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The structures have to be assessed for its failures caused by design and
construction errors, material deterioration, adverse environment effect hence
monitoring the structural health has shown to be a reliable method of assuring the
structural integrity. The advanced development of sensor technology and sensing
material are the most attractive parts of evaluating structural health. The change
in stress, strain, crack formation, temperature variation is measured using fiber
optic sensors, piezometers and other sensor types are often utilized in health
monitoring systems. Sensors can degrade over time due to exposure to moisture,
temperature fluctuations, wearing and tearing or physical impacts. Additionally,
installing and maintaining sensors can be costly. These restrictions might be
addressed by incorporating sensing technology, such as smart sensing concrete,
into concrete structures. This paper explores the piezo resistive properties in
concrete by introducing functional fillers like carbon fiber, carbon nano tubes,

graphene materials to make electrically conductive concrete that are used to
assess its own deformation. This technology could lead to more efficient
maintenance and repair processes, ultimately increasing the lifespan of buildings
and bridges reduces the wastage of resources leads to sustainability.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

Concrete is a prominent building material, and its performance becomes complex with the high-
rise structures. However, the concrete constructions were prone to deformation due to harsh
environmental conditions, improper design, materials deterioration, and lack of structural
maintenance [1]. To keep structures from being harmed, frequent maintenance and ongoing
observation are crucial by monitoring the structures to analyze, localize and damaging conditions
are important aspect in structural health monitoring [2,3] which is usually done by visual
inspection, Non-destructive testing and sensors. These techniques do have certain limitations for
complex civil buildings, for instance, visual inspections are often subjective and may fail to detect
inner damage, whereas other methods, like NDT, require specific equipment and skilled operators.
Furthermore, the sensors used in conventional SHM systems may become less resilient with time,
especially when exposed to unfavorable weather conditions. The requirement for routine
maintenance and calibration of sensors may result in a rise in the overall cost and complexity of
the monitoring system [5,6]and thus leads to the development of smart sensing concrete by
inducing functional fillers were used to detect the variation in electrical resistivity of structures
during damage or deformation. Electrical resistivity, the inverse of electrical conductivity, detects
damage by measuring the change in stress and strain. Concrete with functional fillers such as 1.5
weight percent carbon fiber shows improved compressive strength of 33 MPa in addition with FCR
2.2% [8], the same proportion of carbon fiber in geopolymer concrete also shows sensing
properties [7] hybrid combination of 0.4 weight percent carbon fiber 0.5 weight percent carbon
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nanotubes shows excellent electrical capabilities it creates significant negative potential shift
caused by the applied electric current, steel rebars were protected effectively [9]. Concrete mixes
containing 0.5% steel fibers lowers electrical resistance, with a gauge factor more than 20 times
greater than that of typical strain gauges [10], then mortar with 5 % graphite powder shows 60%
decrease in electrical resistivity during compression [11], under uniaxial compression, the
electrical resistivity of nickel particles based mortar decreases by 62.61*% in the elastic regime
[12] According to the filler concentration, functional fillers form a conductive network within the
concrete [4,7] and transforming the concrete into a conductive material. Functional fillers can fill
the micropores in the concrete matrix and improve the connection between individual particles.
This allows concurrent monitoring of structural health through the detection of cracks and stresses,
improving overall safety and longevity of the structure. Simultaneously, the addition of functional
fillers in concrete also boosts up its mechanical properties like compressive strength, tensile
strength and flexural strength [8-13] and makes the structure durable and resistant against
environmental factors as compared with traditional sensors [6].

Sensing concrete plays an essential role in structural durability by investigating reinforcement
corrosion [14]. Real-time monitoring of traffic patterns and structural integrity is made possible by
this cutting-edge technology, which also provides important information for maintenance and
safety enhancements [15]. Furthermore, by automatically recognizing and reacting to ice
conditions, sensing concrete used in anti-icing applications reduces accidents and extend the life of
the infrastructure [16]. As aresult, sensing concrete is more consistent, efficient and cost effective
as compared with traditional sensors.

2. Monitoring of Structures

In general, the planning of the urban infrastructure for a more effective and sustainable future is
being completely transformed by the incorporation of cutting-edge materials and sensors into the
concrete building process. Sensors are implanted in concrete during and after construction to
monitor the health of buildings by collecting data from the sensors. [2]. The sensing methods in
structures were indicated in table 1.

2.1. Electric Strain Gauge

Electrical resistance serves as the foundation for the operation of a strain gauge [17]. A material's
electrical resistance varies as it expands or compresses. This characteristic is used by a strain gauge
to quantify strain by identifying variations in resistance. The strain gauge will sense variations in
strain during testing and adjust its electrical resistance accordingly. These variations in resistance
cause a voltage differential, which the DAQ system subsequently records [18].

2.2. Accelerometers

Sensors that measure variation in velocity and it measures vibrations in variations of electrical
resistance which is concurrently recorded in data logger [19].

2.3. Fiber Optic Sensors

Sensor that uses optical fiber to measure strain, temperature and pressure variations. Fiber Bragg
Grating (FBG) sensors is the most commonly used fiber optic sensors. The grating is engraved in to
the core of the optical fiber. The grating spacing varies in response to temperature variations or
strain on the fiber, which modifies the reflected light's wavelength. The strain or temperature
change can be ascertained by measuring this wavelength shift [20].

2.4.LVDT

Transducers that work on the principle of a transduction process are known as inductive
transducers. A position sensor that can detect linear movements or vibrations and convert them
into electrical signals or a pulsating electrical current is essentially what an LVDT is. The linear
movement of the item to which it is linked is converted into a fluctuating electrical signal by the
LVDT sensor [21].
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2.5. Piezo Electric Sensors

Piezoelectric phenomena are caused by an electric dipole moment. When a piezoelectric material
is exposed to an external stress or deformation in a particular direction, it produces electric
polarization, which results in opposing bound charges on each side. After the external stress was
removed, the polarization disappeared, resulting in the voltage differential. Piezoelectric sensors
are widely used to detect dynamic pressure signals which is recorded in data logging system [22].

2.6. Acoustic Emission Sensors

AE sensors is a passive non-destructive testing technique that uses the high-frequency acoustic
energy released by a stressed item, such as when corrosion products develop on a corroding rebar
and push out onto the concrete around it. Subsequently, the data is recorded [23].

2.7.Eddy Current Sensors

ECT is an NDT technique, ECT probe is activated by an alternating current. The electrical current
generates an alternating magnetic field in the area of the ECT probe, which oscillates at the same
frequency. The eddy current distribution changes due to variations in the test object's electrical
conductivity and magnetic permeability, as well as the existence of defects concurrently changes
were recorded [24].

2.8. Electro Chemical Corrosion Sensors

Electrochemical analysis offers a real-time performance evaluation non-destructive estimation of
rebar corrosion in existing concrete structures. The mechanism involves in this process is oxidation
and reduction reaction [25].

2.9. Humidity Sensor

The term "humidity sensor" describes any apparatus or gadget that may transform humidity into
an electrical signal that is simple to detect and records the moisture movement in cracks [26].

2.10. Vibrating Wire Sensors

VWS are widely employed to monitor the strain in structures The working principle of vibrating
wire sensors rely on the measurement of the frequency changes of a wire which is placed on the
support of the structure depending on the wire specification and the surrounding environment
oscillation occurs which is recorded in a data monitoring system [27].

Table 1. Sensing methods and its parameters

Sensing

Materials Measuring parameter References
methods &P
Conductive fillers (carbon Stress, strain, temperature, crack
Intrinsic fibers, graphene, CNT, steel e p ’ ’ [7-11]
i moisture movement
fibers)
Non intrinsic Electric strain gauge Strain [17,18]
Non intrinsic Accelerometers Accelerathn (to study dynamic [19]
behavior of structure)
Non intrinsic Fiber optics Strain, tempera.tu.re and pressure [20]
variations

Non intrinsic LVDT Displacement [21]
Non intrinsic Piezo electric sensors Stress, temperature, crack [22]

e . . Detects stress waves during crack
Non intrinsic Acoustic Emission sensors . & [23]

propagation.

. Eddy current sensors,

Non intrinsic Crack growth [24]
crack sensor

Non intrinsic Humidity sensors Moisture content [25]

e Electro chemical .
Non intrinsic ect o chemica Corrosion [26]

corrosion sensors

Non intrinsic Vibrating Wire sensors strain [27]
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3. Evolution of Self-Sensing Concrete

The larger subject of smart materials and structures, which started to get substantial attention in
the 1980s, is where the idea of self-sensing concrete first emerged. But there are a few significant
turning points to track the precise evolution of self-sensing concrete as shown in Fig 1.

3.1. Early Ideas (1990s)

In the early 1990s, the concept of adding sensing capabilities to concrete structures was initially
put out. Researchers started experimenting with strain and temperature monitoring using fiber
optic sensors implanted in concrete [28]. These early attempts, albeit not specifically self-sensing
concrete, set the stage for the eventual integration of sensing capabilities into concrete buildings.

3.2. Electrically Sensitive Concrete (Late 1990s to Early 2000s)

The creation of electrically conductive concrete was a key step toward complete self-sensing
capabilities work on carbon fiber-reinforced cement-based composites with strain-sensing
characteristics [29]. This study found that the electrical resistivity of these materials altered in
response to applied stress, indicating a route to intrinsic sensing capabilities.

3.3. Piezoresistive Cement Sensors (Late 2000s)

Following on previous work with sensitive concrete, researchers created specialized compositions
of cement-based composites with improved piezo resistivity. Han et al. (2015) investigated cement
composites containing carbon nano tubes, which showed significant sensitivity to stress and strain.
The creation of multifunctional self-sensing concrete, which is capable of monitoring several
factors at once, has been the focus of recent advancements in this field [30]. A cement-based
composite with enhanced mechanical properties and the ability to detect strain, cracks, and
damage was created by many researchers by using various functional fillers such as carbon fiber,
carbon nanotubes, steel fiber, graphene nano platelets [4-12]. The current paradigm in research is
on the practical application of self-sensing concrete technology at a large scale in real-world
structures.
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Fig. 1. Evolution of self-sensing concrete

4. Functional Fillers in Concrete

Functional fillers, like metallic fibers, carbon materials, graphene materials, metallic powder, and
other conductive materials, that are typically utilized in electrically conductive concrete are
indicated in table 2. Carbon black, the by-product of pulverization of waste tires and the amorphous
form of carbon decreases the concrete resistivity concurrently increases the sensitivity of concrete
[31]. Graphene materials such as graphite coated fibers, aggregates and graphene nano platelets
are also proved effective conductive fillers for sensing concrete. The graphite nano platelets (GNP)
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diminish conductivity with 2.5%, later it enhances with 5% and 7.5% by weight of cement [32].
Graphene powder significantly enhances the conductivity of concrete, simultaneously decreases its
workability and makes the mix harsher [11].

Steel slag, obtained from smelting of iron, in the iron industry increases compressive and split
tensile strength it also enhances high conductivity in concrete with steel fibers through quantum
tunneling. Its use contributes to reduce waste and lower the carbon impact of construction projects.
Overall, integrating Steel slag in concrete mixes provide durable, robust, and cost-effective material
in construction industry [33]. The short stainless-steel fiber improved electrical conductivity,
flexural tension, and energy absorption capacity [10], whereas the inclusion of nano stainless-steel
powder reduces dry shrinkage by 12.1% to 39.8% [34].

Table 2. Functional fillers in concrete

Constituents of filler Functional fillers Function of fillers Cost Comparison

Enhances electrical
conductivity to monitor

Carbon fiber . . High
strain and improves
tensile strength.
Improves piezo
Carbon nano tubes resistive property and Very high
Carbon based fillers self—heat.lng. .
Reduces resistivity,
Carbon black improves compressive Low
strength.
Reduces resistivity,
Activated carbon fmproves compressive Moderate
strength and reduces
porosity.
Enhances compressive
Graphene nano platelets strength, and piezo Hich
resistivity to detect &
Graphene based fillers strain. :
Improves piezo
Graphene powder r.esistive property gnd High
improves mechanical
strength.
Boost mechanical
Steel fiber stfen.gth, crack- Moderate
bridging, lowers
resistivity.
Metallic based fillers Metallic. powders such Enhan.a.es electrice.ll .
as ferric, copper and conductivity to monitor High
nickel powder. strain.
Improves compressive
Steel slag strength and lowers Low
resistivity.
Piezoelectric ceramics Enhances electrical
Other fillers (e.g., lead zirconate conductivity to monitor Very high
titanate) strain.

Carbon based nano materials like single-walled carbon nanotubes and multi-walled carbon
nanotubes gives a higher conductivity channel for electron transport within the concrete and also
provides excellent mechanical strength [9][39]. Other key materials employed in concrete sensing
include carbon nanofibers, which provide excellent mechanical strength and micro fracture
bridging and simultaneously lower the concrete resistivity by conductive channel formation via
tunneling conduction [7]. Even in hostile environments, the carbon-based functional filler offers a
stable conducting network and enhanced mechanical properties, whereas steel slag and steel fiber
are frequently prone to corrosion [35]. Research shows that fibrous fillers provide more stable
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conductive network when compared with particle fillers subsequently in terms of scale micro-
scale fillers easily forms conductive network compared with nano- scale fillers but at the same time
nano- scale fillers provide broader conductive network at lower concentration [36].

Hybrid filler combination shows optimized performance and cost reduction for example using
0.5% weight of carbon black with 0.1% weight of carbon nano tubes shows excellent strain
sensitivity of 107 when compared with carbon nano tubes of 67 [37]. Industrial by products can be
used as a functional fillers like steel slag, copper slag, carbon black etc., which reduces the cost for
example fine steel slag with steel fibers shows excellent compressive strength of 184 MPa with
gauge factor 246.59 using the recycled by products as a functional filler reduces the harmful impact
on environment [38]. The selection of functional fillers based on its aspect ratio, conductivity of the
filler, cost, etc., for example carbon fiber is more effective in crack bridging simultaneously
enhances the conducting pathways with comparatively low cost when compared with carbon nano
tubes. Steel fiber and steel slag offers sensing characteristics and also prone to corrosion in harsh
environmental conditions [35]. The criteria for selection of fillers are also based on surrounding
environments it considerably affects the durability of sensing composites.

5. Dispersing Methods of Nano Particles

Dispersing the particles is necessary to establish the right conductive network in the concrete.
Dispersing nanomaterials are either done by chemical or mechanical method. Dispersion of
nanomaterials such as carbon nanotubes and nanocarbon fibers became problematic due to their
large specific area and development of fiber aggregation due to Van der Waals force which is weak
intermolecular forces due to attraction between molecules. Mechanical techniques include
mechanical stirring, ball milling, and the sonication process [39]. as shown in Fig. 2. Surfactants
typically utilized in chemical techniques included methyl cellulose, polycarboxylates, and
lignosulphonates [40,42]. Recent research shows that fly ash and silica fume [40] are also utilized
for dispersing the nano materials like carbon nano fiber because the size of silica fume are much
smaller than cement which allows nano materials to fill the void between them and reduces the gap
where nano materials tend to agglomerate [7].

Nano Dispersed
material i Nano material
» |
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surfactant f I i Sand mixture
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; nanomaterial ’ ~ Electrodes
| o (il il
N \ $=n =
(h) : (e)
" Casting of

Formation of
Conductive (e) 0 specimen

network Testing Curing

Fig. 2. Fabrication of sensing concrete

The dispersion of fiber is more effectively promoted via combined use of silica fume and
methylcellulose than by using silica fume alone [3] [41]. To accomplish this dispersion, three major
approaches have been developed; admixing, synchronous admixing, and later admixing [42] as
shown in Fig. 3. The initial admixing technique is appropriate for fiber fillers, whereas the later
admixing is appropriate for larger fillers. Hybrid mixtures of functional fillers are dispersed by
synchronous admixing [12][30]. Research indicates that synchronous admixing is preferred to
disperse carbon black and polyvinyl alcohol fiber to produce self-sensing concrete [42].
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Fig. 3. Dispersion of nano materials

6. Principle

Electro mechanics is the theory that underlies the concrete's sensing mechanism, the study of
electromechanics focuses on interaction between mechanical and electrical systems with one
another which is based on the flow of electrons during mechanical loading [44]. According to
Kousalya Ramachandran et al. (2022) the three elements of electromechanics are piezo-resistivity,
piezo-permittivity, and piezo-electric functions [44]. In this case, piezo-resistivity is essential to the
concrete sensing mechanism and is obtained by mixing conductive fillers into the concrete. The
phrase "piezo-resistivity" refers to the variation in electrical resistivity; when the specimen is
subjected to mechanical loading, stress or strain then it causes variation in resistivity here current
and potential difference are important factors that influence the property. If the specimen is under
the stress, then its geometry undergoes changes which leads to create the pathway between
conductive fillers to allow the electron transfer allows the variation in resistivity then the strain is
measured by change in resistivity which is given by

R=p-L/A (1)

R denotes the resistance of the specimen, p is the resistivity, L is the length and A is the cross-
sectional area of the specimen [45]. "Piezo-permittivity" is the change in capacitance, is suitable
for dielectric materials which is non conducting materials if is placed in electric field then
polarization occurs it sense stress or strain in the materials due to change in properties of dielectric
materials during loading it stores the electrical energy while unloading it releases the stored energy
by measuring the capacitance the permittivity is calculated; frequency is a critical parameter that
influences the property which is calculated by using this relation;

C=Axeo /L (2)

C denotes capacitance, € is free space permittivity 8.85 x 10-12 F/m, L is the length and A is the
cross- sectional area of the specimen [46]. "Piezo-electricity” is the change in electric potential or
charge when the material experiences an external stress causes internal atomic displacement;
voltage is the main factor using this mechanism piezo electric sensors are used to measure integrity
of structures [47].
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7. Factors Influencing Sensing Mechanism

Siqgi Ding et al. (2017) looked at the factors that influence the sensing process. The important
parameter is pressure-sensitive qualities that include a range of metrics including signal-to-noise
ratio, zero shifts, input and output range, and changes in electrical resistivity as a result of strain
brought on by applying loads or deformation of the structures. One of the factors that influence the
sensing mechanism was the optimization of functional fillers, its orientation and dispersion; if the
right orientation and dispersion were not attained, the sensing mechanism would be affected
[48,49]. The other crucial element is the concrete's ability to sense temperature as the concrete
temperature rises, electrical resistance falls [31,42] because jumping of electrons across surfaces
in the cement-based material causes resistivity to drop as temperature rises and also the
movement of ions inside the matrix is high at high temperature this offers lower resistance and
higher conductivity of the matrix [48]. Madhavi and Annamalai (2016) looked into concrete's
electrical conductivity with saturated water content, fresh concrete functions as a semiconductor
with an electrical resistance of 105 ohm, whereas hardened concrete functions as an insulator with
an electrical resistance of 1012 ohm because well interconnected pores exhibit good ion mobility
and water content act as a medium for movement of ions which is responsible for ionic conduction
this increases the conductivity of concrete [50]. Tiny variations in the water content have a
significant impact on the electrical conductivity or resistivity of the concrete because the passage
of electrons is dependent on the mobility of ions in the water molecule [51,52]. The evaporable
water in the concrete evaporates as it solidifies, causing a shift in the interconnectivity of the pores
[30,42,44]. The curing phase is a crucial factor that influences conductivity. As the curing age
increases, so does the hydration rate and product, resulting in a denser concrete member. The
hydration product gets encased in the pores, restricting the creation of the conductive network
[12,30]. The other important parameter to have an impact on the characteristics of concrete is the
presence of corrosive substances in the environment causes ion permeation and lowers electrical
resistivity, which in turn weakens concrete's sensing capabilities. The additional factors are voltage
characteristics, frequency, and current between the electrodes influence the sensing mechanism
[47]. Shape of the functional fillers like fibrous and flaky are more effective in forming conductive
network when compared with particles like carbon black, activated charcoal. The filler structure
has a considerable influence on percolation behavior as it influences a neighboring distance
between them. It is possible to compute the spacing between neighboring spherical fillers ds and
fibrous filler drusing [48];

ds =a/2 AI/3®) 13 anddr= a/2 (/D)3 (3)

where a is diameter of filler and 1 is fiber length and @ is filler concentration [48].

Temparature

Environmental Fiber dispersion,
conditions orientation
current, voltage,
2 Pressure

frequency

Functional filler
concentration

Humidity, moisture
content

Fiber length. Aspect

Z Pore solution
ratio

Fig. 4. Factors influencing sensing mechanism
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8. Process of Conductive Mechanism

The technique by which concrete conducts electric impulses through them when the specimen or
structure deforms is known as the conductive mechanism in concrete sensing. This allows the
concrete specimen to sense signals during stress, strain, or any other deformation either by ionic
conduction or tunneling conduction [53,54].

8.1. Ionic Conduction

The pore solution and dissolved particles in the concrete are the primary determinants of the ionic
conduction of the material as shown in Fig. 5. Because the concrete conducts ions in response to
external stimuli or environmental cues, it may detect deformation such as stress and strain in the

concrete specimen and structure via conducting electrical impulses through linked capillary spaces
[30,53].
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< Ions in + + o
+ + R = <+ » “+
+ + 1" pore y O AP
3 P~
ARS + A solution e of-) * Y “ols <+ .
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+ E
A + A + + - + - conduction
Prior to loading During loading

Fig. 5. Ionic conduction

8.2. Tunneling Conduction

This kind of conductive mechanism works by creating a strong electric field, which causes electrons
to jump over barriers, conduct with nearby fibers, and create a conductive network as shown in
Fig. 6. The electrons then conduct electricity and can detect deformation using an
electromechanical method [33,54]. A key component of the concrete's capacity to recognize and
react to environmental changes is tunneling conduction, which enables the tracking of stress and
strain levels.

Load

& .
Functional l ' I Tunneling
—> v i j___,
fillers o {J E X By | - conduction
u

Prior to loading During loading

Fig. 6. Tunneling conduction

The smart concrete detect deformation through electrical impulses to its conductive network,
which offers important information about the material's structural integrity [30,42]. Higher filler
concentration form effective tunneling pathways for electron hoping across the barrier than lower
filler concentration concurrently the uniform distribution of fillers should be ensured without
agglomeration or cluster formation which affects the tunneling pathways and requires more
energy for electrons to cross the barrier which leads to energy loss and limited the sensing
mechanism [54]. The carbon fiber, CNT, steel fiber forms continuous network due to bridging up
the gap between neighboring fillers and requires less energy for electron - hoping across the
barrier [48].



Dhivyalakshmi and Christy / Research on Engineering Structures & Materials x(x) (xxxx) xX-xx

Table 3. Comparison of ionic conduction and tunneling conduction

Characteristics Ionic conduction Tunneling conduction

Pore water is essential, water act  Pore water is not essential, electrons
as medium for ions movement. conduct the sensing mechanism
Conduction is not possible at lower

concentration, because it forms weak

conductive network between the
neighboring fillers. At higher
concentrations, the conductive
network is strong, electrons cross the
barriers to exhibit sensing properties.

Energy of electrons is responsible for
quantum tunneling, temperature is

least effective in this mechanism

Pore water

Filler Conduction is possible even at
concentration lower filler concentration

Temperature increases then the

Temperature . : -
p mobility of ions increases.

9, Percolation Threshold

The creation of conductive channels for physical characteristics of a heterogeneous composite is
given by percolation theory [55]. A continuous network is expanded to the entire specimen as
conductive particles come into touch with one another or the volume of the filler percentage
exceeds a critical value or percolation threshold [11]. The conduction process follows three criteria
based on the volume of functional fillers. Concrete's electrical resistance shifts from an insulating
zone where functional filler concentration is lesser than the critical filler concentration significant
electrical conduction is prevented in the absence of a well-connected network, while some
electrons may tunnel through small gaps if particle’s chance to be nearby. The point at which fillers
starts to form a conductive network and provides pathway for electron movements by direct
contact or tunneling conduction simultaneously there is sharp and sudden rise in electrical
conductivity of the specimen when conductive filler concentration reaches the critical percolation
threshold with the effective filler’s dispersion without agglomeration [8,9,30,56]. After reaching
the critical threshold the electrical conductivity of the specimen starts to gradual rise after that it
starts to decline due to higher concentration of fillers paves a way for agglomeration [48].

Percolation threshold
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= nanoplatelets : Carbon
s 0 fibers
E 0.1 05 05 0.6 1.15 15

Functional fillers (%)

Fig. 7. Percolation threshold of various functional fillers [41]

The percolation value influenced by filler materials inter-particulate distance, large surface area
and high aspect ratio particles [49,56]. The shape of fillers such as fibrous, flaky and tubes enhance
electrical conductivity at lower percolation threshold as compared with spherical shape fillers.
Micro and nano size filler particles like CNT have the potential to scatter more uniformly
throughout the matrix and perhaps reduce the percolation threshold as compared to that of macro
size fillers like steel slag, steel fiber. Dispersion of functional filler in the concrete matrix plays a
critical role. If the fillers were evenly distributed, the sensing qualities produced by lower
percolation threshold [41,48].

10
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10. Methods of Measurement in Sensing Concrete

Electrical properties of the smart concrete are sensed either by two or four probe i.e., Wenner
method as shown in Fig.8. This electrode configuration of the Wenner method produces a superior
outcome as the contact resistance between the electrodes are minimized. The electrodes serve as
a link between the composites and the assessing parameter [10,12,57]. Stable electrical
conductivity and low electrical resistance are desirable qualities for an electrode. Electrodes made
of metals like silver, aluminum, copper, and stainless steel could be formed into bars, metal foil,
mesh, or any combination with the silver or copper conductive material [30,42]. Direct current
(DC) and alternating current (AC) are the two current modes utilized to measure electrical behavior
of the composite [7,8]. Although the direct current thought to be the easiest, the current has a
limited range and may cause ions to migrate, which might cause electrical polarization in the
composite. Electrical polarization makes it challenging to measure electrical resistance [58].
Initially it is subjected to DC voltage, which causes the polarization at the time of measurement
[42]. Another work around for this problem is to use alternating current (AC); polarization occurs
still, but it may be controlled by varying the range of frequency and voltage applied to the composite
before loading to finish the polarization at the time of measurement by varying the AC voltage's
frequency range and amplitude that gives the polarization process more control [10,58,59]. The AC
can be transferred to the larger area as compared with DC with minimal loss of energy. DC current
produces a constant, continuous flow of electrons in same direction hereby reduces fluctuations in
resistivity whereas AC current does not produce the constant flow of electrons and it mainly
depends on frequency by using AC current capacitance and inductance also measured unlike DC
current where resistance only measured [57]. Polarization is high in DC current and used for static
measurements while low in AC current and used for dynamic measurements [58,59].

{1
e

() D
@ ‘
Two probe method Four probe method

Fig. 8. Measurement of electrical parameter in smart concrete

11. Sensing Mechanism Under Various Loading

11.1. Loading Under Compression

During loading new cracks erupt due to stress and cracks expand under uniaxial compression.
Functional fillers approach one another as a result of pressure compaction, strengthening the
conductive network inside the sensing concrete this cycle repeats continuously. During loading the
resistivity of sensing concrete decreases because spacing between the functional fillers is reduced
which makes the flow of electrons to the nearby neighboring fillers became quite easy with well -
established conductive network through various number of conducting pathways [60] while
unloading it increases subsequently the conductive network is destroyed and then rebuilt as a
result of new cracks sprouting. The conductive network breaks down when the fracture widens
[12,42,61]. The initial resistivity and resistivity variation are recoverable within elastic region
when the stress amplitude is below 30% [30].

11.2. Loading Under Tension

Tensile tension causes the concrete's electrical resistance to rise because it pulls apart the
functional fillers within the concrete and thus increases the electrical resistance during loading and
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decreases while unloading [62,63] because tensile force pulls the fiber out from the matrix which
disrupt the formation of conductive pathways [60]. The initial resistivity and resistivity variation
are recoverable within elastic region if the amplitude of stress increases then the initial resistivity
and resistivity variation are irrecoverable [42,63].

11.3. Loading Under Flexure

When a concrete beam bends, the top surface compresses and the bottom surface tenses. Flexural
loading introduces compressive and tensile strains into the concrete; the compression side of the
concrete beam electrical resistance is less, while the tension side electrical resistance is high [30,
61].

+AR/ R.l Tension
- o BTN
Tensi
/ l Flezmrtl
Flexure ‘ 1
Compression
Compression 7 5
= =

-AR'Ry
Load

Fig. 9. Sensing mechanism under various loading

12. Piezo Resistive Sensing Mechanism

The resistivity change is influenced by the functional filler content inside the concrete matrix. The
percolation phenomena are seen from the Fig. 10., and its existence is explained by varying
functional filler concentrations [44]. Insulating zone, where resistivity is high, percolating zone,
where resistivity drops suddenly, and conducting zone, where resistivity is low, make up the three
sections of the curve [42]. Insulating zone is characterized by a filler concentration in the concrete
matrix that is significantly less than the percolation threshold, large spacing between fillers, and
sparse filler gathering [59].

(a) Insulating zone

(b) Percolation zone

Electrical conductivity { Q.cm)

———_ () Conducting zone
g

Volume fraction of fillers

Fig. 10. Variation in Electrical conductivity
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As aresult, it is difficult for a conductive path to form and for electrons to move between fillers, and
the composite exhibits nearly the same high resistivity as the matrix [10,12,30]. The percolation
zone is distinguished by the filler content is around the percolation threshold then those fillers
begin to build a conductive channel due to tunneling and ionic conduction subsequently reduces
the distance between the fillers and thus sharply rises the conductivity of the composites [53,54].
The conducting zone is characterized by the filler content is above the percolation threshold and
forms a well- established conductive network results in small increment in conductivity [30,42,44].
At the same time composites with a larger filler concentration did not exhibit the same sensing
effect as the composites with comparatively lower filler concentration [73]. This might have
happened because there was more tunneling barrier to alter during cyclic loading, but a high filler
concentration could result in more conductive pathways, which would have prevented the network
from growing further [9,10,55,57]. Therefore, a filler content that is either excess or insufficient
could not result in piezoresistive performance.

Load
° ° . =
° SRS 4 T=Concrete matrix '\ \
*e .. e 8 A Conducting network
e o0 ‘ o Functional Functional fillers
° 2 o o.' . - fillers < °
¢ %0 0% P 2 oncrete matrix

Prior to loading During loading

Fig. 11. Piezo resistive mechanism

12.1. Sensitivity Measurements

Sensing behavior is defined by sensitivity characteristics such as a fractional change in electrical
resistivity (AR/ Ro), force sensitivity coefficient (AR/ Ro) / F, stress sensitivity coefficient (AR/ Ro)
/ o [35]. By monitoring the passage of electrons between the electrodes at a constant voltage, the
stress and strain under both dynamic and gradually changing loads were assessed with the
electromechanical tests. The functional relation between axial strain (€) and electrical resistance
(AR) may be expressed as follows [52];

AR/Ro = ke (4)

where € is the axial strain, k is the gauge factor, and Ry is the initial resistance. Polarization effects
were responsible for the temporal drifts. The material's electrical properties are also crucial for
determining sensing characteristics. Ohm's law determines electrical resistance [44];

V=1IR (5)

V is potential difference measured in volts (V), I is the current flow in the circuit measured in terms
of ampere (A), whereas R is the electrical resistance measured in terms of ohms (). The signal
reception of sensing concrete has also been done recently using innovative methods as electrical
capacitance tomography (ECT) [74], electrical impedance tomography (EIS) [75] and Electrical
resistance tomography (ERT) [15]. More detailed information may be obtained using these new
methods than with the conventional measurement techniques. For instance, the EIS approach may
be applied to collect data concerning the microstructural features of the concrete and electrode-
concrete interfacial zone [75], in addition to being employed as the sense the signal in concrete, EIT
or ECT or ERT methods can picture the distribution of capacitance or impedance or resistance in
two or three dimensions, defining the location, form, and degree of structural change of self-sensing
concrete [15,74,75].
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Table 4. Mechanical, Durable and FCR of various functional fillers

Compressive tesrrili;e Flexural Durability
Fillers strength strength (Water FCR Reference
(MPa) strength (MPa) absorption)
(MPa)
Steel fiber 29.18 3.82 413 3.98% 0.194% [65]
Steel slag 55.4 4.2 4-5 11.1% 0.198 [33,66]
Carbon fiber 48 5.8 12.1 3.9% 3.0% [42,67]
CNT 72.1 7.21 10.5 1.565% 2.0% [42,68]
Graphene 70-80 4-5 5-6 1.5-2% 2.2% [42,69]
GNP 50-60 2.8 8-9 3-3.5% 2.5-3%  [42,70,71]

13. Applications

The smart sensing concrete provides various applications in various fields like traffic monitoring,

smart bricks, anti- icing in pavements etc., as indicated in Table 3.

Table 5. Research area in sensing concrete

Research area Materials Characteristics References
Anti -icing Asphalt concrete with Enhan'c es electrical COl‘ldl'lCti'Vity
in pavements carbon fibers and improves self-heating in [16,77]
pavements.
‘ Clay with stainless steel Idgntify and localiZ(.e earthquake-
Smart bricks fibers induced damage in masonry [78]
structures.
The actual moments of vehicle
flow monitoring with a low false-
Traffic monitoring Carbon nano tubes alarm rate and a high detection [15,79]
rate in concrete pavement
technology.
Graphene nanoplate Continuous monitoring of
Structural (GNP) and Silicone cracking, temperature [80]
health monitoring hydrophobic powder fluctuations, load distribution,
(SHP) and moisture intrusion.
Carbon nanofibers It detects changes in electrical
Corrosion (CNFs) and recycled conductivity, pH levels, or [81]
monitoring Milled carbon fibers moisture content, which are
(rMCFs) indicators of corrosion activity.
Carbon and polymeric To measure .ﬂOW rate,
Nuclear fuel storage fibers temperature gradients, pressure [82]
levels.
Electromagnetic It reflects electromagnetic
o Carbon fibers radiation, minimizing their [83]
shielding

penetration into concrete.

14. Conclusion

Self-sensing concrete has developed from a theoretical notion to a workable technology with
promising applications. Concrete's sensing capabilities have been greatly improved by the use of
nanoparticles, especially carbon-based additions. The technique shows variety of applications,
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including structural health monitoring for buildings and bridges, smart pavements, and nuclear
power plant constructions. This adaptability highlights its potential to transform infrastructure
management. Even yet, there are still a number of obstacles to overcome. These concerns include
the necessity for standardized testing and assessment procedures, the integration of self-sensing
systems into current infrastructures, and the long-term dependability and longevity of self-sensing
materials. The creation of these standards is crucial for ensuring the dependability and longevity
of smart concrete buildings and gives criteria to implement sensing concrete for widespread
applications. Fabrication of sensing concrete is a time-consuming process due its prior dispersion
of functional fillers in to the concrete. The dispersion of nano materials is problematic and tedious
process it might be difficult to evenly distribute nanoparticles into concrete subsequently
applications on a massive scale, standard methods like ultrasonication or the use of surfactants
might not always be practicable or successful. Factors such as voltage, frequency, current flow, type
of electrode and material of electrode, curing process, temperature influence the sensing
characteristics it may results in data inaccuracy and it is challenging to record data under various
environment conditions. The embedment of sensing concrete in the existing structures for
monitoring damage detections became quite difficult. Cost of the functional fillers is high and cause
economic barrier in cost effective projects yet the use of hybrid combinations of functional fillers
enhances serviceability of the structures, concurrently replace and eliminates periodical
maintenance of sensors minimizes the economic barrier as compared to that of conventional
concrete. The integration of sensing concrete with robotic and lot application could pave the way
to avoid catastrophic failure and potential risk of the structures by improving efficiency and
reducing human error paves the way for reducing the wastage of resources by increasing the life
span of structures. The incorporation of sensing composites in concrete can be used to build more
safer, more durable and more sustainable structures. Integrating data from different structures
into larger urban management systems can enhance the resilience in earthquake-resistant
structures, self-monitoring bridges, energy-efficient buildings or smart city infrastructures and
general planning of cities. Future studies should concentrate on resolving these issues, enhancing
the materials' sensitivity and accuracy, and investigating novel applications.

References

[1] Singh, N. B, Meenu Kalra, and S. K. Saxena. Nanoscience of cement and concrete. Materials today:
proceedings. 2017; 4 (4): 5478-5487. https://doi.org/10.1016/j.matpr.2017.06.003

[2] Kerminen, Juho, et al. "Characterization of low-cost inkjet printed-photonic cured strain gauges for
remote sensing and structural monitoring applications." Research on Engineering Structures and
Materials 7.4 (2021): 647-660. https://doi.org/10.20944 /preprints202110.0131.v1

[3] Emamjomeha, H., et al. "Influence of PVA and PP fibers addition on the durability and mechanical
properties of engineered cementitious composites blended with silica fume and zeolite." Research on
Engineering Structures and Materials 9.2 (2023): 457-473.

[4] Arasu, A. Naveen, et al. "Optimization of high performance concrete composites by using nano materials."
Research on Engineering Structures and Materials 9.3 (2023): 843-859.

[5] Farrar, Charles R., and Keith Worden. "An introduction to structural health monitoring." Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences 365.1851 (2007):
303-315. https://doi.org/10.1098 /rsta.2006.1928

[6] Chen, H. P,, and Y. Q. Ni. "Structural damage identification techniques.” Structural health monitoring of
large civil engineering structure (2018): 69-90. https://doi.org/10.1002/9781119166641.ch4

[7] Vaidya, Saiprasad, and Erez N. Allouche. Strain sensing of carbon fiber reinforced geopolymer concrete.
Materials and structures. 2011; 44: 1467-1475. https://doi.org/10.1617/s11527-011-9711-3

[8] Cholker, Arvind Kumar, and Manzoor Ahmad Tantray. Micro carbon fiber-based concrete as a strain-
damage sensing  material. Materials ~ Today: Proceedings. 2019; 19: 152-157.
https://doi.org/10.1016/j.matpr.2019.06.629

[9] Zuo, Junqging, et al. Sensing properties of carbon nanotube-carbon fiber/cement nanocomposites. Journal
of Testing and Evaluation. 2012; 40(5): 838-843. https://doi.org/10.1520/]JTE20120092

[10] Demircilioglu, Erman, Egemen Teomete, and Osman E. Ozbulut. Strain sensitivity of steel-fiber-
reinforced industrial smart concrete. Journal of Intelligent Material Systems and Structures. 2020; 31(1):
127-136. https://doi.org/10.1177/1045389X19888722

15


https://doi.org/10.1016/j.matpr.2017.06.003
https://doi.org/10.20944/preprints202110.0131.v1
https://doi.org/10.1098/rsta.2006.1928
https://doi.org/10.1002/9781119166641.ch4
https://doi.org/10.1617/s11527-011-9711-3
https://doi.org/10.1016/j.matpr.2019.06.629
https://doi.org/10.1520/JTE20120092
https://doi.org/10.1177/1045389X19888722

Dhivyalakshmi and Christy / Research on Engineering Structures & Materials x(x) (xxxx) xX-xx

[11] Wang, Xueying, Abir Al-Tabbaa, and Stuart K. Haigh. A novel measurement system for self-sensing
graphite-cement  composites. MATEC Web of Conferences. EDP  Sciences. 2023.
https://doi.org/10.1051/matecconf/202337805002

[12] Han, B. G, B. Z. Han, and ]. P. Ou. Experimental study on use of nickel powder-filled Portland cement-
based composite for fabrication of piezoresistive sensors with high sensitivity. Sensors and Actuators A:
Physical. 2009; 149(1): 51-55. https://doi.org/10.1016/j.sna.2008.10.001

[13] Gastaldini, A. L. G., et al. Influence of the use of rice husk ash on the electrical resistivity of concrete: a
technical and economic feasibility study. Const. and Build. Mater. 2009; 23(11): 3411-34109.
https://doi.org/10.1016/j.conbuildmat.2009.06.039

[14] Lim, Young-Chul, Takafumi Noguchi, and SungWoo Shin. Corrosion evaluation by estimating the surface
resistivity of reinforcing bar. Journal of Advanced Concrete Technology. 2010; 8(2): 113-119.
https://doi.org/10.3151 /jact.8.113

[15] Gupta, Sumit, et al. In situ crack mapping of large-scale self-sensing concrete pavements using electrical
resistance  tomography. Cement and Concrete  Composites. 2021; 122: 104154.
https://doi.org/10.1016/j.cemconcomp.2021.104154

[16] Galao, Oscar, et al. Highly conductive carbon fiber reinforced concrete for icing prevention and curing.
Materials. 2016: 9(4): 281. https://doi.org/10.3390/ma9040281

[17] Abdullah, Wrya, Azad Mohammed, and Avin Abdullah. Self-Sensing Concrete: A Brief Review.
Proceedings of the ISER 211th International Conference. 2012.

[18] Laflamme, Simon, et al. "Large-scale surface strain gauge for health monitoring of civil structures.”
Nondestructive Characterization for Composite Materials, Aerospace Engineering, Civil Infrastructure,
and Homeland Security 2012. Vol. 8347. SPIE, 2012. https://doi.org/10.1117/12.913187

[19] Zhu, Li, et al. "Development of a high-sensitivity wireless accelerometer for structural health
monitoring.” Sensors 18.1 (2018): 262. https://doi.org/10.3390/s18010262

[20] Wu, Tiange, et al. "Recent progress of fiber-optic sensors for the structural health monitoring of civil
infrastructure.” Sensors 20.16 (2020): 4517. https://doi.org/10.3390/s20164517

[21] Nhung, Nguyen Thi Cam, et al. "Development and application of linear variable differential transformer
(LVDT) sensors for the structural health monitoring of an urban railway bridge in Vietnam." Engineering,
Technology & Applied Science Research 13.5 (2023): 11622-11627.
https://doi.org/10.48084 /etasr.6192

[22] Tressler, James F., Sedat Alkoy, and Robert E. Newnham. "Piezoelectric sensors and sensor materials."
Journal of electroceramics 2 (1998): 257-272. https://doi.org/10.1023/A:1009926623551

[23] Behnia, Arash, Hwa Kian Chai, and Tomoki Shiotani. "Advanced structural health monitoring of concrete
structures with the aid of acoustic emission." Construction and building materials 65 (2014): 282-302.
https://doi.org/10.1016/j.conbuildmat.2014.04.103

[24] Gasparin, Enrico, Gilles Santi, and Alain Nussbaumer. Eddy current crack monitoring system for
structural health monitoring (SHM) applications. Proceedings of the 68th International Institute for
Welding (IIW) Annual Assembly and International Conference. Helsinki, Finland. 2018.

[25] Wright, Ruishu F., et al. Corrosion sensors for structural health monitoring of oil and natural gas
infrastructure: A review. Sensors. 2019; 19(18): 3964. https://doi.org/10.3390/s19183964

[26] Venugopalan, T., T. Sun, and K. T. V. Grattan. "Long period grating-based humidity sensor for potential
structural health monitoring." Sensors and Actuators A: Physical 148.1 (2008): 57-62.
https://doi.org/10.1016/j.sna.2008.07.015

[27] Park, Hyo Seon, et al. "A practical monitoring system for the structural safety of mega-trusses using
wireless  vibrating  wire  strain = gauges." Sensors 13.12 (2013): 17346-17361.
https://doi.org/10.3390/s131217346

[28] Merzbacher, C. 1, Alan D. Kersey, and E. ]. Friebele. "Fiber optic sensors in concrete structures: a review."
Smart materials and structures 5.2 (1996): 196. https://doi.org/10.1088/0964-1726/5/2/008

[29] Chen, Pu-Woei, and Deborah DL Chung. "Carbon fiber reinforced concrete for smart structures capable
of non-destructive flaw detection." Smart Materials and Structures 2.1 (1993): 22.
https://doi.org/10.1088/0964-1726/2/1/004

[30] Han, Baoguo, Siqi Ding, and Xun Yu. "Intrinsic self-sensing concrete and structures: A review."
Measurement 59 (2015): 110-128. https://doi.org/10.1016/j.measurement.2014.09.048

[31] Deng, Hanwen, and Hongliang Li. Assessment of self-sensing capability of carbon black engineered
cementitious composites. Const. and Build. Mater. 2018; 173: 1-9.
https://doi.org/10.1016/j.conbuildmat.2018.04.031

[32] Sevim, Ozer, Zhangfan Jiang, and Osman E. Ozbulut. Effects of graphene nanoplatelets type on self-
sensing properties of cement mortar composites. Const. and Build. Mater. 2022; 359: 129488.
https://doi.org/10.1016/j.conbuildmat.2022.129488

16


https://doi.org/10.1051/matecconf/202337805002
https://doi.org/10.1016/j.sna.2008.10.001
https://doi.org/10.1016/j.conbuildmat.2009.06.039
https://doi.org/10.3151/jact.8.113
https://doi.org/10.1016/j.cemconcomp.2021.104154
https://doi.org/10.3390/ma9040281
https://doi.org/10.1117/12.913187
https://doi.org/10.3390/s18010262
https://doi.org/10.3390/s20164517
https://doi.org/10.48084/etasr.6192
https://doi.org/10.1023/A:1009926623551
https://doi.org/10.1016/j.conbuildmat.2014.04.103
https://doi.org/10.3390/s19183964
https://doi.org/10.1016/j.sna.2008.07.015
https://doi.org/10.3390/s131217346
https://doi.org/10.1088/0964-1726/5/2/008
https://doi.org/10.1088/0964-1726/2/1/004
https://doi.org/10.1016/j.measurement.2014.09.048
https://doi.org/10.1016/j.conbuildmat.2018.04.031
https://doi.org/10.1016/j.conbuildmat.2022.129488

Dhivyalakshmi and Christy / Research on Engineering Structures & Materials x(x) (xxxx) xXX-xx

[33] Lee, Seon Yeol, Huy Viet Le, and Dong Joo Kim. Self-stress sensing smart concrete containing fine steel
slag aggregates and steel fibers under high compressive stress. Const. and Build. Mater. 220, 2019: 149-
160. https://doi.org/10.1016/j.conbuildmat.2019.05.197

[34] Xu, Feng, et al. The Mechanical and self-sensing performance of reactive powder cement concrete with
nano-stainless steel powder. Coatings. 2023; 13(7): 1153. https://doi.org/10.3390/coatings13071153

[35] Qiu, Liangsheng, et al. "Self-sensing ultra-high performance concrete for in-situ monitoring." Sensors
and Actuators A: Physical 331 (2021): 113049. https://doi.org/10.1016/j.sna.2021.113049

[36] Baeza, F. Javier, et al. "Effect of aspect ratio on strain sensing capacity of carbon fiber reinforced cement
composites." Materials & Design 51 (2013): 1085-1094. https://doi.org/10.1016/j.matdes.2013.05.010

[37] Luo, Jian Lin, et al. "Self-sensing property of cementitious nanocomposites hybrid with nanophase
carbon nanotube and carbon black." Advanced Materials Research 143 (2011): 644-647.
https://doi.org/10.4028 /www.scientific.net/AMR.143-144.644

[38] Lee, Seon Yeol, Huy Viet Le, and Dong Joo Kim. "Self-stress sensing smart concrete containing fine steel
slag aggregates and steel fibers under high compressive stress." Construction and Building Materials 220
(2019): 149-160. https://doi.org/10.1016/j.conbuildmat.2019.05.197

[39] Mardani, Mahtab, et al. Piezoresistivity and mechanical properties of self-sensing CNT cementitious
nanocomposites: Optimizing the effects of CNT dispersion and surfactants. Const. and Build. Mater. 2022.
https://doi.org/10.1016/j.conbuildmat.2022.128127

[40] Mishra, Geetika. "Co-effect of carbon nanotube and nano-sized silica on dispersion and mechanical
performance in cementitious system." Diamond and Related Materials 127 (2022): 109162.
https://doi.org/10.1016/j.diamond.2022.109162

[41] Luo, Jianlin, Zhongdong Duan, and Hui Li. The influence of surfactants on the processing of multi-walled
carbon nanotubes in reinforced cement matrix composites. physica status solidi (a). 2009; 2783-2790.
https://doi.org/10.1002/pssa.200824310

[42] Tian, Zhuang, et al. "A state-of-the-art on self-sensing concrete: Materials, fabrication and properties."
Composites Part B: Engineering 177 (2019): 107437.
https://doi.org/10.1016/j.compositesb.2019.107437

[43] Lin, Vincent W], et al. "Mechanical and electrical characterization of self-sensing carbon black ECC."
Nondestructive Characterization for Composite Materials, Aerospace Engineering, Civil Infrastructure,
and Homeland Security 2011. Vol. 7983. SPIE, 2011. https://doi.org/10.1117/12.880178

[44] Ramachandran, Kousalya, et al. A review on principles, theories and materials for self sensing concrete
for structural applications. Materials. 2022;15(11): 3831. https://doi.org/10.3390/ma15113831

[45] Gong, Shen, and Zheng H. Zhu. "On the mechanism of piezoresistivity of carbon nanotube polymer
composites." Polymer 55.16 (2014): 4136-4149. https://doi.org/10.1016/j.polymer.2014.06.024

[46] Chung, D. D. L., and Xiang Xi. "Piezopermittivity for capacitance-based strain/stress sensing." Sensors
and Actuators A: Physical 332 (2021): 113028. https://doi.org/10.1016/j.sna.2021.113028

[47] Xu, Runzhang, et al. "Computational design and property predictions for two-dimensional
nanostructures.” Materials Today 21.4 (2018): 391-418. https://doi.org/10.1016/j.mattod.2018.03.003

[48] Ding, Siqi, et al. Development of sensing concrete: Principles, properties and its applications. Journal of
Applied Physics. 2019; 126(24). https://doi.org/10.1063/1.5128242

[49] Gupta, Sumit, Jesus G. Gonzalez, and Kenneth J. Loh. Self-sensing concrete enabled by nano-engineered
cement-aggregate  interfaces.  Structural = Health  Monitoring. 2017; 16(3): 309-323.
https://doi.org/10.1177/1475921716643867

[50] Madhavi, T. Ch, and S. Annamalai. Electrical conductivity of concrete. ARPN J. Eng. Appl. Sci. 2016; 11(9):
5979-5982.

[51] Vimarsha B.R, T Soumya, Rohit Gainole. Intrinsic Self Sensing Concrete. International Journal of Research
in Engineering and Technology. 2018; 7(12).

[52] D'Alessandro, Antonella, et al. Self-sensing and thermal energy experimental characterization of
multifunctional cement-matrix composites with carbon nano-inclusions. Behavior and Mechanics of
Multifunctional Materials and Composites. 2016; 9800. SPIE, 2016. https://doi.org/10.1117/12.2218680

[53] Hansson, Inge LH, and Carolyn M. Hansson. lon-conduction in cement-based materials. Cement and
Concrete Research (1985); 15(2): 201-212. https://doi.org/10.1016/0008-8846(85)90031-6

[54] Last, B. ], and D. J. Thouless. Percolation theory and electrical conductivity. Physical review letters
27(25) (1971); 27(25): 1719. https://doi.org/10.1103 /PhysRevLett.27.1719

[55] Mazaheri, M., ]. Payandehpeyman, and S. Jamasb. Modeling of effective electrical conductivity and
percolation behavior in conductive-polymer nanocomposites reinforced with spherical carbon black.
Applied Composite Materials. 2022; 1-16.

[56] Chung, D. D. L. Self-sensing concrete: from resistance-based sensing to capacitance-based sensing.
International Journal of Smart and Nano Materials. 2021; 12(1): 1-19.
https://doi.org/10.1080/19475411.2020.1843560

17


https://doi.org/10.1016/j.conbuildmat.2019.05.197
https://doi.org/10.3390/coatings13071153
https://doi.org/10.1016/j.sna.2021.113049
https://doi.org/10.1016/j.matdes.2013.05.010
https://doi.org/10.4028/www.scientific.net/AMR.143-144.644
https://doi.org/10.1016/j.conbuildmat.2019.05.197
https://doi.org/10.1016/j.conbuildmat.2022.128127
https://doi.org/10.1016/j.diamond.2022.109162
https://doi.org/10.1002/pssa.200824310
https://doi.org/10.1016/j.compositesb.2019.107437
https://doi.org/10.1117/12.880178
https://doi.org/10.3390/ma15113831
https://doi.org/10.1016/j.polymer.2014.06.024
https://doi.org/10.1016/j.sna.2021.113028
https://doi.org/10.1016/j.mattod.2018.03.003
https://doi.org/10.1063/1.5128242
https://doi.org/10.1177/1475921716643867
https://doi.org/10.1117/12.2218680
https://doi.org/10.1016/0008-8846(85)90031-6
https://doi.org/10.1103/PhysRevLett.27.1719
https://doi.org/10.1080/19475411.2020.1843560

Dhivyalakshmi and Christy / Research on Engineering Structures & Materials x(x) (xxxx) xX-xx

[57] Elseady, Amir AE, et al. Piezoresistivity and AC impedance spectroscopy of cement-based sensors: basic
concepts, interpretation, and perspective. Materials. 2023; 16(2): 768.
https://doi.org/10.3390/ma16020768

[58] Ubertini, Filippo, and Antonella D'Alessandro. "Concrete with self-sensing properties.” Eco-Efficient
Repair and Rehabilitation of Concrete Infrastructures. Woodhead Publishing, 2018. 501-530.
https://doi.org/10.1016/B978-0-08-102181-1.00018-6

[59] Armoosh, Salam R., and Meral Oltulu. Effect of different micro metal powders on the electrical resistivity
of cementitious composites. IOP Conference Series: Materials Science and Engineering. IOP Publishing,
2019; 471(3). https://doi.org/10.1088/1757-899X/471/3/032075

[60] Ackermann, Kay Christian. Self-sensing concrete for structural health monitoring of smart
infrastructures. University of Rhode Island, 2018.

[61] Mao Qizhao, et al. "Resistance changement of compression sensible cement speciment under different
stresses." Journal of Wuhan University of Technology: Materials Science English Edition 11.3 (1996): 41-
45,

[62] Chen, Bing, Juanyu Liu, and Keru Wu. "Electrical responses of carbon fiber reinforced cementitious
composites to monotonic and cyclic loading." Cement and concrete research 35.11 (2005): 2183-2191.
https://doi.org/10.1016/j.cemconres.2005.02.004

[63] Li, Wengui, et al. Conductivity and piezoresistivity of nano-carbon black (NCB) enhanced functional
cement-based sensors using polypropylene fibres. Materials Letters. 2020; 270: 127736.
https://doi.org/10.1016/j.matlet.2020.127736

[64] Pinto, Irvin, et al. Smart Concrete for Enhanced Nondestructive Evaluation. ASNT Annual Conference.
2017.

[65] Jasim, Mustafa Hamid, et al. "Mechanical, Durability and Electrical Properties of Steel Fibers Reinforced
Concrete." Advances in Science and Technology. Research Journal 18.7 (2024): 163-175.
https://doi.org/10.12913/22998624/193196

[66] Palankar, Nitendra, AU Ravi Shankar, and B. M. Mithun. "Durability studies on eco-friendly concrete
mixes incorporating steel slag as coarse aggregates." Journal of cleaner production 129 (2016): 437-448.
https://doi.org/10.1016/j.jclepro.2016.04.033

[67] Cholker, Arvind Kumar, and Manzoor Ahmad Tantray. "Mechanical and durability properties of self-
compacting concrete reinforced with carbon fibers." Int ] Recent Technol Eng 7.6 (2019): 1738-1743.

[68] Chukka, Naga Dheeraj Kumar Reddy, et al. "Experimental testing on mechanical, durability, and
adsorption dispersion properties of concrete with multiwalled carbon nanotubes and silica fumes."
Adsorption Science & Technology 2022 (2022): 4347753. https://doi.org/10.1155/2022 /4347753

[69] Devi, S. C., and R. A. Khan. "Effect of graphene oxide on mechanical and durability performance of
concrete." Journal of Building Engineering 27 (2020): 101007.
https://doi.org/10.1016/j.jobe.2019.101007

[70] Jiang, Zhangfan, Ozer Sevim, and Osman E. Ozbulut. "Mechanical properties of graphene nanoplatelets-
reinforced concrete prepared with different dispersion techniques." Construction and Building Materials
303 (2021): 124472, https://doi.org/10.1016/j.conbuildmat.2021.124472

[71] Namdev, Anurag, Amit Telang, and Rajesh Purohit. "Water absorption and thickness swelling behaviour
of graphene nanoplatelets reinforced epoxy composites." International Journal of Advanced Technology
and Engineering Exploration 10.98 (2023): 119. https://doi.org/10.19101/1JATEE.2021.874756

[72] Han, Baoguo, et al. "Self-sensing concrete." Smart and Multifunctional Concrete Toward Sustainable
Infrastructures (2017): 81-116. https://doi.org/10.1007/978-981-10-4349-9 6

[73] Downey, Austin, et al. "Continuous and embedded solutions for SHM of concrete structures using
changing electrical potential in self-sensing cement-based composites.” Nondestructive Characterization
and Monitoring of Advanced Materials, Aerospace, and Civil Infrastructure 2017. Vol. 10169. SPIE, 2017.
https://doi.org/10.1117/12.2261427

[74] Wang, Wentao, et al. "Investigation of water ingress into uncracked and cracked cement-based materials
using electrical capacitance volume tomography." Materials & Design 220 (2022): 110877.
https://doi.org/10.1016/j.matdes.2022.110877

[75] Diaz, B., et al. "Analysis of the microstructure of carbon fibre reinforced cement pastes by impedance
spectroscopy.” Construction and Building Materials 243 (2020): 118207.
https://doi.org/10.1016/j.conbuildmat.2020.118207

[76] Wang, Xinyue, et al. "Intrinsic self-sensing concrete to energize infrastructure intelligence and resilience:
A review." Journal of Infrastructure Intelligence and Resilience 3.2 (2024): 100094.
https://doi.org/10.1016/].iintel.2024.100094

[77] Glrer, Cahit, Ugur Fidan, and Burak Enis Korkmaz. Investigation of using conductive asphalt concrete
with carbon fiber additives in intelligent anti-icing systems. International Journal of Pavement
Engineering. 2023; 24(1): 2077941. https://doi.org/10.1080/10298436.2022.2077941

18


https://doi.org/10.3390/ma16020768
https://doi.org/10.1016/B978-0-08-102181-1.00018-6
https://doi.org/10.1088/1757-899X/471/3/032075
https://doi.org/10.1016/j.cemconres.2005.02.004
https://doi.org/10.1016/j.matlet.2020.127736
https://doi.org/10.12913/22998624/193196
https://doi.org/10.1016/j.jclepro.2016.04.033
https://doi.org/10.1155/2022/4347753
https://doi.org/10.1016/j.jobe.2019.101007
https://doi.org/10.1016/j.conbuildmat.2021.124472
https://doi.org/10.19101/IJATEE.2021.874756
https://doi.org/10.1007/978-981-10-4349-9_6
https://doi.org/10.1117/12.2261427
https://doi.org/10.1016/j.matdes.2022.110877
https://doi.org/10.1016/j.conbuildmat.2020.118207
https://doi.org/10.1016/j.iintel.2024.100094
https://doi.org/10.1080/10298436.2022.2077941

Dhivyalakshmi and Christy / Research on Engineering Structures & Materials x(x) (xxxx) xXX-xx

[78] Garcia-Macias, Enrique, and Filippo Ubertini. Earthquake-induced damage detection and localization in
masonry structures using smart bricks and Kriging strain reconstruction: A numerical study. Earthquake
Engineering & Structural Dynamics. 2019; 48(5): 548-569. https://doi.org/10.1002/ege.3148

[79] Han, Baoguo, et al. Integration and road tests of a self-sensing CNT concrete pavement system for traffic
detection. Smart Materials and Structures.2012; 22(1): 015020. https://doi.org/10.1088/0964-
1726/22/1/015020

[80] Dong, Wenkui, et al. Multifunctional cementitious composites with integrated self-sensing and
hydrophobic capacities toward smart structural health monitoring. Cement and Concrete Composites.
2021; 118: 103962. https://doi.org/10.1016/j.cemconcomp.2021.103962

[81] Taheri, Shima, et al. Smart self-sensing concrete: the use of multiscale carbon fillers. Journal of Materials
Science. 2022; 1-16.

[82] Li, Mo, et al. Concrete materials with ultra-high damage resistance and self-sensing capacity for extended
nuclear fuel storage systems. No. 12-3545. Battelle Energy Alliance, LLC, Idaho Falls, ID (United States).
2017. https://doi.org/10.2172 /1346142

[83] Chung, D. D. L. Carbon materials for structural self-sensing, electromagnetic shielding and thermal
interfacing. Carbon (2012); 50(9): 3342-3353. https://doi.org/10.1016/j.carbon.2012.01.031

19


https://doi.org/10.1002/eqe.3148
https://doi.org/10.1088/0964-1726/22/1/015020
https://doi.org/10.1088/0964-1726/22/1/015020
https://doi.org/10.1016/j.cemconcomp.2021.103962
https://doi.org/10.2172/1346142
https://doi.org/10.1016/j.carbon.2012.01.031

