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Conductive carbon nanomaterials have been extensively developed for smart cementitious composites to gain
multifunctionalities (e.g. self-sensing, self-healing, self-heating, and electromagnetic interference shielding). This
paper critically reviewed dispersion and percolation of 0 dimension (0D), 1 dimension (1D) and 2 dimensions
(2D) carbon materials used in cementitious composites and their effects on the electrical and piezoresistive
performances. The different dispersion methods summarized are from mechanical dispersion, ultrasonic and high
shearing, chemical modification, mineral additives, to carbon materials at multiple dimensions and hybrid
dispersion methods. The electrical resistivity and piezoresistivity of cementitious composites with single carbon
material or hybrid carbon materials are comprehensively analysed and compared in terms of efficiency and self-
sensing mechanism. Furthermore, the existing theoretical modelling studies have been reviewed, indicating that
many factors related to the electrical and piezoresistive behaviours, such as water content and nanocomposite
agglomeration, have not been considered yet. Although some previous studies demonstrated the potential of
applying conductive cementitious composites for self-sensing or heating pavements, further explorations still
should be conducted on sustainable and economical manufacturing. Subsequently, the challenges and perspec-
tives of the self-sensing stability, data acquisition system and sensor configuration are proposed with potential
solutions for future smart infrastructure.

Smart concrete

1. Introduction graphene nanoplate (GNP) and graphite plate (GP), etc. [1,2]. More-

over, recycled metallic wastes and conductive rubber products were also

Electrically conductive cementitious composites have been widely
investigated due to their special functionalities, such as the properties of
self-sensing, self-healing, self-heating, and electromagnetic shielding,
etc. In particular, the self-sensing property of cementitious composites
originates from the piezoresistivity, which is also interpreted as the
relationship between the electrical conductivity (resistivity) and the
applied stress (strain). Generally, the electrical resistivity of conven-
tional cementitious composites is too high to be captured through the
ordinary digital multimeter. To reduce the electrical resistivity of
cementitious composites, conductive fillers in various sizes from micro
to nano scales have been employed to modify the cementitious com-
posites, including the metallic materials of steel fibres, nickel powders,
iron powders as well as the carbon materials of carbon black (CB),
carbon fibre (CF), carbon nanofiber (CNF), carbon nanotube (CNT),

considered as sustainable conductive fillers of conductive cementitious
composites [3,4]. Their effects of conductive fillers on the electrical
conductivity and self-sensing properties of cementitious composites are
complex because of their different shapes, sizes, aspect ratios, electrical
conductivity, piezoresistivity, and dispersion difficulties in the cement
matrix. To have a better understanding of the complexity, this paper
provides a comprehensive review of the electrical and piezoresistive
properties of cementitious composites with commonly used carbon
materials.

1.1. Carbon materials in cementitious system

Cementitious composites modified by carbon materials have been
widely explored on their physical, mechanical, electrical and
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multifunctional properties. Table 1 lists the commonly used carbon
materials applied in cementitious composites, ranging from 0 dimension
(0D) (CB), 1 dimension (1D) (CF, CNF and CNT) to 2 dimension (2D) (GP
and GNP). The dimensions of the carbon materials are determined by
their shapes: OD for spherical particles, 1D for fibres and 2D for plates.
Many studies have demonstrated that 1D and 2D carbon materials
perform better than 0D CB in the aspect of improving the mechanical
properties of cementitious composites. For example, cementitious
composites with 1D fibrous fillers generally have much ductility and
mechanical properties. The discrepancy is mainly due to the enhanced
bond between carbon fillers and cement matrix, as well as the crack
bridging effect [5]. As for 2D carbon materials, very few studies have
been conducted to compare their reinforcing effect to the 1D carbon
materials in cementitious composites. The previous research reported
that the identical concentration of 0.05% graphene oxide (GO) could
significantly increase the compressive and flexural strength of cement
paste compared to the counterparts reinforced with CNT [6]. It has been
demonstrated that 2D carbon materials possess a high potential to
improve the mechanical strengths of cementitious composites. However,
in terms of the electrical conductivity, for a given dosage, 0D CB has
difficulties in forming conductive passages by complete connection with
each other because of their spherical properties, while the 1D fibrous
carbon materials can more efficiently generate conductive networks in
cementitious composites [7]. In the principle of increasing conductive
passages and points, fibrous fillers with a high aspect ratio ranging from
hundreds to thousands have been incorporated in the composites also
filled with OD CB. For the electrically conductive fibres, continual
conductive passages and contact points were created through the link-
ages among conductors [8,9]. For the nonconductive fibres such as
polypropylene fibres, the directional distribution of CB particles
deposited on the fibres enhanced the establishment of conductive pas-
sages [10]. As the listed general range of sizes of carbon materials in
Table 1, different types of 1D carbon materials possess multiple lengths
and diameters. The 1D fibrous carbon materials at nanoscale with a
higher aspect ratio can more effectively improve the electrical and
mechanical properties of cementitious composites.

1.2. Multifunctionality

The electrical properties of cementitious composites with carbon
materials have large application foreground in the multifunctional
construction structures and materials, including but not limited to the
self-heating and self-healing properties [11,12], crack and corrosion
detection [13], temperature and humidity observation, electromagnetic
interference (EMI) shielding [14] and the piezoresistivity-based
stress/strain monitoring [15]. The self-heating property originates
from the Joule effect that electric energy of power supplied conductive
cementitious composites transfers into heat energy to increase the
temperature. Because of increased temperature, the self-healing prop-
erties of cementitious composites can be strongly improved especially
for the conductive asphalt concrete [16]. Since the inner crack and
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corrosion can alter the electrical resistivity of cementitious composites,
crack and corrosion detection can be achieved in the case of previous
calibration and adjustment [17]. Similarly, the temperature and hu-
midity alterations of cementitious composites can be detected by the
electrical resistivity changes, and then the results of environmental
temperature and humidity changes can be assessed [18]. Reflection and
absorption losses of an electromagnetic wave are two main reasons
responsible for the EMI shielding. For conductive cementitious com-
posites with carbon materials, the better electrical conductivity can
assure the rise in shielding effectiveness. In addition, the increase of
thickness of cementitious composites is also beneficial to the shielding
effectiveness. As for the crucial feature of piezoresistivity-based
stress/strain monitoring, the piezoresistivity implied the correlation
between electrical resistivity changes of cementitious composites and
the imposed stress or deformation. Normally the value known as gauge
factor, which is also represented by the fractional changes of resistivity
under unit strain, is proposed to evaluate the sensing efficiency or pie-
zoresistive sensitivity of conductive cementitious composites.

1.3. Current research status

The research of electrical and piezoresistive properties of cementi-
tious composites with carbon materials has attracted increasing atten-
tions. Fig. 1 shows the number of studies on the effects of carbon
materials on the electrical resistivity and piezoresistivity of cementitious
composites based on the Scopus-indexed sources by 2021. It can be
found that 1D CNT is the most popular carbon-based filler in cementi-
tious composites. Generally, the number of choosing 1D carbon mate-
rials (CNT, CF and CNF) as conductive fillers in cementitious composites
is larger than 2D carbon materials (GNP and GP) and far beyond the 0D
CB. The reason might be due to the strongly improved electrical and
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Fig. 1. Number of publications on electrical and piezoresistive properties of

carbon materials reinforced cementitious composites by 2021 (based on Sco-
pus database).

Table 1
Structural, physical and electrical properties of 0D, 1D, and 2D carbon materials.
Dimension Type Shape Diameter/thickness Length/width Electrical resistivity (Q-cm) References
0D Carbon black (CB) i 3M. 20-100 nm - <0.22 Dai et al. [65]
1D Carbon fibre (CF) - ~10 pm ~5 mm ~3x1073 Chiou et al. [175]
Carbon nanofiber (CNF) [ 60-200 nm ~80 pm ~1x107% Chung [80]
Carbon nanotube (CNT) Inner: 5-10 nm 10-30 pm ~1x107° Ebbesen et al. [176]
Outer: 20-40 nm
2D Graphene nanoplate (GNP) <4 nm <10 pm ~1x1073 Sedaghat et al. [177]
Graphite plate (GP) 7 >100 nm <178 pm ~1x107% Wei et al. [178]
]
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mechanical properties and durability of cementitious composites with
1D and 2D carbon materials [19]. Moreover, the late appearance of 1D
CNT and 2D GNP and the excellent application potential of these ma-
terials into cementitious composites might be another reason. According
to the above statistics, Fig. 2 shows the percentages of studies published
by different countries. The US and China almost accounted for half of all
studies, and the rest countries occupied the other half. Although a wide
range of investigations has been done on the electrical resistivity and
piezoresistivity of cementitious composites, multiple results, effective-
ness, and even contradictions emerge in the studies. This review has
systematically summarized and compared the electrical and piezor-
esistive properties of cementitious composites incorporating carbon
materials of various dimensions, for researchers to better understand the
utilization of carbon materials in cementitious composites.

2. Dispersion of carbon materials

Carbon nanomaterials have a high specific surface area and high
surface energy, and tend to attract each other and form agglomerations.
Since these carbonic agglomerations have weak cohesion and poor
resistance to external forces, it has been proposed that many defect sites
appear in cementitious composites and greatly limit the physical, me-
chanical and durable properties [20]. Although some investigators have
proposed a solution by directly synthesising CNT onto cement particles
to avoid the dispersion of carbon nanoparticles in cementitious com-
posites [21,22], for most of studies, different methods including ultra-
sonic dispersion, chemical and mineral additives for surface
modification are the preferred approaches, to uniformly disperse the
carbon nanomaterials in cementitious composites. Furthermore, hybrid
methods incorporating at least two of the above dispersion methods
were proposed to arrange the dispersion problem of carbon materials
efficiently. Since mechanical mixing such as hand or electromagnetic
stirring often appears on the above treatments, it is mentioned together
with the specific dispersion method.

2.1. Ultrasonic dispersion

The ultrasonic duration and energy are critical factors to influence
the dispersion efficiency of carbon materials. Chaipanich et al. [23]
firstly mixed the CNTs with a proportion of water under 10 min ultra-
sonic dispersion and then mixed the solution with cement materials,
followed by the residual water adding into the mixer once the blends
formed. They observed denser microstructures and improved mechani-
cal properties of cementitious composites. Nochaiya et al. [24] dispersed
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Fig. 2. Scopus-indexed publication statistics by different countries until 2021.
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the CNTs in mixing water for 5 min sonication, and obtained similar
CNTs/cement composites with improved mechanical properties.
Different from the previous ultrasonic duration, sonication time up to 2
h was investigated by Du et al. [25]. In Fig. 3, the sedimentation of black
precipitates gradually increased from the well-dispersed GNPs suspen-
sion over time. The increase of sonication time reduced the sedimenta-
tion rate indicating the better dispersion of GNPs suspension. However,
they did not test the structural integrity of GNPs and the mechanical
properties of the cementitious composites. Similarly, the effect of soni-
cation time from 2 to 5 h on the electrical conductivity of CNTs/po-
lyaniline composites was investigated [26]. The longer duration
increased the structure toughness but decreased the electrical conduc-
tivity, because of the conversion of conductive state. It could be seen
that the sonication time mainly depended on the matrix/base of the
carbon materials. The nanoparticle tends to disperse more easily in the
water rather than a polymer-based matrix. Moreover, for the cement
matrix, the differences in the ultrasonic duration might relate to the
water to binder ratios, since it was concluded by Kim et al. [27] that
cement composites at low water to binder ratios benefited CNTs
dispersion and improved piezoresistivity. Furthermore, the shapes and
dosages of fillers also relate to the sonication time, given different ul-
trasonic durations based on the concentrations and aspect ratios of
carbon fillers were carried out in studies [28]. In addition to the ultra-
sonic duration, the effect of ultrasonic energy on the dispersion of CNTs
was studied by Zou et al. [29]. They found that the dispersion efficiency
increased with the increase of ultrasonic energy until reaching a plateau.
Similar results were obtained by Metaxa et al. [30], with the first
increased and then decreased flexural strength for the cementitious
composites prepared with increasing ultrasonic energy. These results
indicate optimal ultrasonic energy to achieve the optimal mechanical
properties of cementitious composites because the high energy might
destroy the CNTs and deteriorate the reinforcement effect.

2.2. Surface modification

The surface modification to improve the dispersion of carbon
nanomaterials includes the application of surfactants in suspension and
the surface coating of nanomaterials. Collins et al. [31] compared five
different surfactants on the efficiency of CNTs dispersion in cement
paste, and found that the polycarboxylate could strengthen the
CNTs/cement composites with improved compressive strength. Chuah
et al. [32] investigated the effect of polycarboxylate, air-entrainment
and gum Arabic admixtures on the dispersion of GOs in cement com-
posites. They observed the identical conclusion to Collins’ results [31]
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Fig. 3. Effect of ultrasonic duration on stability of GNP solution [25].
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that the polycarboxylate was the most promising surfactant to disperse
the carbon nanomaterials. Similarly, Luo et al. [33] compared another
five surfactants on the CNTs dispersion in aqueous solutions. Not only
was the CNTs solution with sodium dodecylbenzene sulfonate found
with the largest delaminating time, but also the composites were
observed with the best mechanical properties and electrical conductiv-
ity. By the UV spectroscopy observation, Deng et al. [34] compared four
surfactants and drew the conclusion that the polyoxyethylene non-
ylphenylether at the concentration of 0.7 g/I exhibited the best disper-
sion efficiency. Among these surfactants, it was recommended that the
ionic surfactants are more suitable for the CNTs/water-soluble solutions
[35]. For the identical surfactant with various concentrations,
Konsta-Gdoutos et al. [36] investigated their effects on the dispersion
efficiency of CNTs. Given the CNTs agglomerates increased the viscosity
under small shear strength, it has been found that the surfactant to CNTs
weight ratio of 4.0 led to the suspension with the smallest viscosity and
illustrated the best CNTs dispersion. Metaxa et al. [30] found that the
surfactant to CNFs weight ratio could be 2.0 or 4.0. Generally, the sur-
factant can decrease the van der Waals forces, modify the hydropho-
bicity of carbon materials and enhance their dissolubility. However,
although an effective surfactant can successfully disperse carbon nano-
materials, uneven distribution of fillers or poor bond among fillers to
matrix might still be occurred in the cementitious composites [37].

Similar to the effect of surfactants, special treatment of previous
surface decoration on the conductive fillers have been proposed for
better uniform dispersion. By investigating the impact of polyacrylic
acid polymers on CNTs surface functionalisation and the followed
dispersion in water, Cwirzen et al. [38] observed acceptable workability
and mechanical strengths of the CNTs/cement composites. As plotted in
Fig. 4, it revealed the available ionic or covalent bonding between CNTs
to polymers that prevent the re-agglomeration of CNTs suspension.
However, for the CNTs coated by gum Arabic, it should be noted that
lower cement hydration was observed for the CNTs/cement composites
that hindered the final mechanical strengths. Li et al. [39] pre-treated
the CNTs by a mixed solution of H;SO4 and HNOs, and they found
that the cementitious composites with treated CNTs were provided with
both high mechanical properties and piezoresistivity than the counter-
parts with untreated CNTs. They proposed that the smoother surface of
treated CNTs was more beneficial to electron movements and clung to
the cement matrix. More like a mechanical modification, the modified
CNFs after debulking process was proved more efficient to improve the
mechanical performance of cementitious composites, implying the good
dispersion of modified CNFs in the nanocomposites [30].

0.2 um
x13000

Fig. 4. Transmission electron microscope (TEM) images of CNT covered by polymers [38].
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2.3. Mineral additives

Chung, Dong and Sanchez et al. [40-42] deemed that silica fume
could improve the dispersion of CF, CB and CNFs and improve the me-
chanical, electrical and piezoresistive properties of cementitious com-
posites, while they did not conduct more experiments on the specific
influences by silica fume. Kim et al. [43] tested the CNTs cementitious
composites with various contents of silica fume and achieved the com-
posites with improved compressive strength and electrical conductivity.
The number and size of CNTs agglomerations reduced because the silica
fume intermixed with CNTs and broke the formation of agglomerations.
The results showed the silica fume dosage of 10% by weight of cement
exhibiting best performances. Similar results emerged for the silica fume
incorporated CNTs cementitious composites for the application of EMI
shielding [44]. In addition, it had been proposed that the silica fume was
capable of dispersing the plate-like structures of carbon materials, such
as GNPs and GOs. Li et al. [45] observed that the GOs could be covered
with silica fume and thus have less tendency to get agglomerated. Bai
et al. [46] concluded similar results on the GNPs cementitious com-
posites with silica fume, and they proposed that the appropriate dosage
of silica fume should be from 5% to 10% by the weight of cement. In
general, the main reason for improved dispersion is because the silica
fume particles insert into the conductive fillers to separate the ag-
glomerates. On the other hand, not all mineral additives have the ca-
pacity to improve the dispersion of carbon nanoparticles. The effect of
nanosilica on the dispersion and stability of CNTs aqueous solution
relied on the CNTs concentration. For the small dosage of CNTs, the
nanosilica nearly has no influence on the CNTs dispersion. However, in
the case of high CNTs concentration, the dispersion and stability would
be decreased with the addition of nanosilica [47]. Moreover, there exist
mineral additives that can block the dispersion of carbon materials.
According to the studies by Mendoza et al. [48], the presence of calcium
hydroxide (Ca(OH)3) in the cementitious composites could affect the
dispersion of CNTs, since it hindered the electrostatic repulsion between
CNTs and superplasticizer molecules, and resulted in the
re-agglomeration. Similarly, mineral additives such as hydrated lime
that can generate Ca(OH); in cementitious composites might retard the
dispersion of carbon materials.

2.4. Carbon materials in various dimensions

Investigations have revealed that carbon materials themselves
possess the functionality to improve the dispersion efficiency of other
carbon materials, especially for carbon materials with different di-
mensions. Oztiirk et al. [49] applied the hybrid CF and CB in the
self-sensing reinforced beams and obtained a lower electrical resistivity

x800000
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and higher deflection sensing capacity compare to the counterparts with
single CF or CB. Lu et al. [50] employed GOs to assist the dispersion of
CF and CNTs in the cementitious composites; the results of UV spec-
troscopy and improved mechanical properties indicated that the CF and
CNTs were well dispersed with the existence of GOs. They attributed the
phenomenon to the higher electrostatic repulsion of GO suspension than
that of water. In the polymer matrix, Chen et al. [51] found that the EMI
shielding of composites with reduced GO and CF exceeded the coun-
terparts only with CF, and they observed that the reduced GO could help
to disperse CF and build a more effective conductive network. It could be
observed in Fig. 5(a) and (b) that the reduced GO was successfully
immobilized on the surface of CF. Since the GNP has similar structures to
reduced GO, studies concluded similar results on the cementitious
composites with CF and GNP [52]. Apart from the 2D carbon materials,
the 0D carbon black is also found beneficial for the dispersion of 1D
carbon materials. Han and Zhang et al. [53,54] observed the grape
bunch structures of CNTs and CB in the cementitious composites, and
concluded that the addition of CB could improve the functionality of
composites. As shown in Fig. 5(c), the addition of CB reduced the dis-
tance between fillers and increased the possibility of conductive pas-
sages generation. Moreover, studies have mentioned the usage of CB and
CF in cementitious composites for conductivity development [55],
which implied the application potential of the mixture of carbon ma-
terials at different dimensions.

2.5. Hybrid dispersion methods

Hybrid dispersion methods can more efficiently homogenize the
carbonic nanoparticles in aqueous solutions and cement matrix. Table 2
lists different dispersion ways incorporating at least two of the afore-
mentioned methods. Parveen et al. [56] proposed a novel dispersant of
Pluronic F-127 incorporating 1 h ultrasonication to disperse CNT in
cementitious composites, which expressed a significant enhancement on

(a) CF [51]
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Table 2
Hybrid dispersion methods of carbon materials in cementitious composites.
Material Dispersion Surfactant Characterization Refs.
types methods to carbon
material
ratio
CNT Ultrasonication + 25-30 Microstructures Parveen
Pluronic F-127 Flexural strength et al.
[56]
CNT Ultrasonication + 2.2 Microstructures Musso
superplasticizer + etal.
acetone [57]
CNT Ultrasonication + 15-91 Microstructures Cwirzen
polymer Compressive etal.
strength [38]
CNT Ultrasonication + 4.0 Rheology Maria
surfactant et al.
[36]
CNT Ultrasonication + 0.2 Microstructures Xu et al.
surfactant Flexural strength [61]
(TNWDIS) Porosity
CNT Ultrasonication + 6.0 Porosity Wang
Gum Arabic Microstructure et al.
Fracture energy [58]
GNP Ultrasonication + 7.0 UV spectroscopy Wang
methylcellulose Microstructure etal.
[59]
CF Ultrasonication + 0.75-3 Compressive, Wang
hydroxyethyl tensile and et al.
cellulose flexural strengths [60]

the mechanical strengths and modules. To reduce the sizes of agglom-
erations, Musso et al. [57] dispersed CNT suspension in acetone by
means of an ultrasonic probe. Konsta-Gdoutos et al. [36] controlled the
ultrasonic energy and surfactant concentration to disperse CNT and
found that the application of ultrasonication was critical to obtain the
well-dispersed CNT suspensions. Wang et al. [58] utilized the gum

(b) Reduced GO enclosed on CF [51]

<+———— Distance of CNT and CB
<+————— Distance of CNT and CNT

<+—— Distance of CB and CB

(¢) Interaction of CB with CNT [190]

Fig. 5. Relative positions among mixed carbon materials with different dimensions.
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Arabic to premix with CNTs solution, followed by 30 min ultrasonication
and defoamer treatment to reduce the generated air bubbles. Subse-
quently, they combined the surfactant methylcellulose and ultra-
sonication to disperse the GNPs in cementitious composites [59]. With
different mixing orders, Wang et al. [60] first premixed the CF with
water and then added the hydroxyethyl cellulose for another stirring;
the deformer was the last added to eliminate air bubbles. In both studies,
they achieved denser microstructures and improved mechanical prop-
erties of cementitious composites. However, long-term sonication could
raise the temperature of suspension and affect the dispersion of CNTs. To
solve the problem, Xu et al. [61] applied a surfactant (TNWDIS) with
aromatic ring and hydrophilic group to mix with CNT suspension, and
then the ultrasonication was conducted six times with breaks. Similar to
the studies which carried out the ultrasonication in ice/water bath [29],
this method could avoid the increased temperature of suspension during
sonication. As mentioned above, long-term ultrasonication might
destroy the structural integrity and increase the temperature of sus-
pensions, which strongly affect the mechanical properties of cementi-
tious composites. The application of surfactant could overcome these
disadvantages, but the dispersion efficiency was always limited, let
alone the potential damages on the mechanical properties of cementi-
tious composites [62]. As a consequence, the hybrid dispersion methods
combining both surfactants and ultrasonication might be a better
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alternative to disperse carbon materials in cementitious composites.
3. Electrical and piezoresistive properties

The dispersion of nanomaterials in cementitious composites firmly
relates to their electrical and piezoresistive properties. The cementitious
composites are nonconductive materials with electrical resistivity
reaching up to 10° Q cm after hardening. The low electrical conductivity
hindered the further application of cementitious composites in the field
of smart infrastructures, such as the self-monitoring, self-heating and
self-deicing pavements [63,64]. In particular, the self-monitoring char-
acteristic of cementitious composites is based on the piezoresistive
property, which means the applied stress/strain can be detected through
the changes in the electrical resistivity. Once the relationship between
the stress/strain and resistivity is determined and calibrated, the
cementitious composites can automatically calculate the external forces
or deformations by recording the electrical resistivity. To obtain re-
sistivity alterations of cementitious composites, various carbon addi-
tives have been summarized to improve the electrical conductivity based
on their dimensions, as shown in Table 3. The following section presents
the current investigations on cementitious composites with conductive
carbonic materials to improve the electrical conductivity and piezor-
esistive properties.

Table 3
Electrical resistivity and gauge factor for cementitious composites with different carbon materials.
Dimensionality Type of carbon materials Type of cement matrix Dosage to binder (%) Electrical resistivity (Q-cm) Gauge factor Refs.
oD CB Cement paste 15.0 wt — 55.3 Li et al. [70]
20.0 wt 37.7
25.0 wt 51.9
CB Mortar 6.5 wt - 40-60 Monteiro et al. [72]
CB Mortar 7.0 wt - 30 Monteiro et al. [67]
10 wt 24
CB Cement paste 0.5 wt - 51 Dong et al. [69]
1.0 wt 114
2.0 wt 105
CB Cement paste 3.0 wt - 330-1240 Dong et al. [121]
CB Mortar ~0.5 vol. ~10* - Dai et al. [65]
~1.0 vol. ~10%
~4.0 vol. ~10%
1D CF Cement paste 2.6 vol. - 16-33 Wen and Chung [179]
5.1 vol. 41-58
7.2 vol. 23-34 (tensile)
CF Cement paste 0.5 wt - 700 (tensile) Fu et al. [180]
CF Cement paste 0.1 wt 11713.63 - Baeza et al. [181]
0.3 wt 4546.30
0.5 wt 462.55
CF Cement paste 0.5 vol. - 90 (tensile) Wen and Chung [152]
350 (compress)
CNF Concrete 1.0 vol. 20100 - Gao et al. [182]
1.5 vol. 10000
2.5 vol. 5400
CNF Cement paste 2.0 wt - 190 Baeza et al. [82]
CNF Cement paste 1.0 vol. ~5000000 - Wang et al. [183]
2.0 vol. ~1000000
4.0 vol. ~500
CNT Cement paste 0.1 wt ~4200000 - Maria et al. [184]
0.3 wt ~5700000
CNT Cement paste 0.1 wt - 130 D’Alessandro et al. [185]
Mortar 68
Concrete 23
CNT Cement paste 2.0 wt - 220 Materazzi et al. [186]
2D GP Cement paste 5.0 vol. — 156 Sun et al. [105]
GP Mortar 1.2 vol. - 0-30 Du et al. [104]
2.4 vol. 100-1000
4.8 vol. 500-4000
GP Mortar 5.0 wt ~2700000 - Le et al. [94]
10.0 wt ~400000
20.0 wt ~800
GNP Concrete 0.43 vol. 55-202 - Liu et al. [95]
0.61 vol. 28-343
GNP Concrete 6.4 wt - 160.8 Liu et al. [187]
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3.1. Single conductive filler

3.1.1. 0D carbon black

Carbon black (CB) has been widely used as conductive fillers in
polymeric composites for the manufacturing of tires or electrical con-
ductivity amelioration. However, it seems that the application of CB in
cementitious composites is relatively unattractive because of the
restricted physical and mechanical properties brought by CB particles. It
has been reported that CB could reduce the compressive strength of
cementitious composites with the increase of CB concentration [65],
while studies also found that the small dosage of CB could increase the
mechanical properties owing to the filling effect of CB nanoparticles
[66]. However, the improved compressive strength of CB cementitious
composites was still at a low level from 13 to 16 MPa, which is actually
difficult to be applied in practical projects [67]. By investigating the
hydration heat and crystal phases of cementitious composites with CB,
the highest compressive strength reaching approximately 53 MPa was
observed for the composites with 0.5 wt% CB. With increasing curing
age, the positive effects of CB are diminished, and the compressive
strength of CB cementitious composites is lower than that of plain
cement mortar [68]. Another research also reported that monotonically
decreased compressive strength of CB cementitious composites mono-
tonically decreased with the increase of CB content [69]. This phe-
nomenon might be due to the sphericity of the 0D CB, thus lack of
cohesion and frictional resistance to the cement matrix. Also, the
nanoscale CB possessing high surface energy could enclose the cement
particles and entrap the water to affect the cement hydration and
hardening process.

Fig. 6 compares the electrical resistivity of CB/cementitious com-
posites by different studies. The electrical resistivity of cementitious
composites decreased with the addition of CB. However, it seems that
the resistivity reduction intensity has a solid relationship with the types
and particle sizes of CB. Dai et al. [65] found the percolation threshold
for CB cementitious composites ranging from 0.36 to 1.34 vol% (0.7-2.5
wt%), while a slightly lower CB content range of 0.5-2.0 wt% was
achieved by Dong et al. [69] and much higher CB content range of
7.22-11.39 vol% was observed by Li et al. [70]. Based on their
description of the raw materials, the particle sizes of CB in the above
investigations were 33, 20 and 120 nm, respectively. It could be deduced
that the CB nanoparticles with a smaller scale can more easily reach the
percolation threshold. Moreover, the above studies showed a discrep-
ancy in the specimen preparation by the usage of a dispersion agent or
not. The well-dispersed CB nanoparticles in the cementitious composites
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Fig. 6. Percolation threshold of cementitious composites with CB.
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can stimulate the formation of the conductive passage and enhance
electrical conductivity.

For the self-sensing or piezoresistivity of cementitious composites
doped with CB, the stable electrical output as a function of compressive
stress/strain could be drawn, indicating that the CB cementitious com-
posites are capable of sensing stress and strain for structural health
monitoring (SHM). As shown in Fig. 7, the piezoresistive sensitivity,
which is also called as gauge factor, was proposed in various in-
vestigations on the CB cementitious composites. The gauge factor
ranging from 37.7 to 55.3 was obtained for the cementitious composites
with 15.0-25 wt% CB by Li et al. [70]. Besides, they proposed a nu-
merical model to evaluate the gauge factor under various strains, CB
concentrations and temperatures [71]. Afterwards, the lowest piezor-
esistive sensitivity was found by Monteiro et al. [67] with the gauge
factor ranging from 24 to 30 for the composites with 10 and 7.0 wt% CB.
Given the CB nanoparticles had an identical particle size of 120 nm, the
reduced gauge factor is considered owing to the introduction of fine
aggregates, which might block the formation of conductive passages and
weaken piezoresistivity. Later, they observed the slightly larger gauge
factor from 40 to 60 for the CB cementitious composites when the CB
concentration decreased to 6.5 wt% [72]. Because the aforementioned
studies did not predisperse CB nanoparticles before manufacturing the
composites, the piezoresistive sensitivity for the CB cementitious com-
posites was obtained by Dong et al. [69] with the gauge factor ranging
from 51 to 114, after the pre-treatment of CB dispersion by super-
plasticizer. Although super high gauge factor larger than 300 was
developed in the study, the composites were not only with CB nano-
particles but also assisted by the macro conductive rubber fibres. It is
noted that higher gauge factor was observed by Li et al. [73] who
applied CB into fibres reinforced engineered cementitious composites
(ECC). The results are similar to the previous investigation of using
nonconductive polypropylene (PP) fibres to improve the stress sensing
ability of CB cement-based sensors [10]. The better sensitivity is mainly
due to the new formed conductive passages through the CB enclosed PP
fibres. Based on the excellent piezoresistivity, the CB/cement-based
sensor has been installed into the concrete beams for SHM application
[74]. Therefore, the experimental results showed that the CB cementi-
tious composites only possessed moderate piezoresistive sensitivity
compared to the cementitious composites with other conductive fibres.

3.1.2. 1D carbon materials
Carbon fibre (CF), carbon nanofiber (CNF) and carbon nanotube
(CNT) are the commonly used 1D conductive carbon materials in
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cementitious composites. Banthia et al. [75] firstly investigated the
electrical resistivity of cementitious composites with CF by two
embedded copper electrodes, and they found that the distance of elec-
trodes and frequency of alternative current (AC) could affect the elec-
trical resistivity of composites. The electrical conductivity brought by CF
is also employed for the damage evaluation in the cementitious com-
posites, where the irreversible resistivity during cyclic compression
implied the created damages [76,77]. This is due to the inner induced
micro-cracks and gaps destroyed the conductive passages and ruined the
relationship between the electrical resistivity and the applied stress/-
strain in the elastic regime. In addition, investigators applied the CF
reinforced cementitious composites as stress/strain sensors to
self-monitor the concrete structural health. Hundreds of times higher
sensitivity (gauge factor) is observed for the CF cement-based sensors
than the commercial strain gauge. Moreover, they found that the CF
possesses additional benefits to improve the strength of cementitious
composites, especially for the flexural and tensile strengths, given the
excellent tensile strength of CF and the bridging effects in cementitious
composites [78,79].

In terms of CNF in cementitious composites, Chung [80] demon-
strated that the CNF with a diameter of 100 nm was less effective to
improve the electrical conductivity of cementitious composites, in
comparison to the CF with 15 pm in diameter. The investigator attrib-
uted the phenomenon to the more substantial contact resistance be-
tween conductive fillers to the cement matrix in a specific area per unit
volume because of the small sizes of CNF. However, different results
were obtained for the CF and CNF reinforced concrete, in which better
electrical conductivity was found for the concrete with CNF [81]. The
discrepancy also occurred on the mechanical properties of CNF rein-
forced cementitious composites, since both significantly reduced and
enhanced compressive strength of the composites were achieved [41,
81]. Because the CNF is easily self-agglomerated to form clusters, the
worse electrical conductivity and reduced mechanical property is
mainly due to the poor dispersion of CNF that causes micro defects in the
cementitious composites. The improved mechanical strength is because
of the CNF having the bridging effect to the cement matrix, as well as
reducing the porosity in the composites. As for the piezoresistivity, the
cement-based sensors with CNFs and CFs were attached to reinforced
concrete beams for strain and damaging monitoring. The results showed
a higher gauge factor of 191.8 for the CNF/cement-based sensor, while
only 49.5 for the sensors with CF in the compression [82].

Compared to the CF and CNF, studies are more focused on the
electrical and piezoresistive properties of cementitious composites
reinforced with CNT [83]. By utilizing the electrical conductivity of CNT
reinforced cementitious composites, Kim et al. [84] investigated their
self-heating efficiency under the input voltages ranging from 3 to 20 V.
In addition, Kim et al. [85] proposed that the chloride penetration into
cementitious composites could be monitored, by the electrical conduc-
tivity alterations of embedded CNT/cement composites. They reported
that the conductivity of composites was determined by the chloride ions
movements and polarization effect. Based on the three impedance
arcs/features in Nyquist plots, Wansom et al. [86] investigated the
impedance spectroscopy of CNT/cementitious composites. They pro-
posed that spectroscopy could distinguish the percolation from discon-
tinuous CNT and characterize the agglomerations. Dong et al. [87]
applied as-received CNT without pre-dispersion in cementitious mate-
rials and explored the effect of layer distributed CNT on the
piezoresistivity.

Moreover, Ubertini et al. [88] utilized the embedded CNT
cement-based sensors to measure the natural frequency of reinforced
concrete beams. In terms of the piezoresistivity, Saafi [89] designed a
wireless sensing network by CNT/cementitious composites and
embedded those sensors into concrete beams for damage detection. It
was observed that the mechanical behaviours could be reflected in the
electrical resistivity of embedded composites. Han et al. [90] proposed a
CNT concrete based traffic detection system and applied it into a
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roadway for the field test. It indicated that the collected signal could
successfully detect the velocity of passing vehicles. Similarly, based on
the embedded CNT/cement-based sensor, D’ Alessandro et al. [91] found
that the sensors were capable of detecting the static and dynamic strain
and the natural frequency of concrete beams. They also needed for the
calibration of cement-based sensors for commercial application. Fig. 8
presents the electrical resistivity changes of conductive cementitious
composites in various situations. It revealed that the electrical signal and
piezoresistivity could be an index to evaluate the cracks generation,
traffic monitoring, stress/strain intensity, flexural failure of concrete
beam and even the natural frequencies identification of structures
through vibration.

3.1.3. 2D carbon materials

Cementitious composites with GNPs and GPs are gradually attracting
more and more attention because of their electrical conductivity, plate-
like structures, and relatively low prices. In addition to the excellent
durability and mechanical properties brought to the cementitious
composites, improvements on the electrical conductivity and piezor-
esistivity are still inspiring [92,93]. Le et al. [94] found that the elec-
trical conductivity of high concentration GNP reinforced mortar was not
only insensitive to moisture content but equivalent to the elastic
compliance that made the damage self-sensing possible. Similarly, Liu
et al. [95] investigated different failure patterns of GNP/cementitious
composites under compression, and observed that the reaction of re-
sistivity related to the damage evolution processes. Also, they suggested
that the concentration of GNP should be higher than 6.4% by weight of
cement to ensure satisfactory conductivity and piezoresistivity [96]. In
addition to the CNT/cement-based sensors that have been applied for
chloride penetration detection [85], the graphene/cement composite
was proposed as well for the same purpose [97,98]. Because the elec-
trical conductivity will be fluctuated by many factors such as tempera-
ture, humidity and carbonation, it is suggested that these influences
should be eliminated before the practical application. Furthermore, in-
vestigators have studied the electrical conductivity of cementitious
composites with GOs and found even higher resistivity compared to the
plain composites [99]. However, Saafi et al. [100] investigated the
electrical and piezoresistive behaviours of fly ash-based geopolymer
with reduced GOs, and observed satisfactory conductivity and piezor-
esistivity. Generally, it can be deduced that the introduction of
oxygen-containing groups on the graphene film decreases the electrical
conductivity of GNP and deteriorates the conductivity improvement on
the cementitious composites. The reduced GO regains the electrical
conductivity that could be wused for cement-based sensors
manufacturing.

GP is one of the commonly used carbon materials because of its low
cost and excellent electrical conductivity. The primary investigations on
the electrical conductivity of asphalt concrete with GP showed that the
percolation was approximately 10.9% by volume of asphalt and GP
[101]. Yoo et al. [102] compared the self-sensing behaviours of the
composites with graphite nanofibers and GNP, and they found that the
cementitious composites with graphite nanofibers had better sensing
capacity than those with GNP. Subsequently, the stress-sensing perfor-
mances of GP/cement composite were studied by Fan et al. [103]. In
comparison to the aforementioned GP asphalt concrete, a much higher
percolation threshold of 20% by weight of cement was observed.
Furthermore, by utilizing the graphite nanoplatelet (GiNP), the perco-
lation was found between 2.4% and 3.6% by volume of composite for
the GiNP-cement composites. As for the piezoresistivity, they observed
the nonlinearity among fractional changes of resistivity to compressive
strain, because of the poor cohesion between GP and cement matrix
[104]. The discrepancy in the percolation threshold might be due to the
different types of binders and the qualities of GP that affect the disper-
sion of GP in the matrix. For another application of GP/cement com-
posites, Sun et al. [105] tested the piezoresistivity of GP/cement
composite under static and dynamic loadings, and demonstrated the
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Fig. 8. Representative alterations of electrical resistivity of conductive cementitious composites during different applications.

excellent sensitivity and repeatability as a prototype sensor. Qin et al.
[106] used conductive concrete with GP as a grounding device, to
replace the traditionally grounding materials. Based on the Joule effect,
Rao et al. [107] manufactured the deicing concrete pavements by the
addition of GP. To reduce the EMI, the concrete with GP was proposed
with additional shielding at 360 MHz, reaching 2.4 dB [108]. However,
previous studies rarely mentioned the mechanical properties develop-
ment of GP/cement composites. It was found that the cement paste with
more than 6% GP possessed a lower compressive strength than that of
plain cement paste [109]. Researchers even observed a 90% reduction in
the compressive strength of concrete with GP when the GP content
reached 15% to the weight of cement [110]. Generally, the drawbacks of
GP in the mechanical properties of cementitious composites are mainly
due to the thicker plates and the movable layers.

3.2. Hybrid conductive fillers

The mixed application of conductive fillers was observed with better
performances on the electrical and piezoresistive properties of cemen-
titious composites. The effect of hybrid usage of carbon materials among
different dimensions on the electrical resistivity and piezoresistive
sensitivity of cementitious composites is listed in Table 4. Ding et al.

[111] tested the piezoresistive behaviours of the epoxy resin concrete
with steel slag and GP. It seems that the addition of steel slag could help
to form the conductive networks in the composites and benefit the
piezoresistivity. Similarly, Yildirim et al. [112] investigated the me-
chanical and shear damages self-sensing ability of chopped CF and CNT
reinforced concrete, and found that the CF could significantly improve
the flexural strengths and ductility of concrete. They found that the
addition of CF could improve the sensing efficiency compared to the
concrete beams only with CNT. By manufacturing the asphalt concrete
with GP and CF, Liu and Wu [113] found that the specimens are more
effective for compressive strain monitoring. Also, the combined use of
GNP and CF in cementitious composites led to high conductivity and
piezoresistivity [114]. On the other hand, the partial substitution of
costly conductive fillers by cheap ones could dramatically reduce the
engineering expenditure. Wu et al. [115] compared the electrical con-
ductivity of the asphalt concrete with single CB, CF, GP and their hy-
brids, and they found that the CF is best to improve the conductivity,
followed by GP and CB. Fortunately, the replacement of expensive CF by
the low-cost CB and GP can reduce the engineering cost and maintain
the similar electrical conductivity. In addition, although the electrical
conductivity and piezoresistivity were not involved, the better EMI
shielding for the cementitious composites with GOs deposited CF than
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Table 4
Electrical resistivity and gauge factor of cementitious composite with different
carbon materials.

Dimensionality =~ Dosage to Type of Electrical Gauge Refs.
binder cement resistivity factor
(%) matrix (Q-cm)

0D and 1D 0.5wt. CF  Cement 604 13-17 Wen
+ 0.5 wt. paste 791 ~332 and
CB Chung
1.0 wt. CF [188]
1.0wt. CF  Concrete - 25.6 Ding
0.8 wt. CF 13.5 et al.
+ 0.2 wt. [55]
CB
0.5 vol. Cement ~5000000 - Chen
CF + 1.0 paste ~900 et al.
wt. CB [189]
0.5 vol.
CF + 2.0
wt. CB
0.96 vol. Cement - 625-727 Han
CNT mortar et al.
+1.44 [190]
vol. CB

1D and 1D 15vol. CF  Cement - 445 Azhari
15.0 vol. paste 422 etal.
CF + 1.0 [191]
vol. CNT
1.0 vol. Cement - 167 Lee
CNT paste 160 et al.
0.5 vol. [192]
CNT +0.1
vol. CF
1.0 wt.CB Cement 10050 - Hong
+ 1.5 wt. paste 237 etal.
CNT +0.2 [193]
wt. CF
1.0 wt. CB
+ 1.5 wt.
CNT +0.4
wt. CF

1D and 2D 1.0wt.CF  Concrete ~1120 - Chen
0.7 wt. CF ~990 et al.
+ 2.5 wt. ~970 [194]
GP
0.5 wt. CF
+ 5.0 wt.
GP
4.0 wt. Cement - 295 Belli
GNP mortar et al.
+0.66 wt. [114]
CF

0D, 1D and 2D 12.7 vol. Concrete 140000 - Wu
GP ~1200 et al.
7.3 vol. ~1400 [115]
GP + 3.6
vol. CF
7.3 vol.
CB + 3.6
vol. CF

those only with CF indicated that the hybrid utilization of conductive
carbon materials was an effective alternative [116].

3.3. Mechanism of conductivity

The electrical conductivity of the cementitious composite depends
on whether or not conductive passages create throughout the specimen.
With the increase of fillers, the electrical percolation threshold was
proposed to present the beginning of the formation of conductive pas-
sages, where the electrical conductivity sharply increased within a small
change in the concentration of fillers. In other words, the percolation
threshold illustrates the smallest dosage ranges of conductive fillers that
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significantly increase the electrical conductivity of cementitious com-
posites. Before the formation of continual conductive passages, various
connecting states of conductive fillers represent different conductivity of
cementitious composites. Fig. 9 shows the relative position of conduc-
tive rubber crumbs (CRC) in the cementitious composites with the raised
content of fillers. With a small dosage, the conductive fillers are
completely separated by the cement matrix and the composites show a
high electrical resistivity. When the conductive fillers are at a moderate
concentration, there exists the neighbouring state of fillers that partial
conductive paths might be established due to the tunnelling conduc-
tivity. Once the content of conductive filler exceeds the percolation
threshold, the complete contact among fillers can be observed, and
hereafter the electrical conductivity of composites experienced a sig-
nificant enhancement.

However, it is quite different for the OD, 1D and 2D carbon materials
to connect each other and form conductive passages, which makes their
percolation threshold changeable in cementitious composites. As shown
in Fig. 10(a)-10(c), the 1D carbon materials with a high aspect ratio
perform better on declining the electrical resistivity of cementitious
composites than those with 0D and 2D materials [117-119]. More
electrical contact points tend to be established among 1D fibrous fillers
rather than the OD spherical fillers. Additional usage of 2D GiNP stim-
ulates the formation of contact points, but the efficiency is relatively
lower than that of 1D CNT under an identical volume fraction. The
smaller sized nanoparticles perform better than the micro or
macro-sized carbon materials in the cementitious composites. Still, the
application of macro fibres can enhance the electrical conductivity of
cementitious composites. As illustrated in Fig. 10(d) and (e), conductive
CB nanoparticles are connected to form conductive passages. Hence, the
cementitious composite is provided with moderate electrical conduc-
tivity and piezoresistivity. However, with the addition of macro PP fi-
bres and conductive rubber fibres, new conductive passages are
established by the connection of macro fibres and CB to fibres. Also, the
directional distribution of CB nanoparticles on the surface of PP fibres
enhances the formation of conductive passages, because the PP fibres
possess a higher aspect ratio than that of CB. The appropriate concen-
tration of macro fibres increases the contact points and the conductive
passages in cementitious composites, which are beneficial to the con-
ductivity and piezoresistivity [69]. Similarly, for the combined usage of
CB and CNTs in cementitious composites, the CNTs elongate the
conductive passages and enhances the electrical conductivity [120].

The conductive mechanism is slightly different for the cementitious
composites with different water contents. Fig. 11(a) illustrates the
contact characterization of CB nanoparticles with varying contents of
water and their contacts to CNT in cementitious composites. Different
from the electric conduction among CB and CNTs, the water films in
their surface lead to the enhancement of ionic conduction. With the
increase of water content from a totally dry to saturation state, the
electric conduction is gradually weakened, whereas the ionic conduc-
tion is strengthened. The increased electrical resistance of cementitious
composites implies that the ionic conduction possesses lower efficiency
to increase the electrical conductivity of cementitious composites
compared to electric conduction. In addition, it has been reported that
there exists large contact resistance among conductive fillers which are
enclosed with water film, as shown in Fig. 11(b). That is why the pie-
zoresistivity of conductive cementitious composites is strongly affected
by the water content. As for the interferences by temperature changes,
although the electrical conductivity alters due to the changed thermal
motion of electrons and ions, the piezoresistivity is found nearly
consistent in the cementitious composites [121]. Another disturbance in
the conductivity is originated from the aggregates in cementitious
composites. Generally, the addition of aggregates not only play a dilu-
tion effect on the concentration of conductive fillers to affect the con-
ductivity but retard the formations of conductive passages [122,123].
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Fig. 9. Microstructural morphology of CRC filled cement mortar: (a) complete isolation; (b) neighbouring state; and (c) complete contact [195].

4. Theoretical modelling
4.1. Electrical conductivity

The numerical model proposed to estimate the electrical resistivity of
plain cement paste was based on the effective medium and percolation
theory [124]. It provided a method to evaluate the relative resistivity of
cement paste and the C-S-H. In the case of the cementitious composites
with the presence of conductive filler, Liu et al. [125] built a model
regarding CF and fine sand to analyse the percolation behaviours of
cementitious composites, the calculated percolation threshold in the
ranges of 0.6-0.8 vol% was closed to the experimental result of 0.75 vol
%. Xu et al. [126] derived the expression of electrical resistivity of
CF/cementitious composites based on Ohm’s law and tunnelling effect
theory. The calculated resistivity alterations fitted well to the measured
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electrical resistivity for the composites with various contents of CF.
Based on the 2D resistor mesh model and the fact that electrical re-
sistivity of conductive concrete altered with presence of cracks, Downey
et al. [127] found that the model could self-monitor the cracks gener-
ation inside the concrete. Azhari and Banthia [128] used a 3D percola-
tion model to predict the percolation threshold of CF reinforced
cementitious composites. They found that the breakage of CF would
strongly affect the results, thus the effective length rather than the
practical length of CF should be applied in the model. For the conductive
nanomaterials, the agglomeration will significantly affect the electrical
resistivity of composites. Therefore, to avoid the overestimation of the
electrical conductivity by CNTs to cement matrix, Enrique et al. [129]
considered the waviness of CNTs and the agglomerations in the micro-
mechanics model. Bao et al. [130] improved the 3D percolation model
by considering the effect of CNTs alignment on the electrical
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conductivity and percolation. Furthermore, micromechanical models
were used to examine the effects of moisture and CNT agglomeration on
the electrical resistivity of cementitious composites [131].

4.2. Piezoresistive behaviour

Wen et al. [132] first attempted to model the piezoresistivity of CF
reinforced cement paste, based on the pull-out effect between single
fibre to cement matrix and the induced resistivity changes. Differently,
based on the tunnel effect theory, Xiao et al. [71] simulated the CB
nanoparticles as tunnel resistors and modelled their electrical resistivity
changes under external strain, and acclaimed that the theoretical results
fitted well with the experimental results. Even though the model
calculated values agreed well with the experimental results, they did not
take other conductors such as pre solutions or the effect of

12

agglomerations into consideration. Furthermore, Zhang et al. [133] took
into account the conductive networks created by single CNT and the
CNT agglomerations, and found that the experimental measurements of
piezoresistivity could be more accurately fitted. By considering the ef-
fect of CNT agglomerations, concentration and waviness, Enrique et al.
[134] predicted the piezoresistivity of CNT reinforced self-sensing
cementitious composites subjected to external strain based on the
changes of volume fraction, fibres reorientation and tunnel resistance.
The accuracy of the model was demonstrated by the comparison be-
tween experimental data to the calculated ones. Also, based on an
equivalent lumped circuit where the piezoresistivity was modelled by
the linear relationship between resistance and strain, they found the
stimulated results could reproduce the superharmonic response of
composites under harmonic mechanical loads [135,136]. Yang et al.
[137] found that the interfacial debonding process in the
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microstructure-guided electro-mechanical finite element model could
successfully represent the electrical resistivity changes of cementitious
composites, even though the reinforcements were metallic particles.
Garcia-Macias et al. [138] stimulated the piezoresistivity of CNT rein-
forced cementitious composites subjected to arbitrary strain states by
the mixed micromechanics and finite element approach. The compari-
son with experimental data illustrated the effectiveness of electrome-
chanical modelling.

5. Development of multifunctionalities for smart concrete
5.1. Self-heating behaviour

Based on the Joule effect, the electrically conductive cementitious
composites under applied current would generate heat energy. The heat
energy followed Eq. (1):

0="1Rt ™
where Q is heat energy; I denotes the current generated through the
composite; R corresponds to electrical resistivity, and t represents the
power-on duration.

Wang et al. [139] manufactured the cement mortar with excellent
conductivity, which could raise its temperature from room temperature
to 90 °C within an hour under 8 V DC voltage. Sassani et al. [140]
investigated the different amounts of CF on the electrical and
self-heating properties of cementitious composites, and they recom-
mended that the CF dosage was approximately 1.0 vol% to achieve the
best heating performances. Chang et al. [141] embedded CNF paper as
thermistor in concrete and found that the temperature of concrete
increased to the values above the freezing point of water at the power
input of 6 W. It implied that the concrete with CNF paper could be
applied as self-heating construction materials, especially in the deicing
pavements. Different from the experimental investigations, the
self-heating properties of cementitious composites have been explored
on the de-icing and snow melting properties of pavements. For example,
the electrically conductive concrete with CF was applied in an airport to
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test the anti-icing properties [142]. Even though the more reduced
conductivity of concrete was detected in the broad-scale application
than that in the laboratory, the concrete generated 300-350 W/m?
power density that was sufficient to melt the ice and snow, as depicted in
Fig. 12(a). In addition, the concrete pavement with sandwiched
conductive graphite-PET sheets also showed highly efficient snow
melting [143]. Gomis et al. [144] proposed that the conductive cement
paste could control the ice layers in pavements. Still, the cost was high
because of the high-applied voltage. Therefore, the conductive cemen-
titious composites should be further optimized to higher heating
efficiency.

5.2. Self-healing properties

The traditional self-healing cementitious materials are normally
originated from the addition of some minerals, polymers or bacteria,
which will not be introduced in this paper. The self-healing property
based on the electrical conductivity of cementitious composites is mostly
limited to the asphalt concrete, given the increase of temperature ben-
efits the capillary flow of bitumen and improves the crack recovery
[145-147]. Liu et al. [148] found that the electromagnetic induction
heating on the conductive porous asphalt concrete improved the
self-healing efficiency of asphalt mastic. Jahanbakhsh et al. [149,150]
applied CB into asphalt concrete to enhance its electromagnetic sensi-
tivity. In addition to the improved mechanical properties, the induction
heating of asphalt concrete found that the CB could strongly improve the
heating efficiency and heal the asphalt concrete. However, different
from the above results, Pamulapati et al. [151] compared the
self-healing efficiency of asphalt concrete with/without conductive
fillers, and found that the control asphalt concrete without conductors
have better healing efficiency than those with conductors, even if they
were not heated during induction. Hence, they concluded that another
healing mechanism, rather than heat healing, was generated for the
asphalt concrete.

(b) Snow-thawing process of concrete pavement [143]

Fig. 12. Practical application of self-heating concrete for pavement deicing.
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5.3. Smart structural health monitoring

The conductive cementitious composites are widely investigated to
substitute the conventional sensors of the foil strain gauge, optical fibre
and piezo ceramic, etc., since the excellent monitoring efficiency and
high durability. The self-monitoring is also called piezoresistivity which
originates from the altered electrical resistivity of cementitious com-
posites under external stress/strain. Studies mentioned above have
partially illustrated the conductive cementitious composites with
various carbon materials, while the effect of more conductive fillers such
as steel fibre or nickel powder has not been reviewed on the piezor-
esistivity. For instance, Wen et al. [152] found that the cement paste
with steel fibre had better piezoresistive sensitivity than that reinforced
with CF, especially under tensile strain. This has been further elucidated
that the cement mortar with steel fibre was provided with excellent
sensitivity under tensile stress, with the gauge factor reaching up to
5195 [153]. Moreover, the steel fibre distribution inside the concrete
could be detected based on the electrical resistivity measurement [154].
In terms of the nickel powder, Han et al. [155,156] explored the pie-
zoresistivity of cementitious composites with nickel powder and found
the gauge factor as high as 1336.5 and 1929.5. Furthermore, since the
nickel powder could be directionally aligned in the magnetic field, the
improved piezoresistivity could be observed for the cementitious com-
posites because of the more generated conductive networks [157].
However, in comparison to steel fibre, it must be noted that nickel
powder is one of the heavy metals that might cause diseases in humans
and contaminate the environment.

In addition to the stress/strain monitoring, traffic information,
weight, temperature and humidity self-monitoring of conductive
cementitious composites have been investigated, as shown in Fig. 13. Shi
et al. [158] found that the electrical resistance of concrete rollers with
CF decreased with the increasing stress, but it was independent from the
speed of the car tire. Therefore, the conductive concrete was able to
monitor the traffic and weigh the vehicles in motion. In addition, to
monitor the vehicle speed in motion, two separated sections of
conductive concrete were embedded into the pavements. Then the
average speed of the vehicle could be measured through the distance
between two sections and the time interval [159]. Similarly, Zhang et al.
[160] collected the electrical signal output of the conductive cementi-
tious composites on field tests under a 10-tonne truck and a 6.8-tonne
van, and they concluded that the conductive cement-based sensor was
capable of monitoring the traffic flow and vehicle speed detection. As for
the temperature and humidity monitoring, Dong and Xu et al. [121,161]
found that the electrical resistivity of cementitious composites had a

(o r— DL N | E T\
I A
_ Traffic detection

structure is intrinsically self-sensed
3
* Vehicle speed

| 4
-k« Vehicle weight ‘tﬂ]

M * Vehicle density !

Ny =

Corrosion monitoring

* Resistance

 Chloride ingress

* Corrosion rate
NN W

Structural health evaluation
* Strain/stress

| * Damage/crack

i * Temperature/humidity

N
Fig. 13. Potential application of multifunctional self-sensing concrete for smart
health monitoring of traffic, bridge and corrosion.
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firm relationship to the environmental temperature and humidity. Once
the connection was calibrated, the temperature and humidity could be
measured through the changes of electrical resistivity. Moreover, Wang
et al. [139] studied the electrical resistivity and electro-thermal prop-
erties of cement mortar with CF and found that they had a strong See-
beck effect. Hence, the conductive cement mortar could be an accurate
temperature sensor.

5.4. Electromagnetic interference shielding/absorbing properties

EMI (electromagnetic interference) shielding/absorbing is a critical
technique to ensure the proper functioning of some electronics and de-
vices. Moreover, long-term exposure to electromagnetic waves is
harmful to human health by promoting the growth of tumour [162]. Cao
et al. [163] compared the colloidal graphite as additives or coatings on
the cement paste and found that the former was more effective in
enhancing the EMI shielding, however, did not observe a significant
reduction in the electrical resistivity. Moreover, Liu et al. [164] applied
nano Fe304 into cementitious composites with CF, and they achieved the
shielding effectiveness of 29.8 dB which was 34.4% higher than the
counterparts only with CF. These results imply that the better conduc-
tivity of cementitious composites might improve the EMI shielding ca-
pacity, but the better shielding ability does not mean better
conductivity. Although the EMI shielding ability does not require elec-
trical conductivity, investigations have found that the cementitious
composites with conductive fillers could be sharply increased on the EMI
shielding compared to the plain counterparts [165,166]. Micheli et al.
[167] investigated the EMI shielding performances of cementitious
composites with 1% and 3% CNT and found the highest shielding
effectiveness of 12 dB in the frequency of 2.6 GHz for the 3% CNT
reinforced concrete. Similarly, higher shielding effectiveness of 28 dB
was observed for the cementitious composites reinforced with CNT
[168,169]. Different from the EMI shielding, the EMI absorbing repre-
sented that the EMI energy could be attenuated by transforming into
other forms of energy. It has been reported that the addition of 2.5% CB
significantly improved the loss factor of cementitious composites, and
thus enhanced the EMI absorbing capacity by polarization [65].

6. Challenge and perspective

It should be mentioned that durability, thermal and mechanical
properties of cementitious composites have been widely explored and
the results are encouraging [170]. However, the electrical property of
cementitious composites has been proved as one of the most promising
characterizations for multifunctional cementitious composites. To
extend the application of electrical property, further studies are needed
on the effective control of the critical factors such as application envi-
ronments, data monitoring system, dispersion, high production cost and
health-related issues.

Variations in the temperature and humidity affect the electrical re-
sistivity of cementitious composites; thus, the correlation to the targeted
index could be affected. Taking piezoresistivity for example, it has been
demonstrated that the temperature from —20 °C to 100 °C almost made
no difference in the electrical resistivity changes under compression
[121]. However, the temperature altered the initial resistivity before
compression that might cause misunderstanding on the monitoring
index, let alone the unknown performance of conductive cementitious
composites in extreme environments outside the range of above tem-
peratures. The piezoresistivity was also considerably fluctuated for the
cementitious composites with different water contents from a
completely dry state to a saturated state. Dong et al. [171] developed the
hydrophobic cement-based sensors to eliminate the water interference.
Some other studies attempted to use temperature and humidity
compensation circuits to eliminate the effect of environmental factors
[172], while the exact circuit configuration in conductive cementitious
composites is very rare. Moreover, the durability and severability of
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conductive cementitious composites under freeze-thaw cycles should be
further investigated because the combined effects of temperature and
humidity were applied on the cementitious composites.

Data collection system relates to the accuracy to evaluate the effi-
ciency of multifunctional cementitious composites with capacities of
self-sensing, self-heating, self-healing and EMI shielding. Currently, the
methods to measure the electrical resistivity of cementitious composites
are multiple from the two-point method to the four-point method by
using direct current (DC) to alternative current (AC). The two-point
method has similar effectiveness to the four-point method to evaluate
the resistivity as long as the electrical resistivity of electrodes and
conductive wires themselves could be neglected. For the dried cemen-
titious composites where the polarization is not significant, an easier
configuration of DC can be applied to measure the electrical resistivity.
However, for the saturated composites or those with high water con-
tents, the power supply of AC is highly recommended since the electrical
signals under DC will take a long time to reach the electrostatic equi-
librium in an electric field. In addition to the resistivity measurement
methods, the layout of conductive cementitious composites and the data
collection in the concrete structures should be paid more attention to
sufficiently realize the functionality. For example, the conductive
cementitious composites could be entirely used in the surface layer of
self-deicing pavement, or it could only be needed in several key elements
of concrete structures such as a tensile beam. Moreover, the exploration
of cement-based sensors for defective area mapping could be carried out
in future investigations.

Uniform dispersion of carbon materials in cementitious composites
has a firm relationship to electrical conductivity. The field operation of
carbon materials dispersion is not only complicated to the labour force,
but also consuming additional energy for ultrasonication which in-
creases both the project duration and expenditure. The commonly used
carbon materials to improve the electrical conductivity of cementitious
composites were high-priced such as the CNT or GNP. Hence, it
dramatically increases the related cost based on the optimal mix pro-
portion. Therefore, a better mix design of conductive cementitious
composites should be explored by adopting less content of conductors,
such as the utilization of electromagnetic fields or cheap fibres with a
high aspect ratio [173]. Although rarely mentioned, according to the
report from IARC of the World Health Organization, CNT has been
regarded as a class 2B carcinogen, which might cause genetic disease to
operators. Therefore, the sustainable alternative of conductive fillers
such as recycled carbon fibre, recycled conductive rubber or recycled
ceramics could be applied for conductive cementitious composites.
Moreover, even for the same mixing proportion of functional cementi-
tious materials, the deviation of electrical conductivity, piezoresistivity
and other functions is high especially under the specific environments.
Furthermore, because of the improved electrical conductivity and EMI
shielding properties, the traditional non-destructive testing techniques
for concrete structures might be influenced, which should be calibrated
based on the altered electrical conductivity [174].

7. Conclusions

Conductive carbon materials from CB, CNT, CF, CNF, GNP, and GP
have been used to improve the conductivity and piezoresistivity of
cementitious composites. Based on the size and dimension, this paper
systematically reviewed the cementitious composites with carbon ma-
terials on electrical characterization and piezoresistivity as well as self-
heating, self-healing, and electromagnetic interference shielding for
smart/functional cementitious composites. Some conclusions can be
drawn as follows:

(1) Uniform dispersion of carbon materials in cementitious com-
posites is critical to electrical and piezoresistive properties.
Different dispersion methods such as ultrasonic dispersion, sur-
face modification, mineral additives, and the mixture of carbon
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materials in various dimensions have been proposed. The hybrid

usage of these techniques is carried out to achieve a better-

dispersed suspension.
(2) The 0D CB are qualified additives to improve the electrical con-
ductivity and piezoresistivity of cementitious composites. How-
ever, the conductivity promotion efficiency is lower than 1D and
2D carbon materials, since the spherical CB is more challenging to
form conductive passages. It usually leads to the reduced fresh
and mechanical properties of cementitious composites.
The 1D CF, CNF, CNT and 2D GNP could significantly improve
the electrical conductivity and piezoresistivity of cementitious
composites as well as mechanical properties. The enhancement is
either due to the bridging effect of fibres or the filling effect of
carbon materials in the nanoscale. The 2D GP could improve the
conductivity and piezoresistivity of cementitious composites, but
at lower effectiveness, because the thicker plates and movable
layers have cohesion problems to cement matrix.
The modelling of electrical and piezoresistive properties of
cementitious composites with carbon materials have been limit-
edly investigated. Many factors, such as types and contents of
conductors, water content, temperature, agglomeration degree,
microstructures, the frequency and intensity of input power, can
affect the electrical conductivity and piezoresistivity. Current
modelling includes only one or some of these factors, which
sharply limits the field application of conductivity cementitious
composites.
Potential application of conductive cementitious composites has
been summarized and discussed, ranging from self-heating and
deicing pavements, self-healing asphalt concrete, self-sensing
beams to the constructions with EMI shielding ability. More ex-
plorations should focus on the production and application of
these products in terms of sustainability, low-cost, scale produc-
tion and efficient installation.
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