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Tis research examines the electromechanical characteristics of self-sensing cement composite (SCC) containing activated
charcoal (AC) at various concentrations (5%, 10%, 15%, 20%, and 25%).Te developed composite is placed in various zones in the
beam to monitor beam behaviour, as well as in the column center to monitor column defection. Te research reveals that AC
reduced the compressive strength and resistivity of cement composites by generating local hydration and carbon accumulation.
Te performance index approach optimizes AC concentrations at 25% and 20% without and with 10% silica fume (SF), re-
spectively. Te embedded SCC has monitored the defection of beams and columns with a maximum correlation between
electrical resistivity and defection at 99% and 96%, respectively. According to the fndings, the AC can generate SCC, whichmight
be utilized to monitor the defection of beams and columns.

1. Introduction

Engineered cement composites are gaining popularity as
nanomaterials emerge that can alter the mechanical and
durability qualities of concrete. Despite several material
advances, it is still difcult to avoid damage to concrete
structures. Monitoring the performance of concrete struc-
tures under external loads is called structural health mon-
itoring (SHM) [1–3]. To monitor structural performance,
a variety of sensors, such as accelerometers [4], ceramic
sensors [5], and fber optic sensors [6, 7], are available.
However, such sensors have limited uses due to their high
cost, low sensitivity, and lack of scalability [8]. As a result,
a self-sensing cement composite (SCC) that can monitor
structural performance is developed [9, 10]. Due to its ex-
cellent compatibility and durability, SCC constructed of
conductive materials plays a vital part in the SHM compared
to traditional sensors. Steel fber (SF), carbon nanotube
(CNT), carbon black (CB), carbon fber (CF), nickel powder

(NP), and graphite powder (GP) are conductive materials
that can help develop the SCC [11–16]. Both fber and
powder materials can develop SCC to detect stress, strain,
and damage in concrete structures under monotonic and
cyclic loads [17]. It was also revealed that machine learning
techniques, such as classifcation algorithms, can detect
independent damage modes in composites with an accuracy
of about 95% [18].

Carbon-based materials are utilized in the development
of elastomeric isolators, ultra-high-performance concrete,
etc., due to their exceptional properties [19, 20]. Carbon-
based powder materials have a substantial impact on the
advancement of SCC. CB and GP are frequently used in
powder-based conductive materials to develop SCC [21].
Monteiro et al. identifed that as the CB concentration is
higher, the accuracy of resistivity monitoring is higher and
showed amaximum reduction in resistivity of 95% (8Ωm) at
10% CB [22]. Han and Ou justify the decrease in resistivity
by claiming that the integration of CF and CB in the
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composite results in a sensitivity of 1.35% MPa−1 [23]. Wen
and Chung justify the cost-efectiveness of hybrid com-
posites by partially substituting CF with CB, lowering the
resistivity to 604± 73Ωcm (0.5 CF+ 0.5 CB) [24]. Li et al.
determined that the addition of nano carbon black results in
a negligible reduction of fractional change in resistance
(about 2%). However, the fractional change in resistance is
increased to 4.6% with the hybrid inclusion of nano carbon
black and 0.1% polypropylene fbers due to the adhesion
between nano carbon black and polypropylene fbers [25].

Activated charcoal (AC), a highly porous carbon powder
that can be synthesized by carbonation, oxidation, or
chemical impregnation (such as acid), has been used in ce-
ment and concrete for decades [26, 27]. AC is more successful
in improving cement strength (�363 psi after one day) and is
promising in countering the adverse efects of cement mud
contamination [27]. Te addition of AC to the concrete mix
increased NO2 absorption (2.1× 10−3mol/m2 after 24 hours
of exposure) without increasing overall porosity or dimin-
ishing strength. Tis is owing to a vast surface area of AC
(695m2/g), which increases the surface area of adsorption and
associated chemical reactions [28]. Te substitution of
acidifed AC in cementmortar increased workability by 71.4%
due to the plasticizing efect of AC and compressive strength
by 9% compared to conventional mortar as a result of local
hydration caused by water released from AC pores [29]. Te
depolluting impact of AC embedded concrete is vital in the
face of temperature, humidity, and gaseous pollutants such as
formaldehyde and carbon dioxide [30]. Because of the lower
void content, AC at 10% lowered the air void content from
10% to 2.1% (increasing freeze-thaw resistance) and enhanced
compressive strength from 21.7MPa to 37.5MPa. Research
has also revealed that the inclusion of carbon content has no
adverse efect on the compressive strength of concrete [31].
Te strength of concrete with 4% AC is raised to 22.39MPa
from 18.97MPa (conventional concrete), implying that the
addition of AC in the concrete makes the concrete denser and
increases the compressive strength [32].

Controversially, the addition of 20%, 30%, and 50% AC
lowered the strength of the cement mortar by 10%, 25%, and
40%, respectively [33]. Te lower compressive strength is
primarily due to a delay in cement particle hydration caused
by the pozzolana, which will grow as the AC content in-
creases. Te addition of a high proportion of AC necessitates
more mixing water due to their high water-absorption ca-
pacity, which could reduce the compressive strength of the
composite [34]. Te porosity of 50% AC mortar is 24%–30%
greater than that of conventional cement mortar. Adding
10%, AC to the cement mortar lowered the compressive
strength from 36.8MPa to 27.8MPa and the tensile strength
from 3.24MPa to 2.55MPa. Te internal curing benefts
promoted by hydratedAC and the greater water consumption
of AC due to its larger surface area contribute to the reduction
in strength [35]. Te addition of AC has increased the
conductivity inside the cement composite. Te AC lowered
the resistivity of asphalt concrete containing siliceous particles
by 71% and limestone aggregates by 63%, respectively [36].
Te AC has a propensity to decrease thermal conductivity
(1.52W/mK) and increase specifc heat in the composite

(0.84KJ/kgK) due to the lower density and heat capacity of
parafn (2KJ/kgK) used in the research [37]. Te AC is also
used to remove organic contaminants from the water, with
methylene blue and rhodamine adsorptive removal rates of
80% and 71%, respectively [38].

Because of the rough texture of the activated carbon
utilized, it can be used as a partial replacement for aggregate,
increasing the strength of concrete by up to 50MPa. A
similar pattern is found in splitting tensile strength, where
the increase in strength ranges from 25% to 60%. Due to the
presence of internal fssures between paste and aggregates,
the depth of water penetration is between 5mm–24mm
[39]. Te fexural strength of the powder-activated carbon
(PAC) embedded concrete was raised from 3.30MPa to
3.59MPa (0.75% PAC) [40]. A modest concentration of
regenerated activated carbon contributes to the quick ad-
sorption of phenol-contaminated sand during the solidif-
cation/stabilization process (1%-2% wt. of sand) [41]. In
addition to a Macro Defect Free (MDF) cement in-
corporating vinyl polymer, activated carbon produces
a moisture-blocking, long-lasting cement material [42]. A
hybrid combination of activated carbon powder, hollow
glass microspheres, and carbon nanofbers is employed in
lightweight engineered cementitious composites [43].

Tus, the AC is evaluated mainly for its impact on
composite strength alterations of cement composite. Te AC
embedded cement composite is monitored in terms of du-
rability (temperature, humidity, organic contaminants),
thermal conductivity, specifc heat, and other factors. While
research studies are conducted on AC embedded cement
composite for mechanical and thermal properties, the suit-
ability of AC embedded composites for conductive and
sensing properties of cement composite is unexplored. Tis
study determines that AC can develop an SCC with a high
conductivity (�114Ωcm) and piezoresistivity (about 8%).
Additionally, this research optimizes the electromechanical
properties of AC embedded SCC, with morphological anal-
ysis to justify the property enhancement. Furthermore, to
enable the real-time application of the developed SCC, the
SCC was embedded in reinforced concrete beams and col-
umns, and it is determined that the resistivity variation of
SCC in beams and columns has a 99% (approx.) and 96%
(approx.) correlation with defection, respectively. Te ob-
jective of this research is to (a) measure the compressive
strength, conductivity, piezoresistivity, and stress sensitivity
of SCC at various AC concentrations without and with 10%
silica fume (SF), (b) optimize the SCC using a performance
index that considers both mechanical and electrical charac-
teristics, (c) characterize the microstructure of cement
composites using scanning electronmicroscopy (SEM), X-ray
difraction (XRD), and energy dispersive X-ray (EDAX) in-
vestigations, and (d) apply the developed SCC in various
zones of beams and columns tomonitor deformation through
changes in electrical resistivity of embedded SCC.

2. Materials

Te conventional cement composite comprises ordinary
portland cement (OPC) grade 53, natural sand, and SF from
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ASTRRA Chemicals, Chennai, India. Te chemical com-
position of cement (calcium� 63.288%), fne aggregate
(silica� 77.626%), and SF (silica� 96.279%) is determined
by XRF analysis. IS 4031 (Part 11) is used to measure the
specifc gravity of cement (�3) and SF (�2.64), whereas IS
2386 (Part 3) is used to determine the specifc gravity of sand
(�2.717). Master Sky Glenium from ASTRAA Chemicals,
India, with a pH of 6 and a specifc gravity of 1.10, is utilized
as a chemical additive to enhance the workability of the SCC.
To improve the electrical characteristics of the composite,
the AC (Model: LOBA Chemie) from RB Scientifc,
Coimbatore, India, is utilized. Table 1 summarises the
physical characteristics of AC.

EDAX analysis is used to identify the chemical com-
position of AC, as presented in Table 2. Te carbon content
of AC has been calculated to be 87.05%. AC, as depicted in
Figures 1(a) and 1(b), and it takes priority in this research
because the carbon content controls the conductivity [44].
Four copper meshes measuring 70mm in width, 50mm in
depth, and 1mm in breadth are utilized to evaluate the
electrical characteristics of the cement composite using the
four-probe method.

Te cementitious material-sand ratio and the water-
cement ratio of cement composite are maintained at 1
and 0.3, respectively. AC is a novel substance that has been
utilized to create an SCC. Since AC is a powdered substance
with low carbon content, it is used in concentrations ranging
from 5% to 25% by weight of the binder, with a 5% increase
[45]. SF, which was employed in previous research studies to
improve material dispersion, is included in this study at 10%
of the weight of the binder. SF, due to its small size, is good at
separating conductive particles during the mixing process
and enhancing AC dispersion [46]. Te various mix pro-
portion used to develop SCC is shown in Table 3.Te surface
area of the composite grows as the AC concentration rises,
resulting in water scarcity. As a result, the superplasticizer
concentration in the composite is changed between 1% and
2% to maintain the workability of the composite (�230mm)
constant. As defned by IS 2250–1981, the fow table ex-
periment is used to measure the workability of SCC.

Cement, sand, and SF are mixed for 60 seconds before
integrating into the AC embedded cement composite. Ten,
2/3 of the water and superplasticizer should be stirred for
120 seconds in a fask before mixing with the dry materials
for 60 seconds. Te remaining 1/3 of the water is added to
AC and swirled gently for 120 seconds before being vigor-
ously agitated for another 120 seconds. Te solution is then
mixed for 60 seconds with the premixed dry components.
Finally, the mix is poured into the specially prepared lu-
bricated mould, and the electrode is inserted simultaneously.
Te spacing between the internal electrodes is preserved at
20mm, while the gap between the inner and exterior
electrodes is kept at 10mm. Te specimens are demoulded
after 24 hours and water cured for 28 days.

3. Methods

In compliance with IS 4031 (Part-6), the compressive
strength of the SCC is assessed using a 200T capacity

compressive testing machine (AIMIL-AIM 317E-AN). A
power supply unit (PSU) applies DC to the two outside
current electrodes. A multimeter (fuke 15 b) is employed to
monitor the voltage between the two inner current elec-
trodes simultaneously. Te formula R�V/I is used to cal-
culate the resistance (R) value, where V denotes the voltage,
and I represents the current supplied to the electrodes of
SCC. Resistivity (ρ�RA/L) is calculated to consider the
geometry of the composite, where A denotes the area of the
SCC and L represents the spacing between the two voltage
electrodes.Te initial resistivity, stress, and resistivity during
load application are simultaneously calculated. Te FCR is
computed by the equation as follows:

FCR �
ρ − ρo

ρo
, (1)

where ρ indicates the resistivity at each load increment, and
ρo exhibits the initial resistivity of SCC. Stress sensitivity is
computed using the formula FCR/σ, where σ denotes the
longitudinal stress of the SCC. Te stress (σ) of the com-
posite is calculated using the formula σ � P/A.

For microstructural analysis, a Field Emission Scanning
Electron Microscopy (FESEM) system (Make: CARL ZEISS
(USA), resolution� 1.5 nm) is employed. Te XRD test on
the composite is conducted at 30mA and a scanning range of
5 to 90° (�2θ). Te elemental constituents of optimized
powdered SCC are determined using EDAX analysis (Make:
Bruker, Model: Nano XFlash detector). Te difraction angle
used in the test ranges from 0 to 90°.

RCC beams of efective span 1.5m (clear span� 1.8m,
breadth� 0.15m, and depth� 0.25m) are cast with em-
bedded SCC to determine its fexural strength. Te concrete
is cast for M20 grade as per IS 10262:2009, and the re-
inforcements are designed in accordance with IS 456:2000.
Te beam reinforcements are designed using Fe415 re-
inforcements with a yield strength of 240MPa.

Te fexural strength of the beam is determined by
applying a two-point load with a 100 T (UNITECH) loading
frame. According to the mechanics, the beam is divided into
three zones, with the center span subjected to pure fexure
and the end spans subjected to a combination of fexure and

Table 1: Physical properties of AC.

AC
Property Value
Colour Black
State Solid
Vapour density 0.4
Density (g/cc) 1.8–2.1
Particle size (mm) 0.25
Electrical conductivity (S/cm) 2.4×10−7

pH value 6–9

Table 2: EDAX analysis of AC used to develop SCC.

Element 3 sigma (weight%) Norm C (weight%)
Carbon 31.64 87.05
Oxygen 8.05 12.95
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shear [46]. Hence, SCC is positioned at the center top
(uniaxial compression), center bottom (uniaxial tension),
and 500mm from the middle of the beam (combined fexure
and shear), as depicted in Figure 2. A linear variable dif-
ferential transformer (LVDT) with a sensitivity of 0.001mm
and a dial gauge are used to detect beam defection at the
center and 500mm from the center of the beam, respectively.

By applying an axially compressive force, the defection
of a column (height� 1m, width� 0.15m, and
depth� 0.50m) with SCC placed in the core is determined. A
100T (UNITECH) loading frame is used to apply a com-
pressive force to the column. Using an LVDT, the vertical
deformation of the column is monitored. Te column is cast
for grade M20 according to IS 10262:2009. Te column
reinforcements are designed using Fe415 reinforcements as
per IS456:2000.

4. Results and Discussion

4.1. Compressive Strength. Figure 3 depicts the compressive
strength of SCC with various proportions of AC without SF
and with 10% SF. Te standard deviation of strength for all
the mixes is between 0.10MPa and 0.55MPa. Te coefcient
of variation for strength ranges from 0.6% to 2.4%. Te
strength of the SCC decreases as the proportion of AC in the
SCC increases. As shown in Figure 3, the compressive
strength is reduced by 9.65%, 19.37%, 35.49%, 39.44%, and
43.27% when 5%, 10%, 15%, 20%, and 25% AC is added,
respectively. Te fndings are consistent with earlier studies.

According to Li and Li, 5% CB reduces compressive strength
by 27%, whereas 10% CB reduces compressive strength by
32% [47]. Dong et al. also show a decrease in strength by
32.7%, 56.4%, and 72.7% for 1%, 2%, and 4% CB, re-
spectively [34]. Monteiro et al. show a reduction in com-
pressive strength of 9% at 10% CB [48].

Since the use of AC in the fabrication of SCC is a unique
idea, earlier research in GP and CB (carbonaceous powder
particles comparable to AC) is utilized to discuss the results
(compressive strength, resistivity, piezoresistivity, and stress
sensitivity). Te internal curing advantages supported by the
hydrated AC and the increased water consumption of AC
owing to its larger surface area contribute to the decline in
strength [35].Te AC absorbs water and binds to the cement
surface, slowing down the hydration process, and resulting
in reduced compressive strength of the SCC [34]. Te de-
crease in strength is also due to the surface energy of AC
particles, which causes AC to agglomerate together and form
clusters [34]. Similar to GP [49], the smooth surface of AC,
as observed in Figure 1(b), the diference in hydrophilicity of
cement and AC [49], and the increased water consumption
of AC [50], lead to the decline in the strength of SCC.

As depicted in Figure 3, the addition of 10% SF increases
the compressive strength of all composites, both with and
without AC. When 10% SF is incorporated into the con-
ventional cement composite, the strength improves by 16%.
Incorporation of 10% SF composite shows an increase in
strength by 3.33%, 5.04%, 13.85%, 22.35%, and 30.19% in
5%, 10%, 15%, 20%, and 25% AC-SF composites, re-
spectively, compared to AC alone incorporated cement
composite.Te pozzolanic reaction and reduced particle size
of SF increase the packing density and modify the pore
structure of the composite, resulting in a densifed ce-
mentitious microstructure [47]. According to prior studies,
the creation of C-S-H crystals generated by SF and the pore-
flling capability of SF in the cement composite also con-
tribute to the strength amplifcation of AC-SF composites
[51, 52].

4.2. Electrical Properties

4.2.1. Electrical Resistivity. Te fuctuation of resistivity at
various concentrations of AC without and with 10% SF is
shown in Figure 4. Te standard deviation of resistivity

(a)

2 µm

(b)

Figure 1: Illustrations of (a) AC-video camera and (b) AC–SEM.

Table 3: Mix proportion of SCC developed using AC.

Mix ID SF (wt. of cement) AC (wt. of cement)
C — —
5% AC — 0.05
10% AC — 0.10
15% AC — 0.15
20% AC — 0.20
25% AC — 0.25
C-SF 0.1 —
5% AC-SF 0.1 0.05
10% AC-SF 0.1 0.10
15% AC-SF 0.1 0.15
20% AC-SF 0.1 0.20
25% AC-SF 0.1 0.25
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ranges from 0.069Ωm to 2.22Ωm. Te coefcient of vari-
ation of electrical resistivity for AC embedded composites
varies between 0.6% and 10.17%. As presented in Figure 4,
the decrease in resistivity is proportional to the increase in
AC concentration. From Figure 4, it is observed that the
electrical resistivity is reduced by 5.20%, 7.37%, 20.37%,
25.45%, and 46.20% for 5%, 10%, 15%, 20%, and 25% of AC
inclusion, respectively. Similarly, the resistivity is reduced by
7%, 7.48%, 9.41%, 21.47%, and 40.76% for 5%, 10%, 15%,
20%, and 25% of AC-SF inclusion, respectively. Te fndings
are comparable to the research of Dong et al. who found that
at 2% CB, electrical resistivity drops by 85%. Te more
signifcant reduction in resistivity is primarily due to the

high purity carbon content (>99.5%) in the CB utilized in the
composite development. Li et al. discovered that including
CB reduces electrical resistivity from 10000Ωcm (5 % wt. of
cement) to 100Ωcm (10% wt. of cement). At lower AC
concentrations (201Ωm for 5% AC and 203Ωm for 5% AC-
SF), the resistivity values are high. Tis is because the
conductive AC will be negligible in the SCC compared to the
hydration products (C-S-H, Portlandite, and Ettringite-refer
to Section 4.4.1). As a result, the hydration products act as
barriers, preventing the composite from forming a contin-
uous conducting network [53]. However, as the AC con-
centration increases, the electrical resistivity decreases
signifcantly (114Ωm for 25% AC and 129Ωm for 25% AC-

M 3 PSU 3

SCC 2

SCC 3

DG 1 DG 2

SCC – Self Sensing Cement Composite
PSU – Power Supply Unit
DG – Dial Gauge
M – Multimeter

M 1 PSU 1 M 2 PSU 2

SCC 1

Figure 2: Research setup for concurrent measurement of beam defection and SCC resistivity.
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SF) due to the creation of more conductive networks in the
composite [54]. Te resistivity fuctuations in the composite
are infuenced by the concentration of AC and the quality of
connections between AC [55].

From Figure 4, it is understood that the inclusion of SF
increases the resistivity by 0.81%, 2.65%, 16.92%, 8.26%, and
13.16% at 5%, 10%, 15%, 20%, and 25% of AC-SF embedded
cement composite, respectively, compared to the AC alone
embedded cement composite. Te presence of SF in the
composite densifes the matrix by developing additional
hydration products (C-S-H), which act as a barrier and lead
to a substantial increase in the resistivity of the composite
[34] (Refer XRD analysis-Section 4.4.3).

Te percolation threshold for CB-induced cement
composite is 7.22–11.39% by Li et al. [54]. Wu et al. reported
that the percolation threshold for GP and CB is 10% and
12%, respectively [53]. According to our fndings, the
electrical resistivity of AC embedded composites does not
vary substantially till 10%. However, there is a considerable
drop in resistivity in AC alone embedded cement composites
from 7.37% (10% AC) to 20.37% (15% AC). Similarly, in the
AC-SF embedded cement composite, there is no substantial
resistivity fuctuation until 15% (9.41%). However, at 20%
AC-SF and 25% AC-SF, the resistivity is reduced by 21.47%
and 40.76%, respectively. Tis demonstrates that the per-
colation threshold is 15% for AC embedded composite and
20% for AC-SF embedded composite. Because of the sig-
nifcant distance between porosities, electrons take a long
time to fow through SF embedded composites, delaying
polarisation, and the formation of the percolation threshold
in AC-SF composites [56].

4.2.2. Piezoresistivity. Figure 5 depicts FCR vs. stress for an
AC integrated SCC without SF. Te FCR value is initially
lowered for all % of AC embedded composite with an in-
crease in stress (reduced till 12MPa for 5% and 10% AC,
8MPa for 15% AC, 10MPa for 20% AC, and 6MPa for 25%
AC). For 10% AC, the minimal reduction in FCR is 4.30%,
which might be attributable to low concentration and ac-
cumulation of AC. For 25% AC, the most signifcant de-
crease in FCR (5.70%) is obtained.Tis is because, with more
excellent AC, more clusters in the cement composite are
close to each other (supported by SEM analysis-refer to
Section 4.4.1). As the load increases, fewer AC moves closer
to each other, contributing to tunneling conduction, and
fewer AC comes into contact, contributing to composite
contact conduction [17].

For all % concentrations of AC, the FCR value increases
after a given stress value due to material breakage. However,
the stress value at which the FCR increases varies due to
changes in the compressive strength of composite with
diferent% of AC. It is evident from Figure 5 that the high
concentration of AC composites attained their maximal
resistivity reduction with a smaller stress increment. It is
worth noting that while using 25%AC, the FCR is reduced to
5.70%, and its ability to diminish resistivity with increasing
stress (i.e., its applicability in concrete structure health
monitoring) is restricted at a lower stress value (6MPa).

However, SCC can reduce resistivity until 14MPa despite
the fact that 5% AC can lower the FCR to 4.63% only. Tus,
compressive strength and conductivity are required to make
the SCC have long-term usage in the health monitoring of
structural components.

In AC embedded cement composite with SF, the FCR
fuctuation concerning stress is shown in Figure 6. A linear
decrease in FCR is observed with increasing stress at 5%,
10%, and 15% AC-SF composites. Tey have a high com-
pressive strength, which prevents the composite from
breaking. Te maximum reduction in FCR is observed as
4.69%, 5.29%, and 8.18% in 5%, 10%, and 15% AC-SF
composites. Tus, until 15% AC inclusion, the magnitude of
the maximum reduction in FCR is proportional to the
amount of AC in the composite. Te higher the AC, the
more conductive network is developed in the SCC during
the application, resulting in a lower FCR in the composite.
Te compressive strength is lowest in 20% AC and 25% AC.
Terefore, the FCR decreases until it reaches its elastic re-
gime, after which it increases owing to the creation of cracks.
For 25% AC, the decline in FCR is limited to 6.56%
(�12MPa) owing to SCC failure. Tus, the reduction in FCR
in the composite is determined not just by the concentration
of AC but also by the strength of the composite.

4.2.3. Stress Sensitivity. Figure 7 shows the stress sensitivity
of an AC integrated SCC without SF as a function of stress.
Figure 7 indicates that the stress sensitivity value initially
increases for all concentrations of AC (increased to 14MPa
for 5%, 4MPa for 10% AC, 15% AC, 20% AC, and 25% AC).
Te increased stress sensitivity results from the high ab-
sorption capacity of AC, which generates clusters as the load
increases [57]. Te stress sensitivity of 5% AC is enhanced till
a stress of 14MPa due to the high compressive strength and
low AC content. Since the concentration of AC is minimal,
the conductive channels are formed at higher stress levels.
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Consequently, contact conduction and tunneling conduction
contribute to a signifcant decrease in resistivity and an
enormous increase in stress sensitivity at a higher level of
stress. Besides, maximum stress sensitivity of 1.1% is achieved
in a 25% AC embedded cement composite. Tis is because, in
addition to cluster formation (as observed in 5% AC),
a continuous conductive channel is formed in 25% AC
embedded composite (due to the high concentration),
resulting in a signifcant increase in the sensitivity of the SCC
when compared to other concentrations [58]. However, the
stress sensitivity diminishes below 4MPa at 25%AC, showing
that the composite is inefcient at higher stress values.

Figure 8 represents the stress sensitivity of an AC em-
bedded cement composite with SF as a function of stress.Te
stress sensitivity of 10%, 15%, and 25% AC-SF composites
increases to around 0.35%, 0.25%, and 0.55% at 6MPa due to
the good dispersion of AC by SF. With an increase in load,
AC forms conductive channels and permits electron fow
through the channels, resulting in the development of
contact and tunneling conduction, which contributes si-
multaneously to the decreased resistivity and increased
stress sensitivity at lower stress levels. However, there is
a slight variation in stress sensitivity (0.45% at 2MPa to 0.4%
at 20MPa) for 5% AC-SF embedded cement composite. Tis
is because, at lower concentrations of AC-SF (5%), there is
a good dispersion of AC by SF, which causes only a slight
fuctuation in AC orientation as the stress level increases,
resulting in a slight variation in stress sensitivity. Te
maximum strain sensitivity is around 0.7% for 20% AC-SF
composite than 25% AC-SF composite, which is in agree-
ment with an investigation by Li et al. [54]. Te stress
sensitivity decreases until it reaches 8MPa for 20% AC,
indicating a signifcant agglomeration of AC in the com-
posite and conductive network disruption by the SF
particles.

4.3. Performance Index. An SCC must possess high elec-
tromechanical properties to monitor the structural compo-
nents successfully. Te performance index (PI) technique,
a management tool that integrates several data sets, is utilized
to optimize SCC [13, 58]. If the primary requirement for
a cement composite is strength, PI 1 should be used. If both
strength and conductivity are required, PI 2 is preferred. PI 3
is recommended if strength, conductivity, and piezoresistivity
are necessary. If strength, conductivity, piezoresistivity, and
stress sensitivity are required, then PI 4 is preferred.

Initially, the weight ranking (Wr) is calculated by
multiplying the measured performance of each mix by the
best version of all the combinations; for example, the
compressive strength of each mix is divided by the maxi-
mum compressive strength. Te composite with the best
performance is given a value of 1, as shown in Figure 9, while
the others are given a value of <1. As shown in Figures 9(a)
and 9(b), 5% AC and 5% AC-SF have a value Wr of 1,
respectively, indicating that those composites have the
highest compressive strength.

Wr is multiplied by 5 to get the numeric index (Ni).
Ni� 5 will be assigned to the composite with the best
performance, and Ni for the remaining composites will be
proportioned to the best value, 5, as depicted in Figures 10(a)
and 10(b). As indicated in Figures 10(a) and 10(b), 5% AC
and 5% AC-SF have a value Ni of 5, respectively, indicating
that those composites have the highest strength.

Finally, the Ni is calculated for each ID and divided by the
best numeric index. Te performance index of each ID is cal-
culated as a percentage of the total value, with 100 representing
the best performance. Te performance index for AC and
AC-SF embedded cement composites is shown in Figures 11(a)
and 11(b). As observed in Figures 11(a) and 11(b), the best %
inclusions are 25% AC and 20% AC-SF, respectively.
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Te piezoresistivity and stress sensitivity of optimized
cement composites (25% AC and 20% AC-SF) are shown in
Figures 12 and 13. Figure 12 shows a polynomial curve
(ax2 + bx+ c) that can ft the relationship between FCR and
stress for all suitable cement composites. According to
previous research, as shown in Figure 12, the R2 value for all
ideal cement composites is more signifcant than 0.93
(0.9643� 25% AC and 0.9315� 20% AC-SF), indicating that
the polynomial equation may be used to detect FCR [59].

In stress sensitivity vs. stress curve, as shown in Fig-
ure 13, the polynomial ft sets excellent for 25% AC and 20%

AC-SF composites with R2> 0.76, implying that those curves
may be used to determine the stress sensitivity roughly,
indicating that the polynomial equation may be employed
for stress sensitivity detection.

4.4. Morphological Characterization. To establish the causes
for the property enhancement in the composite, SEM, XRD,
and EDAX are used to analyze the morphological charac-
teristics of the cement composites (25%AC and 20%AC-SF)
optimized using the PI technique.

1

0.
57

0.
8

0.
32

0.
89

0.
58

0.
75

0.
34

0.
71

0.
68

0.
89

0.
45

0.
67 0.

72 0.
77

0.
45

0.
63

1 1 1

PI 1 PI 2 PI 3 PI 4
Mix ID

5% AC
10% AC
15% AC

20% AC
25% AC

0.00

0.25

0.50

0.75

1.00

1.25

W
EI

G
H

T 
RA

N
KI

N
G

 (W
r)

(a)

1

0.
64

0.
57

0.
33

0.
98

0.
64 0.
65

0.
41

0.
89

0.
65

1

0.
58

0.
8

0.
75 0.

8

1

0.
72

1

0.
8

0.
8

PI 1 PI 2 PI 3 PI 4
Mix ID

5% AC-SiF
10% AC-SiF
15% AC-SiF

20% AC-SiF
25% AC-SiF

0.00

0.25

0.50

0.75

1.00

1.25

W
EI

G
H

T 
RA

N
KI

N
G

 (W
r)

(b)

Figure 9: Weight ranking of AC and AC-SF embedded cement composite.
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4.4.1. SEM Analysis. Figure 14 shows an SEM image of AC
embedded cement composite at diferent scales (2 μm,
1 μm, and 300 nm). Te presence of hydration products (C-
S-H, Ca (OH)2, and Ettringite) is verifed in Figures 14(a)–
14(d). Te increased number of C-S-H randomly distrib-
uted throughout the composite, as observed in Figure 14(a),
increases the strength of the composite. Te cement
composite has AC clusters, as depicted in Figure 14(a), and
continuous AC, as shown in Figure 14(c), which con-
tributes to the lower resistivity of the composite.

On the other hand, the cementitious products formed
between AC intervene as a barrier for conductivity aug-
mentation in the composite, as shown in Figure 14(a) (dis-
cussed in Section 4.2.1). Te AC in Figures 14(b) and 14(c) is
in close proximity to one another. When a load is applied to
the composite, these AC may contact one another, causing
contact conduction and tunneling conduction in the SCC.
When a load is applied, these conductions help to reduce the
FCR and increase sensitivity. As depicted in Figure 14(d), the
strength of the AC embedded cement composite is lowered
because of the bigger pores and more ettringite formation.
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Figure 10: Numeric index of AC and AC-SF embedded cement composite.
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Figure 11: Performance index of AC and AC-SF embedded cement composite.
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Figures 15(a)–15(d) show SEM images of AC-SF em-
bedded cement composite at diferent scales (2 μm and
200 nm). As illustrated in Figures 15(a) and 15(d), the
growth of C-S-H and Ca(OH)2 in the cement composite
contributes to the strength of the composite. Figure 15(b)
depicts the formation of continuous AC in the composite,
which leads to contact and tunneling conduction. As shown
in Figure 15(b), the existence of a cluster of AC, C-S-H, and
Ca(OH)2 in the cement composite suggests that the AC
does not react with the cementitious components and
instead forms a continuous conductive network that pro-
motes the decrease in resistivity of the SCC. Figure 15(c)
displays the porosity and ettringite formation in the
composite, both of which contribute to the strength de-
terioration in the SCC.

4.4.2. EDAX Analysis. Figure 16(a) shows the dominant
peak of carbon (C) (�38.66%) in EDAX analysis. In contrast,
Figure 16(b) shows the reduced C content (�23.66%) due to
the inclusion of SF content in the cement composite, in-
dicating that the correct mix of materials is employed for
electromechanical assessment in the composite. Similarly,
the silicon (Si) concentration in 25% AC-SF (11.83%) is
higher than in 20% AC (�4.81%). Te extra Si in the SCC
aids in converting portlandite to C-S-H, resulting in higher
strength (max. of 30.89%) in SCC, as described in Section
4.1. Due to the extra Si, more C3S and C2S are formed,
helping the early strength growth in the composite. Te Si
content of the 20% AC embedded composite is low, as
shown in Figure 16(a), justifying the lower strength in the
AC embedded SCC (as discussed in Section 4.1).
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Figure 14: SEM images of AC integrated SCC: (a) 2 μm scale, (b) 2 μm scale, (c) 1 μm scale, and (d) 300 nm scale.
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Figure 15: SEM images of AC-SF embedded cement composite: (a) 2 μm scale, (b) 2 μm scale, (c) 200 nm scale, and (d) 200 nm scale.
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4.4.3. XRD Analysis. Figure 17 shows XRD studies of (a)
AC integrated SCC and (b) AC-SF integrated SCC. Te
phases detected by XRD analysis are in agreement with
previous research [60]. Figure 17(a) depicts the crystallinity
changes of conventional cement composite and 25% AC
embedded cement composite. Te most prevalent hydra-
tion products in conventional and 25% AC embedded
cement composites are quartz, portlandite, and calcite. Te
formation of portlandite and calcite is shown by SEM
analysis also (refer to Section 4.4.1 and Figures 14(a)–
14(d)), suggesting that the cement composite is completely
hydrated.

Te calcite created in the 20% AC-SF embedded cement
composite is equivalent to that of the AC embedded cement
composite. Also, in 20% AC-SF embedded cement com-
posite, the quantity of quartz and portlandite formed is high
(mainly due to the contribution of SF) compared to the 25%

AC composite, which shows that the incorporation of SF in
the cement composite generates modifcation in the hy-
dration products formed.

4.5. Failure Prognosis of Embedded SCC in Beams.
Figures 18(a)–18(c) depict the deformation and failure of the
fexural beam under a two-point load at the end of 28 days of
curing. Te maximum defections of the beam are
21.764mm at the fexure and 11.86mm in the combined
fexural-shear zone, respectively. At 18.7 kN, the beam de-
velops its frst fexural crack, whereas its maximum load-
bearing capability is 96 kN due to the development of in-
ternal bending stress [61]. Te fexural crack develops as the
load increases. As illustrated in Figure 18(a), the fexural
shear crack develops due to coupled fexural_shear stress as
the load increases progressively. As depicted in Figure 18(b),
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Figure 16: EDAX analysis of (a) AC integrated SCC and (b) AC-SF integrated SCC.
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Figure 17: XRD analysis of conventional composite with (a) AC integrated SCC and (b) AC-SF integrated SCC.
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the beam fails in fexure at its ultimate stress. Even though
the beam fails in fexure, as seen in Figure 18(b), the SCC
embedded at the top of the beam is unharmed. Similarly,
fexural shear cracks occurred between the SCC embedded at
the uniaxial tension and fexural-shear zone, resulting in
undamaged SCC in the combined fexural-shear zone. Since
the SCC is not afected by external stresses, they can monitor
the defection of the beam until the beam fails.

Figure 19 depicts the fuctuation in electrical resistivity
concerning the load of SCC embedded at the various zones
in the beam. Te change in beam defection at the fexure

and the fexural-shear zone is also shown in Figure 19. Te
center defection rises from 1.676mm to 17.737mm when
the beam is loaded from 6 kN to 90 kN. However, under
compression, the SCC resistivity (100Ωcm) does not
change until 18 kN. Tis demonstrates that, despite the
compression in SCC, the AC contained in SCC does not
undergo any convergence within the SCC. Tis might be
due to AC agglomerating together in high concentrations
[17]. It is worth noting that the defection at 500mm from
the center did not defect until 12 kN, and the defection at
18 kN is just 0.76mm. Tis might also be explained by the
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Flexural Shear Cracks
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Beam failure
through fexure

Undamaged SCC
at center top

(b)

Flexural Shear Cracks propagating
between two top SCC

Undamaged SCC at
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Figure 18: Real-time image of a damaged fexural beam with embedded SCC incorporating AC, demonstrating (a) the formation of fexural
cracks and fexural shear cracks in the beams, (b) unbroken SCC at the bottom of the beam with beam failure due to fexure, and (c) intact
SCC at 500mm from the center top of the beam with fexural cracks propagating between two SCC embedded at beam top.
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Figure 19: Load vs. defection of the reinforced concrete beam with load vs. electrical resistivity of embedded SCC at center top, center
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unchanging resistivity of SCC in the compression zone of
the beam.

However, after 18 kN, the resistivity of SCC in com-
pression is altered from 100Ωcm (18 kN) to 21.05Ωcm
(90 kN). Beyond 90 kN, the defection abruptly increases
from 17.737mm to 21.764mm. As demonstrated in Fig-
ure 19, the SCC inserted at the compression zone dra-
matically reduces resistivity from 21.05Ωcm to 10.53Ωcm.
However, due to changes in defection, the resistivity of the
SCC embedded in the stress zone does not vary signifcantly.
With the rise in beam defection from 1.676mm to
21.764mm, the change in resistivity of SCC in the stress zone
has linearly decreased from 100 Ωcm to 7.69Ωcm. Tis
shows that the AC in the SCC has undergone no or fair
minor deformations under tension, resulting in only a minor
diference in resistivity. As a result, the SCC inserted in the
compression zone clearly indicates beam defection and can
reveal a quick shift in resistivity when the defection is
abruptly changed. On the other hand, the SCC embedded in
the tensile stress zone does not have a clear sign of change in
beam defection.

Te defection at 500mm from the center of the beam
increases from 0mm to 5.5mm as the load increases from
6kN to 78 kN. At the same time, the electrical resistivity is
lowered from 100Ωcm (at 6 kN) to 46.67Ωcm (at 78 kN), as

shown in Figure 19. Beyond 78 kN, the defection of the beam
at 500mm from the center drops sharply from 5.5mm
(78 kN) to 11.86mm (96 kN). Similarly, the electrical re-
sistivity of SCC in the combined fexural and shear zone
changes dramatically from 46.67Ωcm to 13.33Ωcm due to
the convergence of AC in the embedded SCC [46]. Te re-
sistivity of the SCC in the combined fexure and shear zone
can decrease as defection lowers, and it can also display an
abrupt fuctuation in resistivity when defection drops sud-
denly. As a result, in the combined fexure and shear zone, the
SCC with AC may be able to detect beam deformation.

Te correlation between beam defection (at the center,
500mm from the center) and electrical resistivity of SCC
integrated (at tension, compression, combined fexure, and
shear) in beams is shown in Figure 20. Te resistivity of SCC
integrated into the compression zone exhibits a Pearson
correlation with the defection of the beam at the center and
500mm from the center of the beam of roughly 98% and 97%,
respectively. Te electrical resistivity of the SCC integrated in
the stress zone correlates with the defection of the beam at the
center and 500mm from the beam center by about 99% and
98%, respectively. Te electrical resistivity of the SCC in-
tegrated in the combined fexural and shear zone contributes
more than 99% and 98% of the beam defection at the center
and 500mm from the center of the beam, respectively.
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4.6. Failure Prognosis of Embedded SCC in Columns.
Figures 21(a) and 21(b) depict the deformation, crack pat-
tern, and failure of a reinforced concrete column under axial
load. Te column has a maximum load-bearing capacity of
354 kN and a central defection of 15.67mm. As observed in
Figure 21(a), the column collapses due to the formation of
longitudinal cracks that propagate in the longitudinal di-
rection but away from the longitudinal axis of the column
due to the attainment of maximum load-carrying capacity.
Te SCC is unafected by the collapse of the column because
the crack propagates away from the longitudinal axis, as seen
in Figure 21(b).

Te variation in column defection and resistivity of
SCC as a function of the load on a concrete column is
shown in Figure 22. Te defection of the beam increased

from 1.95mm to 15.67mm as the load increased from
20 kN to 354 kN. As depicted in Figure 22, the electrical
resistivity of SCC has been reduced from 15350Ωcm (at
20 kN) to 13462.5Ωcm (at 354 kN) Tis is due to external
force compressing the SCC in the column, forcing the AC
in the SCC to touch each other. Contact and tunneling
conduction are aided by the AC in the composite, low-
ering the resistivity of the composite [62]. Since the SCC is
unafected by column failure, the electrical resistivity of
the SCC has a signifcant connection with column
defection.

As shown in Figure 23, the variation of column de-
fection has about 96% Pearson correlation with the
electrical resistivity variation of SCC integrated with
columns.
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Figure 21: Real-time image of a failed concrete column with embedded SCC integrating AC, showing (a) concrete damage propagation
away from the longitudinal axis of the column and (b) undamaged SCC at column center with crack penetration away from SCC.
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5. Conclusion

Te objective of this research is to design, optimize, and
characterize SCC using AC and AC-SF. Te developed and
optimized SCC is embedded in beams and columns tomonitor
its defection. Te study led to the following conclusions:

(1) Te compressive strength of the SCC diminishes as
the amount of AC in the composite increases. Te
25% AC inclusion in the composite had the greatest
loss in compressive strength (about 43.2%), while the

25% AC-SF composite had just a 30.19% reduction.
Te strength of the SCC is reduced due to the ab-
sorption capacities of AC.Te AC absorbs water and
adheres to the surface of the cement, delaying the
hydration process. When 10% SF is added to all
composites, the compressive strength increases in
both AC and non-AC composites.

(2) Te development of a three-dimensional conductive
network of AC results in a maximum decrease in
resistivity of 46.20% at 25% AC. AC-SF composites,
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Figure 23: Pearson correlation coefcients between defection of the column and resistivity of SCC embedded in columns.

0 40 80 120 160 200 240 280 320 360
0

4

8

12

16

D
ef

le
ct

io
n,
δ 

(m
m

)

Load,P (kN)

13500

14000

14500

15000

15500

El
ec

tr
ic

al
 R

es
ist

iv
ity

 (Ω
cm

)

Deflection
Electrical Resistivity

Figure 22: Load vs. defection of a reinforced concrete column with load vs. electrical resistivity of an integrated SCC at the center of the
column.
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on the other hand, achieve a reduction of 40.76%.
Te AC and AC-SF embedded composites have 15%
and 20% percolation thresholds, respectively.

(3) For 25% AC and 15% AC-SF, the most signifcant
decrease in FCR (5.70% and 8.18%) is obtained.
Te decrease in FCR is associated with the for-
mation of contact and tunneling conduction as
a result of the reduction in the distance between
adjacent ACs in the composite. Even at the lesser
stress increment, the excess concentration of AC
contributes signifcantly to the FCR reduction in
the composite. However, 5% AC reduced the FCR
only to 4.63%, but it can reduce the resistivity to
14MPa.

(4) Te maximum stress sensitivity is achieved as 1.1%
for 25% AC embedded cement composite. Tis is
because, in addition to cluster formation (as seen
in 5% AC), a continuous conductive chain arises in
a 25% AC embedded composite (due to the high
concentration), resulting in a signifcant increase
in the sensitivity of the composite when compared
to other concentrations. Te stress sensitivity of
20% AC-SF composite is roughly 0.7% due to the
substantial dispersion of AC by SF and the con-
siderable contribution of contact and tunneling
conduction to reducing resistivity at lower stress
levels.

(5) Since the composite requires multifunctional prop-
erties, a new approach for optimizing the SCC is
required. A performance index approach, a man-
agement tool that integrates many data types, is
adopted to produce the SCC. Te optimum % in-
clusions for strength, conductivity, piezoresistivity,
and stress sensitivity are 25 AC and 20 AC-SF,
respectively.

(6) According to SEM analysis, dense spacing of AC
deposition improves the conductivity of the
composite. EDAX reveals the concentration of Si,
Ca, Fe, and Al content in the composite, which
undergoes a chemical reaction to generate hy-
dration products (C-S-H), contributing to the
compressive strength of the composite. Te AC
embedded composite has high C content, which
adds to the increased conductivity of the com-
posite. XRD examination confrms the presence of
C-S-H, portlandite, and ettringite in the com-
posite, suggesting the explanation for the higher
strength of the composite.

(7) When the defection is rapidly changed, the SCC
placed in the compression zone clearly indicates
beam defection and can disclose a fast shift in re-
sistivity. In contrast, the SCC implanted in the tensile
stress zone exhibits no sign of variation in beam
defection.Te resistivity of the SCC integrated in the
stress zone is 99% and 98% correlated with the
defection of the beam at the center and 500mm
from the beam center, respectively.

(8) Since the SCC is unafected by column failure, the
change in column defection has a 96% Pearson
correlation with the change in electrical resistivity of
SCC integrated with columns.

As a result, the developed multifunctional cement
composite containing AC has high electromechanical
properties and may be used to monitor the defection of
beams and columns.
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