
precision of the graphene nanoplatelet (GNP)
particles, which distinguish them by their regular
distribution and lack of clump formation within the
matrix [19]. Even at low dosages, graphene
nanoplatelet composites demonstrated excellent
behavior in terms of electrical conductivity and
conductive network structure within innovative
cementitious composites. Although the small dosage
affects the recording of electrical resistivity data, it
still results in a remarkable improvement in the
mechanical properties of the matrix and the
piezoresistivity properties [20-22]. Drawing from the
previously reviewed literature and aiming to address
a knowledge gap in this field, this paper conducts a
study on the impact of GNP on the behavior of the
cement matrix. The filler's weakness in bridging
cracks prompted the reinforcement of the matrix with
two types of fibers: polyvinyl alcohol (PVA) fibers and
nylon fibers (NF). This reinforcement aims to enhance
the mechanical behavior [22] and investigate its
impact on the matrix's response to self-sensing of
damage in a hybrid form with GNP. Four treatment
ages were adopted for the samples with potable water
at room temperature: 28, 56, 90, and 180 days from
the initial treatment, and the samples were subjected
to four types of loading conditions: compression,
splitting (indirect tension), three-point bending, and
direct tension. The electrical data were recorded
synchronously with the applied load for every second
to know the behavior of the samples to damage under
the applied stresses until failure over time.

1. Smart Matrices, Materials

It is crucial to understand the fundamental materials
and functional fillers that work together to form the
self-damage-sensing of ECC. The materials utilized
in the production of the samples can be categorized
into basic materials, conductive fillers, as well as
reinforcing fibers. In this study, graphene
nanoplatelets (GNP) with a surface area of 30—60
m?/g, and a maximum density of 0.03-0.1 g/cm?, and
purity greater than 95% was used as a conductive
additive for self-sensing (Figure 1-a). The GNP
dosage was maintained at 2% by weight of the
cementitious materials during the study. To enhance
the matrix strength, two types of reinforcing fibers
were employed. The first fiber was polyvinyl alcohol
(PVA) measuring 8 mm in length and 39 yum in width.
The fibers exhibit a modulus of elasticity of 42.8 GPa,
a tensile strength of 1620 MPa, and a specific gravity
of 1.3 (Figure 1-b). The second type of reinforcing
fiber was nylon fiber (NF), measuring 19 mm in
length and 0.55 mm in width with a tensile strength
of 966 MPa, an elongation of 35.2%, and a moisture
content of 14.46% (Figure 1-c). Ordinary Portland
cement (OPC) type I was utilized as the raw material,
adhering to Iraqi Standard Specification No. 5/1984
[23] and (Figure 1-d). Silica sand serves as a fine
aggregate in mortar formulations. The largest
particles measured 0.4 mm, with an absorption
capacity of 0.3% of their weight and a specific gravity
of 2.6 (Figure 2-e). Class F fly ash (FA) was utilized,
adhering to ASTM C 618 [24] (Figure 1-f). The entire
mixtures utilized potable water. ViscoCrete® 5930
superplasticizer was utilized for workability,
conforming to ASTM-C494/C494M [25] Type F with
a specific gravity of 1.095 kg/L. Table 1 presents the
chemical and physical properties of PC, FA, and silica
sand.
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GNP

(d)Portland cement (PC)(e) Silica Sand

.

(f) Fly Ash (FA)

Figure 1: Examples of materials utilized in the manufacture of smart mixtures

Table 1. Chemical properties and physical characteristics of o

¢, fa, and silica sand

Chemical composition, % OPC (wt.%) FA (wt.%) Silica sand
CaO 63.35 8.08 --

Si02 21.65 51.98 >=50-<=100 %
A120s3 3.52 17.04 --

Fe20s3 4.87 6.55 --

MgO 3.79 2.14 --

SOs 2.03 0.025 --

Loss on ignition (LOI) 2.05 10.33 -
Insoluble residue 0.71 - -

Lime saturated Factor 0.89 - -

Physical properties

Specific gravity 3.16 2.09 2.65
Blaine fineness (cm2 g—1) 3941 2689

Previous research [3, 26-30] indicated that the
percentage (FA/OPC) was 1.2, whereas the ratio of
water to cementitious materials (W/CM) was 0.27. To
achieve an optimal working ratio, two distinct
superplasticizer concentrations were applied based
on the kind of reinforcing fibers utilized each time. In
mixes reinforced with PVA, 3% by weight of the

cementitious components was used, while 1% was the
recommended amount for combinations reinforced
with nylon fibers. The amounts used for the additions
of GNP, PVA, and NF were 2% by volume [31]. The
basic elements were combined in a 20-liter Hobart
100

pre-prepared

10 minutes.
of

at
the

mortar mixer rpm for

Subsequently, solution
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superplasticizer and GNP nanofiller was gradually
introduced to the dry mixture while maintaining the
mixer at a speed of 100 rpm for 10 seconds. The wet
and dry mixes were then combined for an additional
10 minutes at a mixing speed of 300 rpm. After that,
the mixer was reduced to 100 rpm to add the
reinforcing fibers, followed by a return to 300 rpm for
an additional 10 minutes to amalgamate the entire
components [31-33].

2. Mechanical Tests

This section presents the types of loads applied to the
specimens, including compressive strength tests,
splitting strength tests, three-point flexural strength
tests, and finally direct tensile testing. As mentioned
in the introduction section, we applied this procedure
for four curing ages. This approach aims to achieve
more accurate and realistic results that reflect the

self-sensing operation under various loading
conditions.

A. Compression test

The compression examination was conducted

beneath stress control utilizing a digital electrical
testing machine (ELE) with a capacity of 2000 kN
and a loading rate of 0.9 kN/sec. The test was
conducted beneath constant load until failure on
three samples from every set being examined as
shown in Figure 3-a. A cubic mold with dimensions of
2 inches (50 mm) was utilized for pouring the blend,
and compression evaluation was conducted following
the procedures outlined in [34].

(a) Compressson test

(b) Splitreng test

B.  Indirect tensile test

The test was conducted following the guidelines
outlined in [35], employing an (ELE) ADR Touch
SOLO 2000 BS EN Compression Machine equipped
with a digital readout and self-centering platens that
operates at a loading rate of 0.9 kN/sec, utilizing
50*50*50 mm cubic specimens positioned among two
square bars measuring (width 10x height 10) mm as
shown in Figure 3-b. All specimens of the mixture
underwent testing for splitting tensile strength until
failure, with consideration given to their average
values.

C. Bending strength test

The bending test was conducted on prismatic
specimens with dimensions of 40 mm X 40 mm X 160
mm, according to [36]. The smart prisms were
mechanically evaluated by supporting them at two
points separated by a distance of 120 mm, which
corresponds to the exact distance between the two
poles placed inside the prism. Then, the load was
applied using a 200 kN digital testing machine
(WDW-200E) connected to a computer data logger;
the applied load rate was 0.5 mm/s. The software in
the testing machine documented the correlation
between the bending force, deflection, and time.
Figure 3-c shows a picture of the specimen inside the
machine.

D. Direct tensile strength test

The direct tension method was used to perform the

direct tensile strength test, as mentioned in [37]. A
10 kN ELE mechanical testing equipment was used
at a load rate of 0.02 kN/s on dog bone specimens,
measuring 40%75*25 mm, and three specimens of
each combination design at intervals of 28, 56, 90,
and 180 days when testing. Figure 3-d shows the
specimen inside the apparatus during testing.

(¢) Aexournl 100

(4) Dizect tenason sest

Figure 2: Mechanical test setups
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E. Investigation of electrical resistivity
To assess the self-sensing ability, smart ECC

composites using carbon-based conductive elements
were produced. The sensing behavior of smart
specimens composed of graphene nanoplatelets
(GNP) reinforced with PVA and nylon fibers under
four loading conditions: monotonic compressive load,
indirect tension load, three-point flexural load, and
direct tension load was examined. The self-sensing
performance was assessed for each matrix in terms of
the
resistance (FCER) in response to the applied load

detecting fractional change in electrical
type. The proposed configuration for this study
entails utilizing 50 mm cube samples for compressive
and splitting stresses, while prismatic specimens
with dimensions of 40 mm X 40 mm X 160 mm and
dog bone specimens measuring 40 mm X 75 mm X 25
mm were used for flexural and direct tension tests,
respectively. To avert the polarization effect caused
by curing the materials in water, the samples were
oven-dried at 60 °C for a full day before testing at all
specified research ages (28, 56, 90, 180 days). To
evaluate the damage-sensing capability of the
fabricated samples, electrodes were embedded into
them when they were fresh, utilizing strips of brass
plate measuring 75, 60, and 40 mm in length for

cubic, prismatic, and dog bone samples, respectively

with 10 mm in width and 0.1 mm in thickness. The
resistance of these strips is 0.3 ohms, and they were
symmetrically positioned around the center of the
sample, as illustrated in Figure 4. This arrangement
is consistent with previous studies [2, 3, 26-28, 38,
39]. The electrical resistance was measured using the
Pro'sKit MT-1820 DC Multimeter [40]. The
interaction between the sample and the loading test
apparatus was accounted for; thus, wooden strips
were positioned above and below the sample to
mitigate the interference with the electrical signal
transmitted to the electrical resistance tester by the
mechanical testing machine. The electrical resistance
and mechanical strength measurements were
recorded simultaneously for each second under
identical loading conditions. This indicated that the
mean mechanical resistance values and the relative
variation in electrical resistance (Equation 1) may be

graphed as a function of time.

FCER [AR/pol% = ( [RL — RO] /RO) x 100

where RO stands for initial electrical resistance,
FCER for fractional changes in electrical resistance,
and RL for electrical resistance under loading at a
specific time during the test.
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(B)

(©)

Figure 3: The geometric dimensions of the various specimens: (A) cubic, (B) prismatic, and (C) dog bone.

components during curing durations of 28, 56, 90,
and 180 days. The study looked at how well self-
monitoring worked in new mortar mixes that had

3. Results And Discussion

This section displays and evaluates the test outcomes
for mortar samples with and without conductive
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nano-scale conductive fillers and different kinds of
strengthening fibers added to them. It concentrated
on mechanical qualities, such as splitting tensile
to
analyzing and assessing the outcomes of self-damage

strength and compressive strength. Prior
detection in mixtures composed of smart electrically
conductive nano-fillers augmented with mechanical
reinforcement fibers in this study, it is imperative to
evaluate the impact of these fillers on strength and
durability characteristics, particularly in comparison
to control mixtures (lacking functional fillers and
reinforcement fibers), which will be more pronounced
at the study intervals of 28, 56, 90, and 180 days.
Figure 5 shows the average compressive strength
values of 2-inch cubic specimens. The innovative
blends show excellent performance under uniaxial
compressive strength for both the smart blends
(GNP-PVA, GNP-NF), as well as for all the proposed
ages covered in this study. When the specimens were
aged, their compressive strength increased steadily
over time. This showed that the NF-reinforced blends
were stronger than the PVA-reinforced blends. The
improvement of GNP-PVA blends between 28-180
was 31%,

conventional blends,

while when compared to the
the
percentages for ages 28, 56, 90, and 180 were 48%,
48%, 52%,
improvement of the GNP-NF mixture between 28-

days
strength development

and 24%, respectively. The gradual

180 days was 25%, while the percentage compared to
the normal mixtures for ages 28, 56, 90, and 180 days
was 55%, 60%, 52%, and 24%, respectively. The
results presented in Figure 5 align perfectly with
Dong, et al. [8] findings about the beneficial impact
of GNP on enhancing mechanical behavior under
uniaxial compressive stresses at a concentration of
2% by weight of the mixture, even though the

compressive strength values in this work clearly
increase with age. Over time, the C-S-H gel hardens,
creating a continuous binding matrix with a large
surface area that is the main part of the cement paste
that makes it stronger [41]. This is because GNP has
a very large surface area, which acts as a clear
stimulus for the hydration process and makes it
easier for the gel to stick to the surface of
cementitious compounds. The nanoplatelets also help
which bridges the
cementitious matrix. The incorporation of PVA fiber

the crystallization process,

into the cementitious composites enhances the
of the
in relation to cracking,

cementitious  compound,

which
influenced by the connection qualities at the interface
of the fiber-matrix [28, 42, 43]. Regarding the nylon

fiber-reinforced GNP matrix, the fibers have a

durability

particularly is

significant role in improving the strength of the
mortar under compressive load. The mechanism of
distributing the applied load at the fiber-matrix
interface is responsible for this improvement. The
flexibility of the reinforcing fibers embedded in the
matrix increases the flexibility of the matrix, which
makes the fibers flow under the applied load without
the length
concentration of the fibers in the matrix are high [44,

breaking, especially when and
45]. Figure 5 demonstrates the superiority of GNP-
NF mixtures over GNP-PVA mixtures, particularly
at early ages, with all mixtures demonstrating the
same level of strength at late ages. The reason for
this could be attributed to the ongoing hydration and
gel formation processes, which enhance the bonding
strength between the cement interface and the

reinforcing fibers, particularly the nylon fibers [41].
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Figure 4: Results for compressive strength for various innovative blends ages group

The average indirect tensile strength values of three
2-inch specimens of each type of mix for both early
and late curing ages are shown in Figure 6,
comparing the new smart mixes of nanofillers
injected with graphene nanoplatelets and reinforced
with reinforcing fibers to the reference matrices for
the aforementioned study ages. When evaluating the
capacity of the mixtures under this type of loading,
Figure 6 reveals a significant improvement in the
indirect tensile strength values for the late ages.
There was a clear drop in the indirect tensile strength
values at early ages. However, this behavior is very
similar to how the samples behaved when they were
subject to the compression load, which supports what
scientists think (Section 3.1.1) about how fillers
behave in the cementitious system. The superiority of
the mixes reinforced with PVA fibers was recorded
over those reinforced with nylon fibers, indicating
that the nanofillers and the reinforcing fibers of the
regular matrix had a clear positive synergistic effect
on the development of the split tensile strength. The
development ratios of the smart mixes compared to
the control mixes can be summarized as follows. For
example, the gradual improvement with curing age
of the GNP-PVA matrix at 28, 56, 90, and 180 days
was: -22%, 21%, 68%, and 68%, respectively. At 28,
56, 90, and 180 days, the GNP-NF matrix developed
strength values of -33%, 21%, 55%, and 65%,
respectively. The strength development from 28 to
180 days of the GNP-PVA blend was 195% from 2.1
to 6.2 MPa, while that of the GNP-NF blend was
239% from 1.8 to 6.1 MPa. The presence of carbon-

based nano-sized fillers interacts with PVA fibers
through their absorption by the fibers, resulting in
high frictional bonding strength and improved
ductility properties during the formation of primary
cracks under cleavage tensile stress. This interaction
explains the improvement in cleavage tensile
strength values of smart blends, particularly with
GNP-PVA blends [46]. Bheel, et al. [47] attributed
the improvement in the tensile strength properties of
the split to the synergistic effect of nano-graphene
with PVA fibers, which improves the ductility of the
matrix and the stiffness upon stress, as well as
enhancing the area under the strain-hardening
curve. The probe settings applied to the specimens
tested in this paper may enhance the mechanical
behavior of this type of stress which confines the load
to the region of indirect tensile stress distribution
[31]. The results presented in Figure 6 for the GNP-
NF matrix are in complete agreement with the
findings of Ahmad, et al. [48], who demonstrated that
nylon fibers significantly enhance the cement
matrix's resistance to indirect tensile strength,
particularly at the age of 90 days from the initial
curing. This is in line with the results of this work,
which show the development of strength at later
ages. This improvement is attributed to the bonding
strength between the fibers and the cement paste.
Despite the limited experimental procedures in this
paper for this type of load and the fillers incorporated
in the cementitious system, the behavior of late ages
develops due to the nano additives' ability to delay
hydration reactions. This interaction provides
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continuity to the hydration components, thereby more general scientific facts that can explain how
enhancing the mechanical properties of late ages. So, nanofillers (GNP) act by themselves or in hybrids.
more splitting tensile tests need to be done to find out
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Figure 5: Indirect tensile strength of intelligent mixtures in relation to age
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Figure 6: Direct tensile strength of different mixtures in relation to age
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Figure 7 shows the average direct tensile strength
values of three 75X40x25 mm dog bone specimens of
each type of mixture over the study ages. This study
compares the innovative nanofiller and fiber-
reinforced smart mixtures with the reference
mixtures of the same ages to determine the
effectiveness of the fillers incorporated into the plain
matrix under this type of loading, as well as the
extent of improvement or lack thereof in the
mechanical properties. The direct tensile strength of
all mixtures and all treatment ages was clearly lower
than that of the reference mixtures, even though they
all had the

reinforcement fibers added to them. The behavior

same amount of mechanical
was consistent, showing a decrease in the tensile
strength of the smart matrices compared to the
control mixtures and a gradual increase in tensile
strength as the matrices aged. This decrease aligns
with the findings of Lv, et al. [49], who demonstrated
that the direct tensile strength starts to decline at a
concentration of GNP greater than 0.03% of the
cementitious weight, and that the decrease in tensile
strength increases with the dosage. This is due to the
regular crystallization of GNP at this dosage, which
increases the density and reduces the pores within
the cementitious system. However, increasing the
dosage of GNP beyond 0.03% leads to irregular
agglomeration, also known as irregular polyhedral,
which the matrix can benefit from in compressive
strength loads. This behavior is fully supported by
the behavior of the matrices in this paper at a dosage
of 2% by weight of cementitious composites in both
compression and direct tension. The innovative
matrices recorded a decrease in tensile strength
compared to the reference mixtures, but their
behavior was consistent in terms of strength
development with age and the superiority of PVA-
reinforced matrices over those reinforced with nylon
fibers as previously mentioned in Section 3.1.2. One
reason the GNP-PVA matrix is better than other
fibers that PVA fibers have unique physical
properties [50, 51]. In addition, the synergistic effect
of PVA fibers along with GNP increases the strength
of the area under load [47]. This is consistent with
what was concluded by [33] that fibers in general and
PVA in particular have a bridging phenomenon that
prevents the transmission of cracks through the

matrix and their exacerbation, which develops the
resistance of the cement matrix to the following
tensile forces [52]. The strength development of
smart blends from 28 to 180 days can be summarized
as follows. For example, the strength development of
the GNP-PVA blend from 28 to 180 days of initial
curing was 19%—from 4.3 to 5.1 MPa, while the
strength development of the GNP-NF blend from 28
to 180 days was 26%—from 3.9 to 4.9 MPa.

Before looking at the results of self-damage sensing,
it is important to see how these additives changed the
durability properties at 28, 56, 90, and 180 study ages
compared to the control mixtures in this study.
Figure 8-a displays the average flexural strength
values, while Figure 8-b displays the average flexural
deflection for three prismatic samples measuring
40x40x160 mm. By comparing the findings to the
reference arrays, a clearer picture may be obtained.
Figure 8 displays that the flexural strength of the
new combinations got stronger over time. This
indicates that the GNP-PVA and GNP-NF smart
mixtures function effectively under load and for all
the suggested ages in the research. Based on the
findings, mixes reinforced with NF fibers were better
than those reinforced with PVA fibers. Compared to
the plain mixes, the functional mixture GNP-PVA
showed an improvement percentage of 107% at age
28, 142% at age 56, 68% at age 90, and 53% at age
180. The GNP-NF combination showed a 117%
improvement at age 28, a 139% improvement at age
56, a 109% improvement at age 90, and a 95%
improvement at age 180. In general, the results
8-a the
improvement in the average flexural strength of the

presented in Figure clearly show
innovative matrices with age and are superior to the
reference mixtures for the same proposed curing age.
These results are in complete agreement with what
was reached by Yildirim, et al. [31], who attributed
this improvement to the increase in the amounts of
superplasticizer used in mixtures containing PVA
fibers, which leads to delaying the development of the
properties of the fibers and the cement matrix
interface, which in turn directly affects the
development of the flexural strength [53, 54]. The
improvement in smart matrices and their superiority

over reference mixtures is due to their incorporation
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of additives, whether conductive or strength-
enhancing. For example, GNP plays an important
role in developing flexural strength by accelerating
and continuing the wetting processes even at late
ages [55]. The decreased flexural capacity at late ages
with regular behavior for both GNP-PVA and GNP-
NF matrices while maintaining their superiority over
the reference blends may be due to the increased
amounts of GNPs, it difficult to

distribute them homogeneously with the increase of

which make

agglomerations within the matrix, which negatively
affects the hydration process, density, and pores [56].
The superiority of GNP-NF matrices is due to the
behavior of nylon fibers under bending loads
resulting from high elongation of nylon fibers in
addition to the length of nylon fibers used in this
investigation of 19 mm which improves the peak
bending value and beyond [57]. Moreover, the late-
age hydration processes have improved, and the

bonding of fibers with cement paste has strengthened
the behavior of nylon fibers [41]. The findings varied
with treatment age for the average deformation
values under flexural stress; this was true for both
the regular and smart mixes. The deformation values
of the reference mixes kept going down because of the
hydration process and matrix hardening. This made
the first crack grow faster. The novel carbon-based
matrices exhibited different behavior in the early and
late ages, with the latter showing a significant rise in
the deformation values. This could potentially be
attributed to the interaction between the fibers and
the matrix, as well as the GNPs, which act to bridge
the fractures, thereby reducing the rate of matrix
failure. All the findings from [58] align with this
conclusion.
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Figure 7: Flexural strength of different mixtures in relation to age

3.1. Self-sensing experiments under uniaxial
compressive stress

The impact of carbon-based conductive fillers

reinforced with PVA and NF fibers on the sensing

capabilities under uniaxial compressive loading

circumstances for varying processing ages 1is

discussed in this part, along with the results of

laboratory experiments conducted on samples made
using these fillers. Figures 9-11 illustrate the self-
sensing behavior of the control mixture and the
smart mixtures (GNP-PVA and GNP-NF). They
display the FCER relationship over time under an
applied load. The dashed lines show the fractional
change in electrical resistance, whereas the solid
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lines show the evolution of applied load values. The
of the
mixtures under compressive force at ages 28, 56, 90,

self-sensing response behavior control
and 180 is depicted in Figure 9. The control mixtures
function exceptionally well, showing a steady rise in
sensing levels under load, beginning at zero, even
with the small FCER values and the lack of
conductive fillers. In ordinary ECC-plain samples,
the conductive phases may split when an electric field
1s introduced. A piezoresistive response may result
from the micropores holding an endless amount of
water and dissolved ions [28, 59]. The availability of
fly ash class F, which can be thought of as the
foundation of smart mixtures that cannot be
dispensed with on a mechanical or electrical level,
coupled with other functional fillers, definitely
increases the likelihood that this response will be
possible [60]. Early ages exhibit high FCER values,
followed by successive declines for late ages. This is
because the process relies on the amount of hydration
water present in the initial reactions before starting
to diminish as the gel filling the pore forms [30, 31,
61, 62]. Figures 10 and 11 show the structural health
monitoring behavior of the innovative and smart
cementitious composites under uniaxial compressive
loads up to failure. The response of the smart arrays
to sensing the damage resulting from the loading is
evaluated in comparison with the self-damage-
sensing behavior of the control arrays, which is more
pronounced, and then the innovative composites are
compared with each other depending on the type of
reinforcing fibers embedded in them and the effect of
each on the self-sensing values of the applied
compressive load. Looking at Figures 10 and 11, it
can be noted that the innovative matrices GNP-PVA
and GNP-NF are superior to the reference mixtures
in terms of the development of the sensing values

known as AR/RO, or the fractional change in
electrical resistance. The observation becomes
clearer at early ages than at late ages. This behavior
is considered normal due to the development of the
polarization process at early ages as a result of the
abundance of water that has not yet participated in
the hydration process, which provides fewer pores
and freer ion movement, and the lack of development
of gel formation, which is a cause of weakening the
conductive network within the matrix at late ages
accompanied by a decrease in hydration water.
Therefore, see high sensing values at early treatment
ages, then they begin to decrease with the
progression of treatment age [31, 63, 64]. There are
no significant differences in the self-sensing behavior
of the GNP-PVA and GNP-NF matrices reinforced
with two different types of reinforcing fibers. This
might be because of how the graphene nanosheets
behaved when they were injected into both matrices
at the same concentration. Earlier research has
shown that these nanosheets can fill in cracks and
make the network better at conducting randomly
under load. This lets ions move easily between the
electrodes so that the values of the change in
resistance under load can be recorded [20, 65]. The
observed improvement in sensing behavior in all
mixtures that was detectable from the beginning is
likely to be due to the optimum concentration of
GNPs, which is considered the leakage threshold
limit that gives the best sensing behavior under
loading. This is in complete agreement with the
conclusion of Dong, et al. [8] who confirmed that the
optimum leakage threshold for GNPs i1s between 2-
3% by weight and gives the best behavior in
increasing the electrical conductivity of the network
within the matrix [4].
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4. Self-sensing performance under indirect
tensile stress

The evaluation of the sensing capability of
cementitious composites beneath this specific loading
condition is crucial. Initial observations indicate the
formation of a single microcrack, which subsequently
expands and develops into multiple cracks with
ongoing loading over time. Ultimately, a single crack
emerges, allowing for the recording of self-sensing
data. The self-sensing capability of the median of
three 2-inch samples is illustrated in Figures 12-14,
which  underwent indirect tensile stresses
corresponding to the ages outlined in the
aforementioned study. The electrodes were directly
added to the top surface of the specimen, positioned
at a distance of 0.5 cm from the edges of the cube
specimens, resulting in a confined self-sensing region

[31]. The manner in which a sample fractures under
the application of indirect tensile stress in the test
setup directly influences the efficacy of the new smart
blends in self-sensing characteristics. The graphs can
be studied using FCER results and the partial change
in electrical resistance data of the functional blends
in the present investigation. The performance of the
unmodified blends, as shown in Figure 13, was
significantly limited, especially at advanced curing
ages of more than 28 days. This was demonstrated in
Section 3.2.1 regarding the development of sensing at
early stages compared to late ages. However, sensing
data were not recorded from the beginning until after
the damage development stage close to failure. FCER
values of the blends made of GNP functional fillers in
Figures 13 and 14 showed self-sensing values that
were clear and easy to record from the beginning of
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the load application compared to the control blends,
with a difference in the sensing values between the
GNP-PVA and GNP-NF blends; these values were
higher in the blends reinforced with PVA fibers
compared to the GNP-NF matrix. Looking at Figure
13, the behavior of ages 28 and 56 (Figures 13-a, b)
was somewhat similar with modest FCER values
compared to ages 90 and 180 (Figures 13-c, d). The
development in the sensing values was very clear,
reflecting the understandable picture of the
development at later ages, and this may be due to the
behavior of GNP in continuing the wetting process at
later ages and its coating of the PVA fibers and the
type of such loading, which makes the sensing ability
good at later ages. On the other hand, in Figure 14,
the same behavior is seen as that of the GNP-PVA

matrix in Figures (14-b, ¢, d), but with more modest
values in terms of the development of the matrix
response to sensing at later ages. Microcracks that
developed beneath indirect tension load exhibited a
more quick and extensive opening compared to those
created beneath compression. This difference in
behavior was believed to account for the variations
observed in the self-sensing characteristics across
different matrices. The incorporation of nanofillers
within the matrix has notably enhanced the
sensitivity of matrices subjected to indirect tensile
loads. This leads to the displacement of graphene
nanoplatelet molecules, resulting in their separation
as microcracks form during loading, which in turn
elevates the electrical resistance values [50, 66, 67].
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5. Self-sensing performance under three-point

bending stress
This section analyses and assesses the self-sensing
outcomes derived from applying three-point flexural
loads to novel samples composed of GNP reinforced
with PVA and NF fibers at both early and late curing
ages. Figures 15-17 illustrate the self-sensing
characteristics of both intelligent and conventional
blends. They show how the fractional change in
electrical resistance (FCER) is related to both
flexural stress (vertical axis) and deformation
(horizontal axis). It can record the variations in

electrical resistance of all mixes, regardless of the

presence of conductive components, from the
beginning. This behavior develops permanently in a
linear manner, with the FCER fluctuating depending
on the matrix type and the curing age for a particular
graph. Figure 15 shows how well the control mixes
worked for the self-sensing response to bending
stress at 28, 56, 90, and 180 days old. Even though
the FCER values aren't very high and there aren't
any conductive fillers in the control mixes, they work
very well, with sensing values consistently going up
with load from zero. Some carbon-based materials

and electrically conductive phases may be adding to
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the samples that are being flexural loaded, which
could explain the small changes seen in the FCER
results during the elastic phase (the start of the
loading), when no cracks can be seen. The sensing
values of the reference and clever combinations at
early ages may be associated with polarization,
attributed to a significant amount of hydration water
that has not yet engaged in the hydration reactions.
Additionally, the potential existence of micro-cracks
within the microstructure of the matrix-aggregate
(31, 62]. The
remarkable improvement in the sensing capability of

interface may also play a role

the delayed ages of the smart blends can be
attributed to the behavior of GNPs, which delay and
continue the hydration processes, thereby providing
good conductivity to the formed network. See Section
3.1 for more details. As mentioned in the opening of
this section, FCER values showed an irreversible
linear growth of the matrix, regardless of matrix type
or age. This behavior, prevalent in prismatic samples
subjected to flexural stress, is likely attributed to the
presence of microcracks in the structure of the
mixtures between the interface of the cement paste

and fine aggregate or between the interface of the
that develop with the
application of flexural load over time, leading to the

matrix and additives

damage of the conductive paths within the electrical
network after crack formation due to the gradual
flexural load over time. Figures 16 and 18 show the
performance of the smart blends GNP-PVA and
GNP-NF, respectively, which showed very good
behavior compared to the control blends through the
FCER The
enhancement of the electrical network within the

significant increase in values.
cementitious system is unambiguously attributed to
the injection of carbon dosage at the nanoscale, along
with another beneficial effect of raising the sensing
values related to the bridging of the fibers across the
crack before failure, thus maintaining the network
connection with the remaining functional conductive

paths [68].
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6. Self-sensing performance under direct tensile

stress
Figures 18-20 present a visualization of the behavior

of ECC arrays for average damage sensing values
under direct tensile loads for the reference and novel
The

improvement in the self-sensing properties of the

clever matrices over time. remarkable
matrices developed with conductive nanofillers is due
to the activation of electron transfer through
tunnelling between nanofillers or fibers-to-fibers [50,
51]. A previous study [44] confirmed that the high
self-sensing values under direct tensile forces might

be because the fibers embedded in the matrix tend to

separate or break when stress is applied. This is
similar to how the new matrices in this study that
were reinforced with PVA fibers (Figure 19) and
nylon fibers (NF) (Figure 20) behaved. The cracking
pattern of the laboratory-tested samples may
contribute to the differences in the sensing behavior
of the smart matrices associated with ages, as it
directly influences the matrix's ability to alter its
electrical resistance over time until failure [69, 70].
The

nanosheets

synergistic effect between the graphene
(which and delay the
hydration reactions for the late ages), as mentioned

accelerate
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previously, and the mechanical reinforcement fibers
covered with nano-fillers, which in turn leads to the
contact of GNP molecules with the surfaces of those
fibers [71], which makes them a network with well-
conductive paths for the late ages. The differences in
the self-sensing values of GNP-PVA and GNP-NF
blends can be clearly seen; in terms of more regular
behavior, GNP-PVA blends developed gradually with
the ages of the study. While GNP-NF matrices
presented themselves as having more sensing ability
in terms of higher FCER values, this difference is
clearly seen in Figures 19-d and 20-d. This is
probably due to the greater response of PVA fibers to
the connecting with GNP molecules than the latter to
nylon fibers. The results obtained from this work are
consistent with previous work regarding the
sensitivity of samples to applied load over time,
[21] demonstrated that the
synergistic effect between GNP and fly ash leads to a

where Saafi, et al.

significant improvement in the development of
electrical conductivity by reducing porosity within
cementitious composites, where the behavior is linear
with respect to the ability of samples to respond to

damage by applied tensile load, which is in complete
agreement with the behavior of the matrices in this
study under tensile loads applied to GNP-PVA and
GNP-NF blends. This justification is consistent with
Lynch, et al. [72] who concluded that when the
concentration of GNP filler is between 1.2 and 3.6%
by weight of cementitious materials, the interfaces
between the paste and the nanofiller increase, which
justifies the high initial sensing values. Then, with
increasing stress over time, the microcracks increase
by spreading and connecting with each other
afterwards, which causes damage to the electrically
conductive network and a decrease in the cross-
sectional area considered for conductivity. The above
explanation suggests that increasing the applied
stress causes the sample to gradually deteriorate
over time until it fails. This, in turn, leads to the
interruption of the conductive network paths formed
by the GNP filler due to its separation from the
cement paste.
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days, b)56 days, c¢) 90 days, and d)180 days
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7. Conclusions

This investigation focuses on understanding the
electrical and mechanical behavior of innovative
clever composites of plain ECC matrix incorporation
with carbon nanofillers (GNP) and reinforced with
PVA and NF fibers for curing ages of 28, 56, 90, and
180 days. The laboratory tests applied to the study
samples to evaluate the self-sensing ability and
durability included monotonic compression strength,
direct and indirect tensile strength, and three-point
flexural strength. The results obtained in this paper
can be summarized as follows:

a. The Regarding the mechanical aspect and in

comparison, with the reference mixtures to
provide a clearer picture, the synergistic effect of
GNP and reinforcing fibers on the strength
development of the mixtures is very good to say
the least, especially at late ages due to the
acceleration and continuation of the hydration
processes beyond 28 days. The effect of nanofillers
on the mechanical properties was clear in terms of
the close bonding with the cement paste interface
in addition to its coating of the reinforcing fibers,
which improved the adhesion and bonding of the
fibers with the cement paste. Moreover, there was
a positive effect of the reinforcing fibers (polyvinyl
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alcohol and nylon fibers) throughout the study
ages and for all the loading scenarios applied in
this paper. This distinctive behavior can make
these matrices a strong candidate for field works
related to civil engineering, such as concrete
structures, infrastructure, and rigid pavements.
b. Concerning the functional aspect of these
matrices, they showed a unique behavior to our
knowledge regarding the evolution of the self-
sensing ability of carbon-based nanofiller arrays
at late ages, which is contrary to the common
behavior of functional arrays where the sensing
ability often decreases at late ages due to the gel
development that negatively affects the
conductive network paths within the array.
Furthermore, in general, good FCER values
were recordable from the zero point and evolved
with the load development for the loading
scenarios proposed in this investigation.
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