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Abstract: Transportation infrastructure is crucial for the global development and economic
prosperity of countries. To ensure the longevity and efficiency of road and railway systems, it is
essential that the various layers of these infrastructures are maintained in high performance
condition. Multifunctional cementitious composites have been widely recommended for constructing
the pavement due to their versatile applications. These advanced pavement materials can perform
numerous functions, such as structural health monitoring (SHM), traffic management, de-icing and
snow-melting, cathodic protection, grounding, energy harvesting, and shielding against
electromagnetic interference (EMI). This review paper begins with an overview of recent
advancements in the characterization of multifunctional cementitious composites as pavement
materials followed by a detailed examination of their practical applications and benefits in the
construction of pavements. To this end, this review comprehensively presents the components of
conductive pavements, including conductive fillers, matrix materials, electrode configurations,
conductive mechanisms, factors influencing the electrical properties of conductive fillers, and
practical applications. This paper offers an integrated review of all aspects of conductive pavements,
serving as a valuable resource for researchers and practitioners.

Keywords: multifunctional cementitious composites; pavement; piezoresistivity; conductive fillers;
transportation infrastructures

1. Introduction

Transportation infrastructure, encompassing railways, roads, and highways, plays a pivotal role
in the development of urbanization and economic growth. Maintaining this role at an optimal level
necessitates a well-organized maintenance plan [1]. Traditional maintenance strategies for
transportation infrastructure are typically reactive and scheduled at specific intervals [2]. However,
this approach proves ineffective as it does not provide real-time monitoring of the infrastructure's
health condition [3]. To address this shortcoming, contemporary maintenance strategies, based on
SHM, have been proposed [4]. SHM enables real-time monitoring of the health condition of
transportation infrastructures through the deployment of sensors in layers [5]. Various sensors have
been utilized for implementing SHM [6]. Nevertheless, conventional instrumentation for SHM faces
several challenges, including localized monitoring, maintenance difficulties, the excessive number of
sensors required, challenges in sensor installation, detachment of external sensors from host
materials, low sensor reliability and durability, the adverse effects of external sensors on host
materials, and high costs [7]. In response to these challenges, the development of intrinsic self-sensing
cementitious composites offers a promising solution, potentially overcoming the limitations of
conventional instrumentation in SHM [8].

Cementitious materials have been extensively used in civil engineering infrastructures [9].
Traditional cementitious materials can be enhanced to become self-sensing cementitious composites

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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by the addition of conductive fillers [10]. The integration of conductive fillers into cementitious
composites offers not only self-sensing capabilities but also facilitates additional functionalities such
as self-heating, energy harvesting (EH), cathodic protection (CP), and electromagnetic interference
(EMI) shielding. These fillers are primarily categorized into metal-based and carbon derivatives [11].
In prior studies, various types of conductive fillers, including metallic and carbon-based, have been
employed in the production of multifunctional cementitious composites [12]. However,
carbonaceous conductive fillers are more compatible with cementitious composites and integrate
better with the host materials [11]. Carbonaceous materials such as carbon fibers (CFs), carbon
nanotubes (CNTs), graphene nanoplatelets (GNPs), among others, have been widely utilized in the
production of multifunctional cementitious composites [13].

Multifunctional cementitious composites are categorized as cement paste, mortar, concrete,
concrete, and geocomposite based on their components [14]. The development of multifunctional
cementitious composites began in the 1990s [15]. Since then, multifunctional cementitious composites
have been extensively researched. For example, a study on multifunctional cement-stabilized sand
was conducted at the University of Minho, Portugal, with the aim of detecting stress/strain and
damage [16]. The resulting multifunctional geocomposite is intended for application in a segment of
the railway network, specifically within two transition zones of a Portuguese railway line [17].

Multifunctional cementitious composites have undergone extensive investigation for stress,
strain, damage detection, and traffic monitoring (including parameters such as traffic flow, vehicle
speed, travel time, traffic density, and weight in motion) within civil infrastructures [7]. However, to
date, there has been no comprehensive and critical report that specifically focuses on the field
application of multifunctional cementitious materials in transportation infrastructure. Therefore, the
objective of this review paper is to outline the components of multifunctional cementitious
composites, identify potential challenges in their field applications, and document their practical use
within transportation infrastructure. While various materials can enhance the multifunctionality of
cementitious composites, such as luminous materials for self-illumination, phase change materials
(PCMs) for adaptive properties, photocatalysts for self-purification, and healing agents for self-repair,
this study specifically focuses on the multifunctionality of electrically conductive cementitious
composites. This multifunctionality is achieved through the integration of conductive or functional
fillers.

2. Methodology

In this study, we review recent advances in multifunctional cementitious composites, with a
particular emphasis on their application in constructing transportation infrastructure. This is based
on previous research that highlights their practical use in this field and has been collated from
scientific databases, including Web of Science and Scopus. The relationship between the keywords
from the studies discussed is illustrated in a bibliometric map (Figure 1), which has been generated
using VosViewer software [18].
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3. Properties of Multifunctional Cementitious Composites

3.1. Conductive Fillers

To transform conventional cementitious composites into multifunctional cementitious
composites, conductive fillers must be added, as schematically illustrated in Figure 2a [19]. These
fillers are mainly categorized into two groups: metal-based and carbon-based conductive fillers [20].
Nayak and Das [21], for example, incorporated up to 40% metal-based conductive fillers into a
cementitious composite to detect damage using electrical resistance tomography. In another study, a
microstructure-based finite element (FE) model was developed for multifunctional cementitious
composites containing metal-based conductive fillers [22]. However, carbon-based conductive fillers
are more commonly used due to better harmonization with matrix materials, lower percolation
thresholds, and higher piezoresistive performance [23]. For these reasons, carbonaceous materials
including carbon fibers (CFs), carbon nanotubes (CNTs), graphene nanoplatelets (GNPs), graphene
nanoribbons (GNRs), and other types have been widely utilized in previous studies [24]. For instance,
CFs have been incorporated into cement to evaluate the piezoresistive properties of multi-functional
cementitious composites under flexural loading [25]. The findings indicated the capability of CFs-
based multifunctional cement paste to detect strain and cracks under such loading. Similarly, the
effective performance of multifunctional cementitious composites containing CNTs has been
reported in other studies [10]. However, the cost of CNTs presents a significant challenge for their
use in cementitious composites [26]. To address this, GNPs have been used in self-sensing
cementitious composites. It should be noted, however, that the performance of GNPs-containing
composites is not as robust as that of CNT-based ones due to their differing bridging effects [27].
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To balance the high cost of expensive conductive fillers and the weaker piezoresistive
performance of others, evidence from previous studies suggests that hybrid conductive fillers are
more effective in developing multifunctional cementitious composites [28]. Consequently,
composites containing two or more types of conductive fillers have been widely explored [28]. For
example, a hybrid of multi-walled carbon nanotubes (MWCNTs) and graphene nanoplatelets (GNPs)
has been successfully incorporated into 10% cement stabilized sand to detect strain and damage,
benefiting from the filling effects of GNPs and the bridging effects of MWCNTSs[16].

. I
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Conventional cement Conductive fillers Self-sensing cement
stabilized sand stabilize sand

(b)

Figure 2. a) Difference of conventional and multi-functional cementitious composites b) Microstructure of carbon

fibre based self-sensing cementitious composite [29].

3.2. Matrix Materials

Since the matrix materials significantly influence the performance of multifunctional
cementitious composites, it is necessary to briefly discuss them [30]. Cement is the primary matrix
material in these composites, providing adhesion between components [31]. The percentage of
cement varies depending on the type of cementitious composite. From a geotechnical and soil
stabilization perspective, the amount of cement used in cement-stabilized soils is lower than in other
cement-based materials, such as cement paste, mortar, concrete, and reinforced concrete [32]. For
example, various studies have utilized cement percentages ranging from 3% to 12% for soil
stabilization [33]. It has been established that the water-to-cement (W/C) ratio influences the electrical
resistance of self-sensing cementitious composites [34].

Sand and gravel are additional matrix materials that influence the performance of
multifunctional cementitious composites [35]. Larger dimensions of these matrix materials
necessitate a higher percentage of conductive fillers to bridge isolated paths and create continuous
electrically conductive networks [30]. Consequently, the percolation of conductive fillers in concrete
may surpass that in cement paste, mortar, and cement-stabilized sand due to the larger size of
aggregates it incorporates [36].

3.3. Electrodes Configurations

To facilitate some functionalities of electrically conductive cementitious composites, it is
essential to incorporate electrodes for recording electrical signals [37]. Generally, two types of
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electrode configurations are employed in these composites: two-probe and four-probe systems, as
illustrated in Figure 3 [38]. The two-probe system is relatively straightforward for recording electrical
signals. However, its major limitation is the significant polarization resulting from contact resistance
between the electrodes and the multifunctional cementitious composites [39]. Therefore, the four-
probe electrode configuration is often recommended to reduce polarization caused by contact
resistance, thereby enhancing measurement reliability [40]. The electrical current used for
piezoresistivity measurement can be either direct current (DC) or alternating current (AC), as shown
in Figure 3. In the two-probe system, the same electrodes are used for both applying the current and
collecting the voltage during electromechanical experiments, as seen in Figure 3a [41]. Conversely, in
the four-probe method, the outer electrodes apply the current, while the inner electrodes record the
voltage, as depicted in Figure 3b.

DCor AC fl\ DC or AC /l\
_/ N

=

Current and Voltage Current and Voltage Current Voltage Voltage Current
probe probe probe probe probe probe
Object Object
(a) (b)

Figure 3. Electrode configuration a) Two probe method b) Four probe method [38].

The choice of electrode material is another factor influencing the capability of multifunctional
cementitious composites. Typically, metallic materials such as copper, characterized by low electrical
resistance and considerable durability against corrosion, are widely recommended for electrode
fabrication [11]. However, Jang et al. [42] reported the deterioration of copper electrodes after
exposure to weathering processes. They discovered that silver paste can inhibit corrosion, enhancing
the stability of electrical signals under various weathering conditions. In comparison to copper
electrodes, the use of carbon-fiber-reinforced polymers (CFRP) electrodes in multifunctional
cementitious composites resulted in stable electrical signals [42].

Moreover, the shape of the electrode also influences the capability of multifunctional
cementitious composites. In this context, perforated copper electrodes demonstrated superior sensing
performance compared to the copper wire mesh configuration [43], underscoring the significance of
electrode shape in the performance of multifunctional cementitious composites. The installation of
electrodes is another factor with considerable effects on the performance of multifunctional
cementitious composites [44]. It has been reported that the electrical resistance of embedded
electrodes is lower than that of superficial electrodes, indicating the greater effectiveness of
embedded electrodes compared to superficial ones [8]. Figure 4 illustrates the embedded and
superficial types of electrodes [11].
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Figure 4. Installation of electrodes a) Embedded form b) surficial form [11].

Multifunctional cementitious composites can be employed in various forms, including bulk,
bonded, coating, sandwich, and embedded forms, as depicted in Figure 5 [45]. In the bulk form, the
entire structural element is constructed using electrically conductive cementitious composite, making
it particularly advantageous for building transportation layers [16]. However, the cost associated
with the bulk form may be higher than that of other types, presenting a barrier to its widespread
application. In the coating form, a thin layer or a small piece of electrically conductive cementitious
composite is utilized to cover the construction material [46]. In the sandwich form, the conventional
construction material is positioned between two layers of electrically conductive cementitious
composite. In the bonded form, the electrically conductive cementitious composite in the shape of a
sensor is affixed to structural elements using adhesive materials. In the embedded form, electrically
conductive cementitious composite, functioning as sensors, is placed within the structural element
during the casting process. It is important to note that the cost of other application forms is generally
lower than that of the bulk form. However, a significant concern in other application forms, apart
from bulk, is the possibility of detachment of electrically conductive cementitious composite from
host construction materials during operation [47]. Consequently, the bulk form provides considerable
reliability over the long term, making it highly suitable for applications in SHM, traffic detection, and
other functionalization [48]. Moreover, construction and maintenance of the bulk form are simpler
compared to other forms, further supporting its recommendation, especially for transportation
infrastructure layers.

(2 B

Column or pier

ULI0j Y[Nq ug

In coating form

In embedded form

Figure 5. Application forms of self-sensing cementitious composites [49].
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3.4. Contact and Non-Contact Electrical Measurement System

Electrical measurements for cementitious composites are conducted using contact (electrode-
based) and non-contact (electrodeless) methods [50]. The electrode-based approaches, which involve
directly attaching electrodes to the composite, frequently encounter challenges such as increased
contact resistance and the potential for electrode detachment, thereby undermining their reliability.
In contrast, the non-contact electric resistivity technique, developed by Li et al. [51] and patented in
2003, addresses these issues by circumventing problems associated with electrodes in the assessment
of cement hydration. This method operates based on a transformer principle, where a primary coil
generates a current in the specimen that functions as a secondary coil of transformer, as depicted in
Figure 6 [52]. Figure 6 provides a schematic representation of the non-contact resistivity measurement

setup.

Primary coil Leakage

of transformer current meter
Generator Concrete sample in the mold

as secondary coil of transformer
(@)
(2) Through mutual induction
a toroidal voltage
(1) AC voltage is applied .\ (3) Toroidal current
to the primary coil is induced to the m
by a generator secondary coil

is measured by a

Cement paste specimen
meter

act as
secondary coil

Transformer core

Current meter

Primary
coil

Specimen height

(b) (c)

Figure 6. Non-contact resistivity measurement system a) Photograph [53,54] b) Schematic illustration [55] c)

Specimen cross section.

He et al. [56] introduced an enhanced non-contact resistivity measurement system designed to
assess porosity and pore connectivity in cured cementitious composites after 28 days, as depicted in
Figure 7. Unlike the predecessor non-contact measurement system, this modified system features a
ring pipe filled with 3% NaCl solution, serving as a secondary coil within the transformer system.
Despite this alteration, the operational mechanism remains akin to other non-contact resistivity
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measurement systems: a constant-frequency voltage applied by the primary coil induces a toroidal
current in the secondary coil, measured by the leakage current meter (Figure 7b). In contrast to the
previous system using a ring specimen, the modified setup utilizes a slice specimen saturated with
NaCl solution (Figure 7c). While innovative, this modified system is limited to measuring the
electrical resistivity of saturated specimens, presenting a notable drawback in that it cannot be used
for dried self-sensing cementitious composites.

Transformer core

Steel bar Specimen

As the second core
Of transformer

(b)

Specimen
Epoxy glue

PVC pipe

(©)

Figure 7. Modified non-contact resistivity measurement system a) The picture of modified non-contact

measurement system b) Details of modified non-contact measurement system c) Specimen used in modified

non-contact measurement system [56]

Non-contact systems are classified into two types: resistivity and impedance measurements. A
limitation of the non-contact resistivity measurement system is its inability to produce a Nyquist
curve (i.e., correlation of imaginary and real impedance over frequency variation), attributable to the
use of a constant frequency. Despite the widespread use of non-contact resistivity measurement
systems in assessing hydration, porosity, and pore structure evolution, this system's low sensitivity
hinders tracking late cement hydration [57]. Consequently, it has two drawbacks: an inability to
simulate frequency-dependent pore structure evolution caused by hydration and a limitation in
providing comprehensive information on pore structure evolution in cementitious composites [58].

To address the limitations of non-contact resistivity systems in evaluating pore structure, Li et
al. [59] introduced the non-contact impedance measurement system in 2012. This system (Figure 8)
effectively monitors pore structure changes during hydration stages across a broad frequency range,
which is crucial for understanding the frequency-dependent characteristics of pore structure
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evolution [50]. Although the non-contact impedance system performs better than the resistivity
system, it exhibits a lower sensitivity level than the contact impedance system. The contact system
offers comprehensive information on cementitious composites' pore structure and hydration stages
across various frequencies, unlike the non-contact impedance system, which is restricted by the
magnetic material's limited frequency range and lower electromagnetic conversion efficiency.
Therefore, while the non-contact impedance system can track early hydration and pore structure
evolution, its effectiveness diminishes in later hydration stages [60].

Transformer Corel Transformer Core I1

Excitation /-
Coil
’7 Ring Cement Sample Current Sensor
J Coil
\\'.1\e - Loop|Voltage
Amplification g
1 3 |

- Current Signal
Signal “—| 0
Generator <—_m ARM m’ pPC

Figure 8. Non-contact impedance measurement system [50]

3.5. Surface and Bulk Electrical Resistivity

The assessment of cementitious composites involves electrical measurements, which can be
broadly classified into two categories: surface and bulk electrical resistivity [61,62]. The Wenner four-
point probes method is commonly employed for evaluating surface resistivity, while diverse
configurations of embedded electrodes and noncontact resistivity measurement systems are utilized
for bulk resistivity assessment [63-65]. Electrical measurement systems typically gauge electrical
resistance, and the obtained resistance values can be transformed into electrical resistivity through
Equation 1 [66]. Notably, Equation 1 highlights the significance of a geometry factor in converting
electrical resistance to electrical resistivity, with the specific value of this factor contingent upon the
electrode configuration and type of measurement system employed [67-69]. Despite variations in
electrical resistance due to differing electrode configurations in a cementitious composite specimen,
the ultimate resistivity, as determined by Equation 1, should be consistent for that specific specimen,
owing to the influence of the geometry factor that needs to be appropriately calculated [66,70]. The
calculation of the k value, as a general parameter, can be executed using the equations provided in
Table 1.

p=R.k M

where 0 is electrical resistivity, R is electrical resistance, and k is the geometry factor.
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Table 1. Geometry factor of different electrical measurement system
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3..6. Electrical Conductivity

Conventional cementitious composites exhibit semiconducting properties, rendering them
weakly electrically conductive when wet due to ion conduction. However, once dried, they become
electrically isolated, as they lack ionic conduction. Consequently, enhancing the electrical
conductivity of conventional cementitious composites necessitates the incorporation of conductive
fillers. By incorporating these fillers, conventional cementitious composites are enhanced to become
multifunctional variants. These multifunctional composites, containing conductive or functional
fillers, comprise three phases with distinct characteristics, including various levels of electrical
conductivity, matrix materials, fillers, and pores. Thus, the electrical conductivity of multifunctional
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cementitious composites relies on the condition and properties of each of these phases. Electrical
conductivity plays a crucial role in enabling functionalities such as self-sensing, self-heating,
electromagnetic interference shielding, energy harvesting, grounding, and cathodic protection in
cementitious composites. This conductivity is facilitated by electron hopping and conductive
networks induced by the conductive fillers [73]. Enhancing these mechanisms necessitates increasing
the percentage of conductive fillers in the range of percolation threshold.

Furthermore, the electrical conductivity of multifunctional cementitious composites can be
enhanced by incorporating various types of conductive fillers. For example, the inclusion of long
carbon fibers (LCF) stabilizes the electrical conductivity, which is vital for the functionality of
electrically conductive cementitious composites [74]. Notably, the electrical conductivity of
cementitious composites incorporating CFs demonstrates two distinct regions concerning the
percentage of CFs: an ionic dominant region up to 0.5 vol. % content and an electronic dominant
region beyond that [75]. Stability in the electrical conductivity of multifunctional cementitious
composites increases with higher percentages of conductive fillers, resulting in reliable functionality
features. However, it is crucial to ensure that the percentage of conductive fillers remains within the
percolation threshold to achieve effective electrical conductivity in multifunctional cementitious
composites [76]. Additionally, the characteristics of the conductive fillers also influence the electrical
conductivity of multifunctional cementitious composites. Studies have shown that the electrical
conductivity increases with the aspect ratio of CFs [77] and that MWCNTs are more effective than
GNFs and graphite (G) in improving the electrical conductivity of cementitious composites [78].
Consequently, MWCNTs are widely used among various types of conductive fillers. For example,
Choi et al. (2020) [79] reported improved electrical conductivity in multifunctional cementitious
composites doped with MWCNTs by adjusting the percentages of dispersant and defoamer agents
to decrease porosity effectively. In this context, Fan et al. (2023) [80] proposed a hybrid
micromechanical model to accurately evaluate the influence of pores and their wet and dry
conditions on the electrical conductivity of multifunctional cementitious composites doped with
GNPs.

In addition to carbonaceous fillers, metal-based conductive fillers have also been utilized to
enhance the electrical conductivity of cementitious composites [81]. Nevertheless, it is important to
acknowledge that the electrical conductivity of multifunctional cementitious composites
incorporating metal-based conductive fillers may diminish over time due to the formation of a
passive film on the surface of these fillers. This issue highlights the superior performance of
multifunctional cementitious composites with carbonaceous conductive fillers over those with
metallic conductive fillers. To fully capitalize on the benefits of multifunctional cementitious
composites, it is essential to accurately determine the percolation threshold.

3.7. Percolation Threshold

The primary factor influencing the performance of multifunctional cementitious composites is
the concentration of electrically conductive fillers [82]. Achieving optimal performance in
multifunctional cementitious composites requires careful consideration of the percolation threshold
value during specimen fabrication [83]. The percolation threshold represents the range where
electrical resistivity experiences a significant reduction with the inclusion of conductive fillers, as
illustrated in Figure 9 [49]. From Figure 9, it is apparent that electrical resistivity variations with the
inclusion of conductive fillers are not considerable within zone A (insulation phase) [84]. However,
beyond zone A and within zone B, there is a drastic drop in electrical resistivity with the inclusion of
conductive fillers [85]. Towards the end of zone B, the impact of conductive fillers on reducing
electrical resistivity decreases due to congestion of direct contacts and conductive pathways [30].
Consequently, in zone C, further inclusion of conductive fillers does not significantly reduce electrical
resistance, indicating that the optimal concentration of conductive fillers should be within the
percolation zone (Zone B) [86].
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In zone A, the direct contact between conductive fillers is not significant, resulting in poor
conductive pathways. Due to the low concentration of conductive fillers, the conductive mechanism
in region A is primarily based on tunnelling effects (electron hopping) in dry conditions and
tunnelling effects (electron hopping) and ion conduction in wet conditions [87]. The tunnelling effect
relies on the distance between conductive fillers and typically occurs when the distance is less than
10nm. Therefore, in dry conditions, the electrical resistivity of self-sensing cementitious composites
containing electrically conductive fillers below the percolation threshold is very high due to weak
tunnelling effects caused by the large distance between conductive fillers [88]. However, in wet
conditions, the electrical resistivity of electrically conductive cementitious composites containing
conductive fillers below the percolation threshold can considerably decrease due to ion conduction
in the pore solution [89]. In other words, in wet conditions, the electrical mechanism of electrically
conductive cementitious composite within zone A is based on ion conduction and tunnelling effects.
In zone B (percolation threshold), in dry conditions, the conductive mechanism is based on tunnelling
effects and direct conduction, resulting in considerably low electrical resistivity [90]. In zone B, the
distance between conductive fillers is significantly small, leading to strong tunnelling effects (electron
hopping). Towards the end of zone B, tunnelling effects considerably improve due to the very small
distance between conductive fillers and the well-formed conductive pathways originating from
direct contact between conductive fillers. In wet conditions, in region B, the conductive mechanism
is based on ionic conduction, tunnelling effects, and direct contact of conductive fillers [91]. In region
B, therefore, the effects of moisture content on electrical resistivity are not considerable due to strong
tunnelling effects and direct contact of conductive fillers.

In zone C, the conductive mechanism is primarily based on the direct contact of conductive
fillers due to the high concentration of these fillers [92]. Consequently, the effects of moisture content
(ionic conduction) on the electrical resistivity of self-sensing cementitious composites, when the
content of conductive fillers exceeds the percolation threshold, are not significant [93].
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Figure 9. Influence of conductive filler concentration on electrical resistivity [49].

For a deeper understanding, the conductive mechanisms in each zone are schematically
illustrated in Figure 10. Regarding Figure 10a, it is observed that the conductive pathway does not
exist when the concentration of conductive fillers is low in Zone A, as indicated in Figure 9a.
Subsequently, the conductive pathway emerges with an increasing concentration of conductive fillers
within the percolation zone, as depicted in Figure 10b, resulting in conductive pathways shown in
Figure 10c. With the continued increase in the concentration of conductive fillers within the zone
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depicted in Figure 9, the conductive pathways also further increase, as illustrated in Figures 10d and
e. Considering this explanation regarding conductive mechanisms, it can be concluded that the
performance of electrically conductive cementitious composites improves with an enhancement of
conductive fillers concentration.

Figure 10. Schematic illustration of conductive mechanisms a) Zone a b) Zone b c¢) conductive pathways in Zone

b d) Zone c e) conductive pathways in zone ¢ [94,95]

3.8. Piezoresistivite Performance

The phenomenon where electrical resistivity varies in response to mechanical strain under an
applied load is known as piezoresistivity [96]. The piezoresistive performance under applied load
can be utilized to assess the sensing properties of multifunctional cementitious composites. In this
context, the fractional change in resistivity (Ag/o) is commonly employed to evaluate the sensing
performance of these composites [97]. The relationship between fractional change in resistivity and
stress is used to determine stress sensing ((Ag/0)/o), while the correlation between fractional change
in resistivity and strain is applied to investigate the strain sensing capability, also known as the gauge
factor (((Ao/o)/¢)) [46].

Depending on the type of loading, the trends in fractional changes in resistivity (FCR) vary [98].
Under monotonic loading, the FCR trend may decrease due to the compaction of voids and closing
of gaps between conductive fillers, remain balanced due to no change in microstructure, increase due
to small cracks, and drastically increase due to the widening of cracks and damages, as observed in
Figure 1la [99]. Conversely, under cyclic loading, the FCR decreases during loading due to
compaction and closing of gaps between conductive fillers and increases during unloading due to
the reversal of the microstructure to its original state, as depicted in Figure 11b [100]. Figure 11b also
indicates the superior sensitivity of multifunctional cementitious composites in dry conditions
compared to wet conditions [100]. This may be attributed to polarization effects caused by ion
movement in wet conditions [91]. It should also be noted that the sensitivity of multifunctional
cementitious composites is higher in dry conditions than in wet conditions when the concentration
of conductive fillers is within the threshold region [101]. However, there will be hysteresis behaviour
in FCR curves under cyclic loading if the microstructure variation of self-sensing cementitious
composites is significant, and the reversal of the initial state of the microstructure condition cannot
be achieved after each unloading stage [16]. It has been revealed that there is no drift in the FCR of
multifunctional cement-stabilized sand under cyclic loading before the initiation of cracks.
Nonetheless, when cracks and degradation begin with increasing stress levels, the FCR trend under
cyclic compressive loading exhibits a hysteresis pattern. Generally, the FCR under cyclic loading is
repeatable without any drift when the stress level is within the elastic region. On the other hand, the
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FCR under loading is not repeatable when the stress level is within the plastic region due to the
appearance of irreversible microstructural changes [102]. A similar trend was reported in another
study as well [103].
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Figure 11. a) Piezoresistivity of multifunctional cementitious composite containing 1% CNTs+GNP under
monotonic loading [104] b) Piezoresistivity of multifunctional cementitious composite containing 1.5% carbon

black (CB) under cyclic loading in dried and wet conditions [100]

The sensing capability of multifunctional cementitious composites depends on various factors,
including the concentration of conductive fillers, the type of conductive fillers, aspect ratio of
conductive fillers, loading conditions and levels, electrode material and configuration, and the
measurement system [105]. The sensing performance of multifunctional cementitious composites
increases with the increasing concentration of conductive fillers, as illustrated in Figure 12 [106]. In
reference to Figure 12, it is evident that the noise-to-signal ratio decreases with increasing carbon
black (CB) concentration, indicating the profound influence of conductive fillers concentration on
sensing performance.
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Figure 12. Electromechanical performance of multifunctional cementitious composite containing various carbon
black (CB) percentage [106]
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Similarly, the type of conductive fillers also has an impact on the performance of multifunctional
cementitious composites [107]. As a result, hybrid conductive fillers are usually recommended for
the fabrication of multifunctional cementitious composites [108]. Moreover, it has been reported that
the sensing performance of multifunctional cementitious composites increases with an increasing
aspect ratio of conductive fillers [105]. Additionally, other features of conductive fillers, such as
physical properties, specific surface area, thickness, and size, influence the sensing capability of
multifunctional cementitious composites [109]. In this context, Sevim et al. [27] reported the weak
sensing performance of multifunctional cementitious composites fabricated using GNPs with a high
specific surface area compared to those fabricated using GNPs with a small specific surface area. The
authors attributed the decreasing sensing performance with increasing specific surface area of
conductive fillers to weak and difficult dispersion [27]. For these reasons, the addition of carbon fiber
further enhances the piezoresistive performance of multifunctional cementitious composites [82].
When considering the same amount of recycled milled carbon fibers (rMCF) in multifunctional
cementitious composites, the FCR of self-sensing mortar under cyclic loading were noisier than that
of self-sensing concrete [108]. The authors justified this behavior by the well-packing of aggregates
in self-sensing concrete [108]. The stress level is another factor affecting the sensing capability of self-
sensing cementitious composites. As seen in Figure 13, the FCR peak points under cyclic loading
increase with increasing stress level, indicating that the sensing stimulation increases with an
increasing stress level [12].
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Figure 13. Effects of stress level on the FCR changes of self-sensing cementitious composite (0.15% graphene
oxide) [12]

Although multifunctional cementitious composites can detect the level of loading, conventional
multifunctional cementitious composites are unable to capture the direction of loading. For this
reason, the use of aligned conductive fillers has been suggested for the fabrication of self-sensing
cementitious composites to detect not only the level but also the direction of loading. For instance,
Jang et al. [110] developed a multifunctional cementitious composite doped with horizontally and
vertically aligned hybrid conductive fillers. They incorporated CNTs and carbonyl iron powder (CIP)
into the cementitious composite, and the direction of conductive fillers was controlled using
magnetization curing. The obtained results indicated different sensing patterns for horizontally and
vertically aligned multifunctional cementitious composites, demonstrating the capability to
differentiate between loading directions. Although this approach shows promise for advancing
multifunctional cementitious composites for self-sensing purposes, its implementation in the field
poses significant challenges.

3.9. Integrated Self-Sensing and Self-Healing

SHM encompasses various levels categorized according to functionality and complexity [111],
as depicted in Figure 14. Establishing an SHM at the highest level necessitates the utilization of
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numerous sensors and related components to achieve optimal SHM efficacy. As discussed earlier, the
primary limitation of conventional, sensor-based SHM lies in the deployment of congested sensors.
In addressing this issue, multifunctional cementitious composites offer a potential solution,
eliminating the need for densely placed spot sensors. Previous studies have classified SHM into five
levels based on Rytter's suggestion [112], and this classification can be applicable to the SHM
approach incorporating multifunctional cementitious composites, as illustrated in Figure 14. While
self-sensing feature of multifunctional cementitious composites exhibit the potential to fulfil the
requirements of the five SHM levels [113], a comprehensive guideline currently needs to be
developed. Consequently, there is a need to explore SHM strategies based on self-sensing
performance of multifunctional cementitious composites to establish a standardized framework.
However, the standalone use of multifunctional cementitious composites cannot achieve the
efficiency required for SHM at level 6. Therefore, the integration of intrinsic self-sensing feature and
self-healing feature in multifunctional cementitious composites introduces a novel concept in SHM,
as indicated in Figure 14. Analysing Figure 14 reveals that self-sensing feature of multifunctional
cementitious composites can be considered within level 5. Nevertheless, a new level (level 6) may be
added to the existing SHM concept after integrating the self-sensing feature with a self-healing
capability in multifunctional cementitious composites.

(What challenges does SHM ™ Level

aim to address? of SHM Efficiency of SHM >

i

How can extend the service life? Level 6 Level 5 + Extending of life span

What is the remaining estimated Level 5 /fevel 4 + Estimation of remaining life el e =
service life? span =} ?p g
a = =1

: -
To what d has the d; . I = w»n = Z.
0 what degtee has the damage Level 4 KLevel 3 + Damage severity identificatio = 0 g 5
occurred? 5 = 2 o
T e

c B . . (2]
What type of damage is evident? Level 3 Level 2 + Damage categorization g 2 g &
== ™
. o 3 " N
Where is the damage? Level 2 Level 1+ Damage localization 2 2.8
g g 5
w s

Is the damage present in the system?) Level 1 Damage detection

Figure 14. Differentiation of SHM levels based on their respective efficiency ratings.

The self-healing mechanisms in cementitious composites are broadly classified into two distinct
types: autogenous and autonomous. Autogenous self-healing primarily involves healing minor
cracks through the hydration of residual unhydrated cement particles. This category also benefits
from the incorporation of various additives such as carbon fibre, carbon nanofibers, carbon
nanotubes, fly ash, ground granulated blast furnace slag, and other nanomaterials into cementitious
composites. These additives enhance the formation of cement hydration products and CaCO3,
thereby bolstering the autogenous self-healing capabilities of multifunctional cementitious
composites [114]. For example, Jin et al. [115] observed enhanced self-sensing and self-healing
characteristics in multifunctional cementitious mortar with the inclusion of MWCNT and mineral-
based admixtures. Similarly, Fan et al. [116] noted significant autogenous self-healing effects in a
multifunctional cementitious composite that incorporated fly ash and polyvinyl alcohol (PVA) fibres,
aiding in crack repair, as illustrated in Figure 15a. This figure demonstrates crack closure after a 14-
day healing period, causing variations in electrical impedance spectroscopy (EIS) signals, as shown
in Figure 15b. Referring to Figure 15b, the expansion of the Nyquist plot due to 2% strain from tensile
strength is evident, followed by a reduction as a result of the healing process over time. The healing
of cracks leads to increased electrical conductivity, thus contracting the Nyquist curves, as depicted
in Figure 15b. While the autogenous self-healing method does not require the embedding of
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additional materials like shape memory alloys and capsules, its effectiveness is limited to the healing
of very small cracks.

Conversely, autonomous self-healing in cementitious composites necessitates the integration of
additional embedded materials, such as embedded shape memory alloys, electrodeposition
technology, capsules, vascular networks, and bacteria, resulting in the healing of larger cracks [114].
For the activation of autonomous self-healing, the cementitious composites must be electrically
conductive, transforming electrical energy into heat to activate the embedded self-healing materials.
Consequently, the addition of conductive fillers not only imparts self-sensing properties to the
composites but also facilitates the self-heating feature, which is useful for both self-healing and de-
icing/snow-melting purposes. For example, the integration of shape memory alloys (SMA) in
cementitious composites requires heating to facilitate crack healing, emphasizing the importance of
electrical conductivity for heating. In electrically conductive cementitious composites, electrical
energy is converted to heat in accordance with Joule’s law, providing the necessary heat for
autonomous self-healing technology. A case in point of integrated self-sensing and autonomous self-
healing in cementitious composites is demonstrated through the microencapsulation of nanocarbon
black (NCB) and slaked lime, as seen in Figures 15c¢ and d [117]. Figure 15c reveals that the
autonomous self-healing, enabled by microencapsulation of NCB-enclosed slaked lime, effectively
filled the cracks after a 14-day healing period. Figure 15d illustrates that, compared to conditions
without healing, the piezoresistivity of the multifunctional cementitious composite possessing both
self-sensing and self-healing features showed considerable and repeatable sensitivity, underscoring
the significance of combined self-sensing and self-healing functionalities.
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Figure 15. Influence of self-healing process on electrical signals a, b) Autogenous self-healing of cementitious
composite doped with fly ash [116] a) Healing of cracks, b) EIS changes by self-healing process; ¢, d)
Autonomous self-healing of cementitious composite doped with CNB and slaked lime [117]
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4. Challenges and Solutions

Multifunctional composites have been extensively explored in prior studies [7]. Nonetheless,
they face various challenges, including dispersion difficulties, polarization effects during
electromechanical testing, the inherently low ductility of cement-based materials, and environmental
factors, all of which impact their performance [118]. A multitude of factors, such as curing duration,
hydration time, temperature, water-to-cement (W/C) ratio, aggregate size, the ratio of cement to
aggregate, and moisture content, significantly affect the electrical resistivity and its inverse, electrical
conductivity, as depicted schematically in Figure 16a [69,119-123]. For example, the quantity of
hydration products escalates with prolonged curing and hydration processes, leading to the
occlusion of pores. This phenomenon is demonstrated in Figures 16b and c for non-conductive and
electrically conductive cementitious composites, respectively. The resultant occlusion of pores during
cement hydration subsequently causes increased electrical resistivity or reduced electrical
conductivity [124]. In essence, changes in electrical resistance during the curing process are
contingent on the extent of hydration and the conductivity alterations in the pore solution. Initially,
in the early hydration phase (0-0.7h), the release of ions enhances the conductivity of the pore
solution, accounting for the minimal changes and fluctuations in electrical resistivity observed during
the initial dissolution stage [54]. Subsequently, as hydration progresses and hydration products
accumulate, the increase in electrical resistivity occurs in distinct stages: competition, acceleration,
and deceleration [125].

The impact and rate of influence of various factors on the electrical signals of nonconductive and
electrically conductive cementitious composites can differ due to the variations in their conductivity
mechanisms. In nonconductive cementitious composites, electrical conductivity relies solely on ionic
conduction, as illustrated in Figure 16b. Consequently, the reduction in pore solution resulting from
curing time, hydration, and other factors significantly affects the electrical signals of nonconductive
cementitious composites. Conversely, as previously discussed, the conductivity mechanisms of
electrically conductive cementitious composites involve both ionic conduction and electronic
conduction (i.e., direct contact between conductive fillers and tunnelling effects), as depicted in
Figure 16¢. Hence, the impact of influencing factors on the electrical signals of electrically conductive
cementitious composites may be less pronounced than that observed in nonconductive cementitious
composites. For instance, the increase in hydration products due to prolonged curing time occludes
conductive pathways, as shown in Figure 16. However, the effects of these formed hydration
products on the electrical signals of electrically conductive cementitious composites might be less
significant compared to those observed in nonconductive counterparts, as tunnelling effects and
direct contact between conductive fillers exist, as depicted in Figure 16c [126]. Considering these
considerations, electronic conduction experiences an upsurge with an increase in the concentration
of conductive fillers, resulting in enhanced stability in the electrical signals of cementitious
composites. For example, the rising electrical resistivity of a nonconductive cementitious composite
diminished with the incorporation of CF [127]. Similarly, it was noted that the rate of change in
electrical resistivity of the cementitious composite under various deterioration factors (such as freeze-
thaw cycles, sulfate attack, and NaCl penetration) decreased with increasing concentration of CNMs.
In this context, the impact of the synergistic effects of CNT+CF was particularly notable [127].

Moreover, the magnitude of influencing factors is a critical aspect that warrants consideration,
as altering trends in electrical signals may occur under different levels and forms. For instance,
elevated temperatures lead to a reduction in electrical resistance or an increase in electrical
conductivity in electrically conductive cementitious composites due to the increased kinetic energy
of electrons. However, at exceedingly high temperatures, thermal expansion and the occurrence of
cracks disrupt the electrical conductive pathways, resulting in increased electrical resistance.
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Figure 16. Schematic illustrations a) Influencing factors on electrical resistivity/electrical conductivity and
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conductive cementitious composites c) Influence of curing time/hydration time on microstructure variation of

electrically conductive cementitious composites

The susceptibility of the direct contact between conductive fillers to influencing factors is
relatively low. However, these factors can readily alter the ionic conduction and tunnelling effects in
electrically conductive cementitious composites. For example, the hydration products that develop
over time due to cement hydration fill the pores and occlude the gaps between carbon nanomaterials
(CNMs) [128], as depicted schematically in Figure 17. This obstruction of tunnelling effects, as shown
in Figure 17, due to the presence of hydration products, leads to a reduction in the electrical
conductivity of electrically conductive cementitious composites.

Conductive fillers

@ Hydration products

Increasing curing time/Hydration time (day)

Figure 17. Schematic illustration of tunneling blockage of electrically conductive cementitious composites upon
formation of hydration products
4.1. Agglomeration of Conductive Fillers

Achieving a well-responsive multifunctional cementitious composite largely depends on
selecting an appropriate dispersion method [129]. Furthermore, poor dispersion of carbon
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nanomaterials can adversely affect the mechanical properties of multifunctional cementitious
composites [130]. Therefore, choosing an effective dispersion technique is crucial for producing a
multifunctional cementitious composite that is both responsive and mechanically strong [7]. Various
dispersion techniques, such as surfactants, superplasticizers, and sonication, have been explored in
previous studies [131]. The impact of different chemical surfactants and superplasticizers on the
performance of multifunctional cementitious composites has been investigated [132]. Additionally,
the effects of sonication methods, including bath and probe sonication, have been examined [133]. It
has been discovered that the type of surfactant and sonication parameters, such as sonication time
and frequency, significantly influence the performance of multifunctional cementitious composites
[134]. For instance, the correct duration of sonication is critical; too short a period results in
inadequate dispersion, while excessively long sonication can damage the carbon nanomaterials [135].
Therefore, careful selection of sonication power, duration, and frequency is essential to achieve
optimal dispersion of carbon nanomaterials [136]. Recent findings suggest that a hybrid dispersion
technique combining surfactants and sonication is highly recommended for fabricating
multifunctional cementitious composites [137]. Moreover, the direct growth of conductive fillers on
the matrix material presents a promising approach to enhance the self-sensitivity feature of
multifunctional cementitious composites [138]. To this end, the chemical vapour deposition (CVD)
technique is commonly employed for coating of matrix materials [139]. For instance, Figure 18
illustrates the CVD procedure for coating of the quartz sand and the microstructural condition of
graphene coated quartz sand after CVD stage.

(a)

(b)

u " Phenolic resin + ethanol
- (Carbon source)

=

Figure 18. Procedure of CVD technique and microstructure of graphene coated quartz sand [139].

4.2. Polarization

Polarization of electrical signals is another factor that affects the reliability of piezoresistivity
performance during electromechanical testing of multifunctional cementitious composites [11]. In
cementitious materials, polarization occurs due to ion movement in the pore solution when using a
DC measurement system [101]. To this end, it is imperative to consider a resting time before
conducting electromechanical testing on self-sensing cementitious composites, as seen in Figures 19a
and b. The testing should be started after reaching a stabilized condition, as seen in Figure 19c where
an increase in electrical resistance with time (polarization) occurred at the beginning of
electromechanical experiments [43]. This effect decreases with time, indicating that before initiating
electromechanical experiments using the DC measurement system, it is necessary to wait until a
constant electrical resistance curve is reached over time. To mitigate polarization effects, various
measures, including using a four-probe electrode configuration, an AC measurement system,
employing a high percentage of CNMs, and using embedded electrodes, have been explored [140].
For instance, Figure 19d illustrates that the rate of polarization effects decreases with an increasing
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concentration of CNTs ranging from 0% to 0.5%, suggesting that optimizing the percentage of
conductive filler is an effective solution to diminish polarization effects [141].
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Figure 19. Effects of polarization on electrical resistance of self-sensing cementitious composites containing
MWCNT a) Stress vs time b)strain vs time c) resistance vs time [43] d) effects of CNTs concentration on the

polarization [141].

4.3. Temperature and Moisture Effects

The influence of temperature and moisture on the electrical resistivity of multifunctional
cementitious composites can present challenges when these materials are used for detecting strain,
stress, and damage [142]. Consequently, it is essential to calibrate the electrical resistivity of self-
sensing cementitious composites, incorporating compensation measures for environmental factors,
during operational use [143]. For example, Dong et al. [98] observed that temperature variations
ranging from -20°C to 100°C do not impact the repeatability and sensitivity of a multifunctional
cementitious composite doped with CB, provided that compensation for temperature effects is
implemented.

Furthermore, the impact of moisture variations on electrical resistivity can be negligible when
the concentration of conductive fillers reaches an optimal percentage. This aspect is particularly
crucial when self-sensing features of multifunctional cementitious composites are employed for SHM
and traffic detection. For instance, Figure 20 displays the relationship between electrical resistivity
and MWCNTs concentration [140]. The data in Figure 20 clearly show that the influence of curing
age on electrical resistivity is significant when the MWCNTSs concentration is below 0.5%. However,
at MWCNTs contents exceeding 0.5%, changes in electrical resistivity due to curing become
negligible. This indicates that internal moisture variations in multifunctional cementitious
composites, attributable to curing age, do not significantly affect electrical resistivity when the
concentration of conductive fillers surpasses the percolation threshold. Moreover, it is important to
recognize that moisture variations impact electrical resistivity gradually, in contrast to the abrupt
effects caused by cracks [100]. Given the minimal influence of moisture on the electrical resistivity of
an optimally formulated multifunctional cementitious composite and the distinct resistivity trends
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in response to water and cracks, it can be asserted that such composites are suitable for SHM
applications [7]. Although calibration of the recorded data against environmental factors is essential,
it should also be noted that self-sensing cementitious composites, which are responsive to
temperature and moisture variations, can be advantageous for fire and moisture detection

applications. For example, Wu et al. [144] successfully developed a fire alarm sensor by integrating
an optimal concentration of CF into a cementitious material.
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Figure 20. Influence of moisture variation due to curing ages against MWCNT percentage [140]

Jang et al. [145] reported a reduction in the compressive strength and increased nonlinearity of
the FCR of multifunctional cement paste with increasing water ingression. The variation in the
electrical resistance of multifunctional cementitious composites due to water ingression depends on
the concentration percentage of the conductive fillers [146]. The influence of water ingression on
electrical resistance was negligible when the conductive concentration was greater than the
percolation threshold. Considering the direct contact of conductive fillers at the joints within the
percolation threshold, the electrical resistance decreased with decreasing moisture content due to
decreased contact resistance [123]. On the other hand, water ingression decreased the electrical
resistance of multifunctional cementitious composites when the conductive concentration was lower
than the percolation threshold [145]. The electrical resistance of self-sensing mortar containing CNF
increased with an increasing number of freeze-thaw cycles; its mechanical strength showed a
decreasing trend with increased freeze-thaw cycles. NaCl ingression further intensified decay of the

piezoresistivity and mechanical performance of multifunctional mortar containing carbon nanofibers
(CNFs) [147].

4.4. Environmental and Cost Considerations

Evaluating their environmental repercussions and economic viability is imperative before
deploying multifunctional cementitious composites in practical settings. Integrating waste-derived
materials can help alleviate costs associated with these composites while concurrently aiding in the
reduction of environmental pollution. This section is dedicated to examining the environmental

implications and cost-related factors concerning the constituents of multifunctional cementitious
composites.
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4.4.1. Cement

Large-scale cement manufacturing, driven by the extensive utilization of cement-based
materials, presents significant environmental challenges, affecting the suitability of these materials
[9,148]. It is crucial to address the environmental impact of bulk cement production, which
contributes approximately 8% of global CO2 emissions, thus playing a substantial role in air
pollution, climate change, and global warming [149]. Exploring alternative binder agents as
substitutes for traditional cement is essential in mitigating this issue [150]. Geopolymer-based and
alkali-activated binders offer a dual advantage by reducing global CO2 emissions and diminishing
the cost associated with multifunctional cementitious composites [151,152]. Comparative evaluations
have shown that alkali-activated slag composites exhibit lower electrical resistance under dry
conditions compared to cement-based composites, although their electrical resistance performance
becomes comparable under saturated conditions [146].

Introducing sustainable binders like EVIzero, as proposed by Birgin et al. [153], presents an
opportunity to replace cement and produce cost-effective, intrinsic carbon fiber-based self-sensing
pavements. The study reported significant performance in the dispersed and fabricated samples
achieved through practical and economically viable mechanical mixing, which is especially suitable
for large-scale projects. Another innovative approach, as suggested by Haque et al. [154], involves
incorporating a 15% super hydrophobic carbonaceous powder derived from biochar (a forest
byproduct) into cementitious composites to reduce cement usage. The findings indicated a 45%
reduction in carbon footprint by substituting 15% modified biochar for cement. Additionally, the
inclusion of biochar in cementitious composites increased electrical conductivity by up to 22%,
enhancing the linearity of FCR against stress. Meanwhile, geopolymer binders based on metakaolin,
devoid of conductive fillers, exhibit remarkable sensing capabilities with a gauge factor ranging from
18.3 to 38.3 [155].

Table 2 provides an overview of previous studies in which researchers employed alkali-
activated binders instead of cement in the fabrication of self-sensing cementitious composites. Due
to their alkaline nature, geopolymers can offer sensing capabilities without the need for conductive
fillers, but the conduction mechanism relies on ionic movement. Therefore, the sensing capability of
geopolymer binders without conductive fillers diminishes under dry conditions, highlighting the
necessity of incorporating conductive fillers.

Table 2. Self-sensing alkali activated composites.

Reference M;;e;r;al Activator Precursor Conductive filler
[156] Paste Na25iOs+NaOH Fly ash class C Carbon fiber (0.5wt%)
[157] Paste K2SiOs+KOH GGBFS SWCNTs (0.2wt%)
[158] Mortar Na:5i0s GGBFS Graphite powder (30wt%)

) Fly ash class C Carbon fiber (0.5%
[159] Mortar Na25iOs+NaOH +GGBFS volume)
[160] Mortar Na25i0s+NaOH Fly ash Class F MWCNTs (1wt%)
[161] Paste Na:SiOs+NaOH Fly ash Class F Gr?ggzrv‘:t;’;lde

4.4.2. Aggregates

Baeza et al. [162] integrated recycled slag aggregates, known for their electrical conductivity,
into carbon fiber-based multifunctional cement mortar to induce self-sensing feature. The results
demonstrated enhanced mechanical and electromechanical performance in self-sensing cement
mortar when traditional nonconductive fine aggregate was substituted with conductive recycled slag
aggregate. This suggests a viable strategy for reducing the high costs associated with multifunctional
cementitious composites. Correspondingly, Hemalatha et al. [163] observed an increase in electrical
conductivity in cement mortar upon replacing regular sand with recycled copper slag. Le et al. [81]
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identified that the content of steel slag aggregate (55A) plays a pivotal role in governing the stress-
sensing characteristics of a multifunctional cementitious composite incorporating MWCNTs and
steel fiber. Furthermore, Dong et al. [164] conducted a study where waste glass coated with CNTs
was used in part as a substitute for natural aggregate to produce self-sensitivity feature in
multifunctional cementitious composites, yielding promising results. Similarly, research has shown
that multifunctional cementitious composites containing conductive rubber crumbs exhibited a
piezoresistive performance 44 times superior to that of conventional commercial strain gauges,
highlighting their exceptional sensing capabilities [165]. Furthermore, it is noteworthy that
integrating rubber into self-sensing cementitious composites and self-sensing asphalt concrete can
improve the road pavement's ability to absorb sound, thereby enhancing its additional
functionalities. Generally, to establish continuous electrical conductive pathways within the matrix
material, conductive aggregates can be integrated into cementitious composites, leading to consistent
electrical signals [166].

The cost of conductive fillers-coated matrix materials, a recently proposed technique for
multifunctional cementitious composite fabrication, must be evaluated. In conductive fillers-coated
matrix materials, the growing process of carbon nanomaterials on the surface of matrix materials
using resin may increase the cost of multifunctional cementitious composite. Nonetheless, the
advantages of this technique featuring the high potential applicability of this method in in-situ
projects, the applicability of low-cost carbon derivatives, the required low percentage of carbon
nanomaterials, and the reduced thickness of the multifunctional conductive layer could compensate
for the additional cost caused by the growing process of carbon nanomaterials [167]. Lu et al. [168]
reported a $61.4 increase in the cost of conventional concrete compared to the cost of electrically
conductive concrete fabricated using the CNT-coated conductive aggregates. Gupta et al. [169]
reported 3.57 times and 52 times more cost of the electrically conductive cementitious composite than
non-conductive cementitious composite, respectively, for sand-coated and direct mixing techniques,
indicating the cost-effectiveness of the coating technique. The cost reduction in coating techniques
over direct mixing originates from low percentage of CNMs needed for fabrication.

4.4.3. Conductive Fillers

The high cost of carbon-based conductive fillers stands out as another primary drawback of
multifunctional cementitious composites [82]. Nonetheless, when considering the life cycle cost
analysis of these composites, the expense associated with carbon-based conductive fillers can be
offset by the low maintenance costs and prolonged service life of infrastructures facilitated by timely
and ongoing structural health monitoring. Additionally, carbon-based conductive fillers offer the
potential for recycling waste materials [170]. For instance, various coal-based carbon materials can be
synthesized using different techniques, as illustrated in Figure 21 [171].
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Figure 21. Coal-based conductive materials and their production techniques [171].

Recycling waste as conductive fillers presents a viable solution to justify the cost of self-sensing
cementitious composites and promotes environmental sustainability [172]. To address this, Taheri et
al. [108] partially replaced CNFs with recycled milled carbon fibers (RMCFs). The study revealed a
cost saving of approximately $1.99/g by incorporating RMCFs instead of CNFs, signifying notable
budget savings and enhanced environmental sustainability. Optimal conductive filler content,
resulting in high piezoresistivity performance of multifunctional cementitious composites, was
achieved with 1.5% CF (33.3% RMCFs + 66.7% CNFs).

Dong et al. [173] demonstrated the effectiveness of conductive rubber fiber in fabricating
multifunctional cementitious composites, with a percolation threshold of 0.96-1.6 vol% for achieving
ideal piezoresistivity performance. In another study, Frac et al. [174] integrated shungite, a rock
mining waste containing 34.3 wt% carbon, into cementitious composites as an alternative to carbon-
based conductive fillers, aiming to reduce costs and address dispersion challenges. Incorporating 20
vol% shungite resulted in stable piezoresistivity performance of cementitious composites.

Additionally, the price of CNMs varies depending on their type, fabrication technique, purity,
and number of layers [175]. For example, MWCNTs are 4-6 times cheaper than single walled carbon
nanotubes (SWCNTs), making them widely utilized for enhancing the mechanical and
piezoresistivity properties of self-sensing cementitious composites [8].

5. Application of Self-Sensing Materials for Transportation Infrastructures

Given the recent advancements and digitalization trends, future transportation infrastructures
are envisioned to be multifunctional, serving not only to withstand traffic loading but also to offer
additional functionalities such as SHM, traffic monitoring, and energy harvesting. In this regard,
multifunctional materials play a pivotal role in meeting the demands of an increasingly digitalized
world. Figure 22 illustrates the broad scope of application for multifunctional cementitious
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composites. This section delves into a detailed discussion on the diverse applications of
multifunctional cementitious composites.

Structural
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Figure 22. Application of electrical conductive cementitious composites.

5.1. Traffic Monitoring

The maneuvering of overloaded vehicles is a major cause of premature pavement degradation.
To this end, weigh in motion (WIM) should be utilized for controlling the weight of the vehicles in
real time. To date various types of WIM types have been employed. However, the high cost of the
current technologies of WIM is one of the big challenges for road management authorities. To tackle
this, recently, the multifunctional cementitious composites containing conductive fillers have gained
attention for the application in WIM to control the weight of the vehicles in real time and
consequently enforce the weight regulation.

Inadequate traffic management systems contribute to traffic accidents, leading to fatalities and
injuries. For example, in the first half of 2021, the United States reported 20,160 fatalities due to traffic
accidents [176]. Consequently, WIM systems, along with real-time and continuous traffic monitoring
(including axle load detection, speed calculation, and vehicle spacing), are crucial for an intelligent
traffic management system [177]. Overloaded trucks, for instance, are a major concern for authorities
as they can lead to premature road failure, reduced pavement service life, and increased traffic
accidents [178]. Monitoring the weight of passing trucks and overloaded heavy vehicles is essential,
making WIM systems highly important. To this end, various sensor types including in-road, on-road,
and over-road sensors have been extensively employed for traffic monitoring [179]. Up to now, a
range of detectors such as electronic, magnetic, video, optical, and acoustic sensors have been
implemented [180]. However, conventional sensors face drawbacks such as incompatibility with road
pavement and railway tracks, high costs, excessive maintenance needs, and vulnerability to harsh
climatic conditions [153]. To address these challenges, the intrinsic self-sensing feature of
multifunctional cementitious composites can be employed for traffic monitoring, as seen in Figure 23
[49]. Figure 23 illustrates the development of self-sensing cementitious composites from laboratory
research to field application [181]. As shown in Figures 23(e) and 23(d), these composites are capable
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of easily detecting human movement and passing vehicles. However, the self-sensing cementitious
composites require optimization in the laboratory before being applied to real-world projects in the
field.

(c) Traffic flow test
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Figure 23. Application of self-sensing cementitious composite for pedestrian and traffic detection a)
Development stage in the lab b) human motion test c) traffic flow test e) detection of human motion d) traffic

detection [181].

In another study, Han et al. [182] explored the feasibility of using a self-sensing cementitious
composite containing nickel particles for detecting traffic flow. The study's results demonstrated that
embedded self-sensing cementitious sensors with nickel particles in road pavement are capable of
detecting passing vehicle axles. While environmental factors such as moisture and temperature can
alter the pattern of recorded electrical signals, the authors noted that the effects of moisture and
temperature are continuous and gradual, and do not significantly impact the abrupt change in
electrical signals caused by vehicle passage [183].

The effectiveness of self-sensing pavement, produced by incorporating CFs for Weight-in-
Motion WIM applications, has been assessed in field conditions [184]. The signals recorded during
the passage of unloaded and loaded five-axle trucks were analyzed. It was found that the CFs-based
self-sensing pavement is capable of detecting axle loads. I was also found that the FCR under an
unloaded truck is less pronounced than that under a loaded truck, indicating the self-sensing
pavement’s ability to determine the level of axle load. This finding is corroborated by laboratory
experiments showing an increase in FCR variations with escalating load levels [48]. In the case of an
unloaded truck, the front axle load is heavier than the other axles, resulting in a larger FCR change
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under the first axle compared to the subsequent axles. Conversely, in loaded trucks, the FCR changes
are higher under axles other than the first, since in the loaded condition, the first axle beneath the
driving cabin is lighter than the other axles.

Similarly, the practical application of self-sensing cementitious composite, doped with 2.5% CB
by weight of cement and 30% granulated blast furnace slag (GBEFS) by weight of cement, for traffic
detection has been investigated in the field under various types of vehicles [183]. In line with previous
studies discussed earlier, the findings presented the detection of axle load based on the drastic
changes in voltage over time. Considering the obtained results, it can be concluded that the sensing
performance of self-sensing cementitious composite doped with CNMs can be further enhanced by
incorporating GBFS content, primarily due to its high iron oxide (Fe2O3) content, typically around
11.9%. Therefore, it is evident that incorporating additional additives with higher electrical
conductivity can significantly improve the sensitivity of multifunctional cementitious composites
while addressing sustainability concerns in civil structures [154]. To achieve this, some conductive
recycled waste materials can be considered for incorporation into multifunctional cementitious
composites for production of self-sensing feature [185].

The self-sensing cementitious sensor developed with a 1% CNF content by weight of binder has
been installed in a mortar slab to detect human motion and traffic flow [181]. The sensor, integrated
into the mortar slab, successfully detected human motion in two scenarios: "up-down feet" and
"jumped up-down feet". The FCR increased when feet are on the ground, which then approaches the
baseline when feet are lifted. In contrast, in "jumped" condition, the FCR initially increased with the
weight of the human body and then further increased during the jumping action. Similarly, the traffic
flow was detected by the sensors installed in the mortar slab. The findings also demonstrated that
the developed sensors are capable of detecting passing vehicular axles at various speeds. Given the
demonstrated ability of the developed self-sensing cementitious sensor to detect both axle load and
human motion, it can be inferred that this material could also be utilized for speed calculation
purposes.

In another study, a self-sensing cementitious composite incorporating chopped carbon fiber
(CCF) and macro end hook steel fiber (SF) was evaluated in a field setting for its ability to detect
traffic flow [186]. The findings revealed that there are significant temporal fluctuations in the FCR
during the passage of vehicles over the self-sensing pavement. Furthermore, it was found that larger
FCR changes occur when the electrical signals are captured from electrodes positioned closer to the
applied axle load. This finding underscores the importance of strategic electrode placement in such
applications.

To incorporate sustainability measures, an environmentally friendly self-sensing cementitious
pavement was developed by integrating an eco-friendly binder (EVIzero) and CNFs [187]. The
performance of the developed self-sensing cementitious pavement was evaluated in the field under
the passage of bicycle wheels. During the loading stages, a weight of 58 kg was applied, and in the
unloading stages, the bicycle wheels were removed. The developed self-sensing pavement
demonstrated significant sensitivity under the passage of bicycle wheels. The findings also revealed
that the developed self-sensing cementitious pavement exhibited responsiveness under various
loading conditions, including fast unloading, slow unloading, fast loading, and fast unloading.
Analyzing the voltage changes over time under bicycle loading, it was also found that the developed
self-sensing pavement can be employed for axle counting, determining the distance between axles,
and assessing speed.

Recently, Barri et al. [188] developed a lightweight self-sensing cementitious metamaterial with
energy harvesting and sensing capabilities. The prototype was created by integrating electrically
conductive concrete with a nonconductive polymer lattice. The operation of this multifunctional
cementitious metamaterial is based on the concept of triboelectrification (contact-electrification). This
innovative multifunctional material holds potential for revolutionizing pavement and seismic
isolator applications. Given the patterns of voltage change observed, it was evident that the
developed multifunctional cementitious metamaterial represents a significant advancement for
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traffic monitoring and SHM in transportation infrastructures. Although the bulk fabrication of
multifunctional cementitious composites in the field remains one of the main challenges, the
fabrication procedure proposed in a previous study by D'Alessandro et al. [7] can be considered a
promising step for the bulk fabrication of these multifunctional cementitious composites in the field.
Considering recent advances in multifunctional cementitious composites, the fabrication of such
composites for transportation infrastructures can be performed in pre-cast or cast-in-place forms [10].

5.2. Structural Health Monitoring (SHM)

SHM of transportation infrastructure is essential for enhancing safety, improving service
lifespan, decreasing labor involvement by enabling an automatic inspection system, and reducing
maintenance costs [189]. Instrumentation and sensor deployment are the initial steps in SHM. The
conventional condition monitoring system relies on localized congested instrumentation for short-
term and intermittent periods [190]. Moreover, managing, processing, analyzing, and interpreting
the vast amount of data collected from deployed congested sensors pose significant challenges in
SHM [191]. To address this, the application of self-sensing feature of multifunctional cementitious
composites doped with electrically conductive fillers represents one of the recent advances in SHM
[192].

Xu et al. [193] reported the feasibility of using self-sensing cementitious composites containing
CFs to evaluate fatigue damage in bridge decks. Similarly, the potential of using self-sensing
cementitious composites doped with graphene for SHM of bridges was assessed in a previous study
[194]. Furthermore, the crack detection and localization capabilities of self-sensing cementitious
composites have been evaluated using Electrical Impedance Tomography (EIT) [195]. Additionally,
EIT has been shown to effectively detect the shape of damage in self-sensing composites, highlighting
the technique's utility for SHM [196]. In this context, self-sensing cementitious composites have been
utilized in airport pavements to detect cracks and degradation based on Electrical Resistance
Tomography (ERT) [197]. The developed electrically conductive concrete pavement successfully
detected the formed cracks over loading period based on ERT images. The electrically conductive
concrete pavement that was developed effectively detected the formation of cracks during the
loading period, as evidenced by the ERT images.

5.3. Deicing and Snow Melting

Harsh weather conditions during winter pose a significant challenge for the construction and
maintenance of transportation infrastructures in cold regions. Neglecting specific measures can lead
to numerous problems when constructing concrete pavements during the winter season. The freeze-
thaw cycles are one of the primary deteriorating factors for cementitious composites in these cold
regions. In winter, the water present in the pores of concrete freezes, leading to expansion and
consequently causing cracks in the concrete [198].

The presence of ice and snow on pavement surfaces, especially at airports, reduces safety,
leading to serious consequences and accidents. In response, anti-icing and deicing technologies are
employed in cold regions to address harsh weather conditions. To melt ice and snow from pavement
surfaces and create a suitable environment for constructing new pavement during winter, an anti-
icing and deicing system must be established to provide a warm environmental condition [199].

Typically, the removal of ice and snow from pavement surfaces can be achieved through two
methods: passive and active de-icing/snow melting techniques [200]. In the passive technique, ice
and snow are removed from the pavement surface after formation using various methods, including
chemical thawing, mechanical shoveling, and manual cleaning [201]. However, these methods are
time-consuming, labor-intensive, costly, and, most importantly, ineffective, causing disruptions in
traffic flows and, in some cases, deterioration of layers and groundwater pollution. For these reasons,
active de-icing and snow melting techniques are widely used to prevent the accumulation of ice and
snow on pavement surfaces.
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Various conventional techniques, such as outer heat resources, thermal insulation materials,
superhydrophobic materials, and providing warm sheds, have been widely used for active anti-icing
systems [202]. However, conventional active anti-icing systems incur additional costs and
environmental concerns due to the burning of fossil fuels. To address the disadvantages of
conventional active anti-icing and de-icing techniques, a contemporary method named
Electromagnetic Induction Heating Technology (EIHT) has been investigated to melt ice and snow
from pavement surfaces [203]. To implement the EIHT technology, electrically conductive fillers are
incorporated into conventional pavement [204].

Introducing electrically conductive fillers into cementitious composites can provide the essential
heating feature required for active de-icing and snow melting techniques. Therefore, the heating
performance of self-sensing pavement is directly related to its electrical conductivity, which is
influenced by the conductive fillers [205]. To achieve this, various conductive fillers, as previously
explained, can be employed in the fabrication of self-heating pavement. For instance, the electrically
conductive concrete pavement (ECON) was produced by incorporating CFs into conventional
concrete pavement, as seen in Figure 24a [206]. The thermal performance of the developed conductive
pavement after 1 minute and 60 minutes of connection to an electrical power source is shown in
Figure 24b. Figure 24b demonstrates an increasing temperature of ECON over time, indicating its
capability to melt ice and snow. According to the thermal conductivity analysis, the optimal ECON
pavement contained 0.75-1% wt. CF. The developed ECON concrete pavement was then utilized in
the construction of an airport pavement [207].
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Figure 24. Electrically conductive concrete (ECON) a) Schematic illustration of heating concrete pavement b)

Thermal images after 1min and 60min [206]

In a separate study, Kim et al. [208] constructed a heating pavement by installing electrically
conductive concrete blocks infused with CNTs at specific intervals. The findings presented that the
heating pavement developed with CNT doping is effective in melting ice and snow. Similarly,
incorporating stainless steel wires (SSWs) into the cementitious composite yielded promising de-
icing and snow melting performance [209]. The 2cm compacted layer of snow was completely melted
in 27.31 minutes, and the surface of the thermally conductive concrete was dried after 28.46 minutes.
The study also revealed that the speed and rate of snow melting depend on the thickness and
condition of the snow layer. In another study, heating concrete doped with steel fibers and graphite
was successfully implemented in the ramp road of a parking area to address the accumulation of
frozen ice and snow [210]. In a recent investigation conducted by Rahman et al. (2024) [211], it was
demonstrated that for maximizing the heat efficiency of electrically conductive cementitious
composites, it is advisable to minimize the thickness of the slab. This recommendation is based on
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the understanding that the primary heat generation occurs at the interface between the electrodes
and the concrete.

As previously discussed, the configuration of electrodes can affect the performance of
multifunctional cementitious composites [211]. Therefore, the installation of electrodes in the field
must be executed with precision to ensure the high performance of electrically and thermally
conductive pavements. Generally, factors such as electric voltage, electrical resistance, type and
percentage of conductive fillers, distance between electrodes, depth of electrodes, and dimensions of
pavement slabs should be considered during the design stage of heating pavements [212]. To further
elucidate the factors affecting the heating rate of conductive pavements, discussing the theoretical
mechanism of resistive heating is beneficial. The conversion of electrical energy (E) to thermal energy
(Q) is fundamental in electrically conductive concrete (ECON) [213]. When ECON is subjected to
electric power, heat is generated based on resistive heating (Joule heating) [214]. Electrical energy (E)
and thermal energy (Q) can be calculated using Equations 1 and 2, respectively. By equating electrical
energy to thermal energy, the mechanism of resistive heating can be understood through Equation 3.
According to Equation 3, the rate of temperature increase is exponentially related to voltage, while it
has a linear relationship with other parameters [213].

gV AN M)
~ p.L
Q =m.C.AT (2)
AT V2.A
S et 3)
At p.L.m.C

where E, is electrical energy, V is voltage, A is the conductive cross section area in the current
direction, p is electrical resistivity, L is the conductive length in direction current, m is the mass, C
. g . . . . AT . .

is specific heat capacity, AT temperature increase in the material, and A—: is the temperature increase

rate.

5.4. Electromagnetic Interference Shielding

With the ongoing digitalization of the world, electromagnetic wave propagation presents a
significant challenge, posing various threats to the safety of digitalized systems equipped with
electronics [215]. For instance, EMI can undermine the reliability of communication systems utilized
in traffic management. Additionally, the health of individuals can be compromised due to exposure
to surrounding electromagnetic waves in transportation infrastructures, particularly in stations
where wireless communication systems are prevalent. Consequently, the implementation of EMI
shielding becomes crucial for transportation infrastructures to enhance the reliability of
communication systems, thereby ensuring the proper functionality of electronic devices, which in
turn increases safety and mitigates risks to human health.

In this context, multifunctional cementitious composites incorporating conductive fillers, such
as metal-based or carbon-based conductive fillers, can be utilized [216]. Metal-based conductive
fillers predominantly reflect electromagnetic waves, whereas carbon-based conductive fillers mainly
absorb them [217]. The effectiveness of EMI shielding increases with the electrical conductivity of the
cementitious composite. Hence, the integration of conductive fillers into cementitious composites
enhances electromagnetic shielding effectiveness by augmenting electromagnetic wave reflectivity
and electromagnetic wave absorptivity.

For instance, the electromagnetic wave absorption capacity of cementitious composites is
enhanced with an increased percentage of MWCNTs [218] and CFs content [219]. However, it is
crucial to note that optimal electromagnetic wave absorption effectiveness is achieved by increasing
the concentration of conductive fillers up to the percolation threshold [220]. Furthermore, the size
and surface functionalization of conductive fillers influence the electromagnetic wave absorption of
cementitious composites [221]. In another study, the addition of silica fume (SF) further improved
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the electrical conductivity of cementitious composites incorporating MWCNTs and fly ash, leading
to enhanced electromagnetic wave absorption due to improved dispersion [222].

Moreover, incorporating other additives such as fly ash and polyvinyl alcohol (PVA) fibers into
cementitious composites have been found effective in reducing microwave absorption by altering
microstructures [223]. Generally, the attenuation of electromagnetic waves caused by the shielding
material is depicted in Figure 25. Consequently, it can be inferred from Figure 25 that the thickness
of electrically conductive cementitious composites also influences electromagnetic wave absorption
performance, with thicker composites exhibiting higher electromagnetic wave absorption capacity.

Portland Cement Microwaves
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wave .
reflection

Planetary
Ball Milling

absorption 2
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" internal
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material ___ transmitted

gt MWCNT
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Figure 25. a) Attenuation mechanism of electromagnetic waves by electrically conductive cementitious
composites [224]; b) Schematic representation of electrically conductive cementitious composite employed as

electromagnetic shielding material [225].

5.5. Cathodic Protection System

Inherently, reinforced cementitious composites benefit from protection against corrosion due to
the formation of protective oxide films around steel rebars, a result of the high alkalinity nature of
cementitious composites. However, the ingress of chloride ions and carbonation formation,
originating from harsh environmental conditions, can deteriorate the protective layer and lead to
rebar corrosion within the cementitious composites [226]. Corrosion stands as a significant challenge
in civil engineering projects, posing risks to infrastructure safety due to corrosion-induced cracks and
degradation [227]. For instance, reinforced cementitious composites utilized in civil engineering
structures such as bridges, tunnels, railways, and reinforced road pavements are susceptible to
corrosion induced by the infiltration of sodium chloride ions [228]. It is noteworthy that reinforced
cementitious composite elements used in transportation infrastructure are particularly vulnerable to
corrosion due to the salt deicing technique employed in cold regions. Additionally, coastal
transportation infrastructures are highly prone to premature degradation and damage.

In light of this, anticorrosion measures play a crucial role in enhancing the safety and service life
of structural elements. Various corrosion protection systems based on electrochemical methods such
as desalination, realkalization, cathodic protection, and surface treatment are widely employed [229].
CP systems are categorized into sacrificial anode cathodic protection (SACP) and impressed current
cathodic protection (ICCP) [72]. However, materials utilized as anodes in CP systems, including
activated titanium mesh, metalized zinc, coke breeze asphalt, and conductive organic paints, often
suffer from high cost, low durability, and compatibility issues with concrete. To address these
deficiencies, electrically conductive cementitious composites have been proposed [230].
Multifunctional cementitious composites incorporating conductive fillers can serve as auxiliary
anodes in cathodic protection systems, safeguarding reinforced cementitious composites against
corrosion phenomena [231]. For example, electrically conductive cementitious composites
incorporating activated carbon were employed for SACP in a coastal bridge to protect piers against
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corrosion [232]. Results from this real-world project demonstrated promising outcomes, highlighting
the potential application of electrically conductive cementitious composites for CP. Similarly, the use
of electrically conductive cementitious composites for ICCP systems has been evaluated in previous
studies [231].

5.6. Grounding System

The grounding system of transportation infrastructures plays a critical role in protecting them
against lightning strikes, thereby enhancing safety. However, one of the primary challenges faced is
the corrosion of grounding electrodes, which diminishes the efficiency of the grounding system over
time during its service life, consequently posing risks to the infrastructures [233]. In addressing this
challenge, multifunctional cementitious composites containing conductive fillers offer a potential
solution as a grounding system due to their low electrical resistivity. These composites can effectively
transfer electrical charges from lightning strikes into the ground owing to their high electrical
conductivity, thereby enhancing safety measures [234].

5.7. Energy Harvesting

In everyday life, energy is often wasted in various forms, which contradicts global sustainability
goals. To mitigate this energy wastage, it is crucial to harness it either by converting it into electricity
or by storing it for future use. Consequently, energy harvesting from road pavement emerges as a
critical endeavor aimed at reducing reliance on traditional energy sources such as oil and coal, while
promoting sustainable energy practices through energy recycling. This approach leads to a reduction
in carbon dioxide emissions and helps protect the environment by minimizing the footprint
associated with cement usage. In this context, electricity harvested from road pavement through EH
by converting other forms of energy, including thermal, mechanical, and solar energy, can serve as a
power source for various applications such as traffic lights, signs, and charging devices like sensors
installed along transportation infrastructures. This contributes significantly to addressing
sustainability issues. Various energy harvester systems have been employed to generate electrical
energy by harvesting and converting different types of energy available in the environment, as

depicted in Figure 26.
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Figure 26. Energy harvester systems used for producing of electrical energy from other types of energy.

Figure 26 illustrates the utilization of various systems for harvesting ambient energies and
converting them into electrical energy. For example, piezoelectric ceramic can be integrated into
pavement layers to transform the cyclic loading induced by vehicles into electrical energy through
positive piezoelectric effects, or piezoelectricity [235]. In a separate study, a self-powered
electromagnetic energy harvester was successfully developed to capture mechanical energy
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generated by human footsteps in railway environments, generating electrical energy suitable for
powering small electronic devices and sensors [236]. However, implementing external energy
harvester systems by embedding them into cementitious composites can compromise the integrity of
pavement layers, leading to a reduced service life span. To address this challenge, intrinsic EH can
be achieved by incorporating conductive fillers into cementitious composites to convert mechanical
energy into electrical energy based on the concept of piezoelectricity. Piezoelectricity refers to the
ability of multifunctional cementitious composites containing conductive fillers to convert
mechanical energy into electrical energy. Birgin et al. [237] introduced an innovative smart pavement
for WIM applications, combining vibration-based energy harvesting with self-sensing cementitious
composites. This smart pavement operates in two modes: charging mode, utilizing traffic-induced
vibrations for energy generation, and monitoring mode, activated during the passage of vehicles, as
depicted in Figure 27.

(a)

Solar panel Micro-controller ®) Charg?ng mode E

Trigger

Traffic-induced vibrations

) Monitoring mode
Energy harvesting

Lines of
electrodes

Figure 27. a) Smart pavement setup b) Working modes [237].

Thermal energy holds potential for storage and conversion into electrical energy. To harness
thermal energy, three types of thermoelectric harvesting systems are available: liquid heat dissipation
system, solid heat dissipation system, and thermoelectric cementitious composites, as depicted in
Figure 26. Among these systems, the thermoelectric cementitious composite, operating on the
principle of thermoelectricity, emerges as the most feasible option due to its high thermoelectric
properties, ease of preparation, low cost, and high strength and durability [238]. The conversion of
thermal energy to electrical energy is achieved through the Seebeck effects or pyroelectric effects of
thermoelectric and pyroelectric cementitious composites, respectively. Thermoelectric cement-based
materials are employed to convert thermal energy into electrical energy based on temperature
differences or gradients between the pavement surface and the underground. To develop an efficient
thermal energy harvesting system, it is imperative to enhance the electrical conductivity and Seebeck
coefficient of cementitious composites by incorporating conductive fillers, while keeping their
thermal conductivity at a low level.

Solar energy can be directly converted into electrical energy through photovoltaic systems or
indirectly through solar-thermal systems, wherein solar energy is first converted into thermal energy
and then into electrical energy. Moreover, solar light can be stored using light-emitting concrete
during the day and released to illuminate the environment during dark periods. To realize self-
illuminating cementitious composites, luminous materials such as phosphors and luminous
aggregates must be utilized in the fabrication process of multifunctional cementitious composites.

6. Concluding Remarks

Multifunctional cementitious composites play a crucial role in monitoring the health of
transportation infrastructures, detecting traffic, de-icing, providing grounding systems, shielding
against electromagnetic interference, and harvesting energy. These capabilities are enabled by
incorporating electrically conductive fillers, which fall into two primary categories: metal-based and
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carbon-based fillers. This review presents detailed information on the components, performance
metrics, influencing factors, and the challenges associated with the fabrication and application of
these self-sensing materials. Additionally, it explores recent advancements in the practical
deployment of self-sensing cementitious composites in transportation infrastructure. These
multifunctional composites serve various purposes, including traffic monitoring, SHM, de-
icing/snow melting, grounding systems, electromagnetic interference shielding, and energy
harvesting. The studies reviewed in this paper highlight the diverse field applications of
multifunctional cementitious composites. However, their implementation in real-world applications
has so far been limited to small-scale pilot projects. Therefore, further research is necessary to address
potential challenges and enhance the feasibility of deploying these self-sensing materials on a larger
scale in the field.
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