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Abstract: Structural health monitoring (SHM) technology
based on the mechanical–electrical sensing effect of
various intrinsic smart materials has a good application
prospect. Carbon nanotube (CNT) has excellent electro-
mechanical properties and hence can be doped into
cement by appropriate dispersive means to produce
CNT-modified cement-based smart material (CNTCS) with
excellent electromechanical (piezoresistive/piezoelectric)
capacity. CNTCS can be developed into a static/dynamic
intrinsic sensor for SHM after effective packaging and cali-
bration. Based on the characteristics of CNT, the dispersion
methods and the dispersity characterization techniques of
CNT in the water/cement matrix are summarized, and then
the influence laws of various factors on piezoresistive and
piezoelectric sensing behaviors of the corresponding CNTCS
are also discussed. The full-frequency domain sensing
mechanism of CNTCS is analyzed by combining its finite
element model and electromechanical coupling theory,
and the practicability of applying CNTCS as an SHM
static/dynamic intrinsic sensor is further investigated.

Keywords: structure monitoring, electromechanical sen-
sing effect, carbon nanotubes, cement-based intrinsic
smart materials, static/dynamic sensing performance

1 Introduction

With the development of engineering technology, struc-
tural healthmonitoring (SHM) technology has been widely
used in some major engineering fields. SHM is used to
continuously monitor and evaluate the service condition
of structure by measuring stress, displacement, strain, and
other data that reflect the real-time condition of structure
through various sensors. The sensing signals of local
damage monitoring and health warning in SHM are pre-
viously acquired by various types of attached or embedded
sensors such as fiber optical grating, shape memory alloy,
and resistance strain gauge; however, these traditional
sensors often have short life, poor anti-interference capa-
city, and poor compatibility with concrete [1]. Therefore,
the research and development of cement-based sensors
with intrinsic piezoresistive and/or piezoelectric self-sen-
sing capability have crucial engineering significance for
better achievement of SHM.
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Since first documented in 1990, carbon nanotube
(CNT) has become a research hotspot on serving as a
reinforcing phase of varied composites owing to its excel-
lent mechanical, electrical/thermal conductive, wave-
absorbing properties, etc. [2–5]. Li et al., Han et al., Luo
et al., and Kim et al. reported that CNT-modified cement-
based smart material (CNTCS) has superior stress/strain
sensitive behavior and piezoresistive response. Mean-
while, due to the outstanding electrical conductivity of
CNT, insulative piezoelectric cement-based composite
(PCM) doped with some CNTs can be polarized at low
voltages, and its piezoelectric performance can be signif-
icantly enhanced.

Actually, the piezoresistive or piezoelectric sensing
characteristics of CNTCS favor the development of CNTCS
into an intrinsic sensor for concrete structure.Ubertini et al.
[6] used CNTCS as a concrete embedded sensor for the
identification of intrinsic frequency of footprint-reinforced
concrete beams; Metaxa et al. [7] employed CNTCS as the
cementitious sensor for repair works, and its piezoresistive
response under stress changes was captured which could
provide an early warning failure; Tareen et al. [8] devel-
oped a CNTCS sensor two-end wire connected with a pair
of lead zirconate titanate (PZT) wafers and evaluated the
feasibility of a nondestructive monitoring method for con-
crete strength detection; Zhang et al. [9] established an
intelligent traffic monitoring through embedded CNTCS
sensors, which can be used for vehicle weighing and traffic
flow detection under high speed movement.

Unfortunately, the aforementioned two types of CNTCS
sensors cannot detect static and dynamic loads/deforma-
tions simultaneously, which are often encountered in the
process of SHM. It is noted that the frequency response of
piezoresistive sensors is relatively low, just suitable for the
detection of (quasi-)static signals at low frequency; whereas
the frequency response of piezoelectric sensors mainly con-
sisting of piezoelectric elements can reach dozens of thou-
sand hertz and be suitable for the detection of dynamic
signals at high frequency. In-service structures are fre-
quently subjected to static/dynamic complicated loads or
deformations; thus, it is necessary to develop a new type
of intrinsic electromechanical sensor with high-sensitivity,
wide-frequency response that integrates piezoresistive and
piezoelectric sensing characteristics for SHM in the full fre-
quency domain.

Chen et al. [10] developed a piezoresistive/piezoelec-
tric composite flexible sensor using CNT and ZnOnanowire
as piezoresistive and piezoelectric phases, respectively,
with polyvinyl alcohol as matrix, and verified its static
and dynamic sensing feature with wide frequency
responses. Sanati et al. [11] exploited a nanocomposite

sensor by incorporating CNT into polyvinylidene fluoride
matrix, which could achieve strain detection in a wide
frequency range (0–10 kHz) based on the integration of
piezoresistive and piezoelectric sensing mechanisms.
Although the aforementioned studies have achieved the
combination of piezoresistive and piezoelectric sensing
mechanisms, to the best of our knowledge, no scholars
have yet been found to use cement concrete as a matrix
to study the piezoresistive/piezoelectric compound sens-
ing performance of CNTCS and develop it as a structural
intrinsic sensor with wide frequency response.

As known, as a nanofiller, there are still great chal-
lenges in CNT dispersion among diversified matrix. The
large aspect ratio and surface energy of CNTmakes it easy
to entangle and agglomerate in aqueous system, and
poorly dispersed CNT will greatly affect the performance
of composite. On this account, only when CNT has a good
but stable dispersion in the cement matrix, an intrinsic
CNTCS sensor with superior sensitivity and self-moni-
toring capacity of concrete structure can be effectively
achieved when embedded or attached.

Here, based on the review of dispersion and disper-
sity characterization methods of CNT, the current experi-
mental results, numerical and physical model analysis,
and sensing mechanism discussions are analyzed from
the perspective of piezoresistive and piezoelectric sen-
sing performance of CNTCS, respectively. Hereafter, an
CNTCS intrinsic sensor is studied by detecting static/
dynamic signals simultaneously, and the electromecha-
nical sensing mechanism of CNTCS and a fundamental
concept of full frequency domain structure intrinsic mon-
itoring are clarified and established.

2 Dispersion of CNT in aqueous
system

2.1 CNT dispersion methods

Composites are multifunctional materials made of two or
more materials with different properties, which can be
regarded as two parts: matrix and functional phases. A
good dispersion of added phase in the matrix is a key
prerequisite to ensure the functionality of composites
[12]. Therefore, it is necessary to identify the practical
means of dispersion to ensure good dispersion of CNT
in the cement matrix to implement the functionality
of composites [13]. The current dispersion methods for
CNT mainly include mechanical stirring, ball milling,
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ultrasonic treatment, electric field induction, surfactant
treatment, strong acid oxidation, etc. [14].

Mechanical stirring and ball milling methods are both
mechanical dispersion, which achieve the dispersion and
homogenization of materials through external forces such
as shear and friction. Mechanical stirring can break up CNT
in the solvent initially, but the dispersivity is not good if
CNT and cement matrix are mixed directly [15,16]. Wan and
Huang [17] found that the ball milling of CNT using a low-
speed ball mill should be controlled with suitable time, too
long ball milling time will cause more agglomeration.
Ultrasonic treatment is the use of sparse combination of
vibration wave propagation to produce a large number of
micro bubbles in liquid medium. The change in frequency
causes the bubbles perturbed: some bubbles are com-
pressed to produce high temperature while others burst
to produce shock waves, that CNT can be well dispersed
in solution under the action of high temperature and shock
waves [18,19]. The action of DC or AC produces directional
electric field force, which makes CNT be along the direction
of electric field line directional arrangement to achieve the
effect of dispersion, namely, electric field induction method
[20]. Surfactant decoration is a non-covalent modification
method, in which the active agent can be adsorbed on the
CNT surface to reduce its surface energy and weaken the
inter-tubular adsorption that help it disperse better [21]. In
contrast, strong acid oxidation is a covalent modification
method, which opens the covalent bonds on the CNT sur-
face by strong acid modification and introduces functional
groups to improve hydrophilicity and dispersibility.

Many scholars have conducted research on CNT dis-
persion in aqueous systems, yet there is not much control
on the initial dispersion of water into the cement system.
In situ growth of CNT on cement or mineral admixture
particles may be a feasible idea [22]. Analyzing the rea-
sons that CNT is prone to agglomeration, three conditions
are necessary to achieve homogeneous dispersion: reduc-
tion of aspect ratio, weakening of inter-tube adsorption,
and stabilization of dispersion state [23]. All the above
proposed dispersion methods are difficult to meet the
three conditions alone, so the synergistic work of mul-
tiple methods needs to be considered. For example, a
weak oxidant such as Fenton can be combined with
ozone or UV irradiation treatment that covalently modi-
fies CNT to a certain extent, and then concrete superplas-
ticizer can be used as a surfactant to ensure the stability
of its dispersion in concrete associated with ultrasonic
treatment. The integrity of the electronic structure of CNT
can be guaranteed to the greatest extent in this way, which
can ensure the superior mechanical and electromechanical
sensing properties of CNT in the concrete system.

2.2 Evaluation of CNT dispersivity

The characterization methods for the dispersion of CNT
suspensions include incubate observation, high-speed
centrifugation, UV-Vis spectroscopy, Raman spectroscopy,
and so on [24]. Both the incubate observation and high-
speed centrifugation are used to initially evaluate the
dispersivity by duration of suspension delamination or
sedimentation time, which can also be used as a basis
for judging the stability of CNT suspensions [25]. UV-Vis
spectroscopy is based on the Lambert–Beer law, where
the absorbance of suspension at the specific wavelength
is proportional to the solute present alone in suspension
[26,27]. Jiang et al. [28] and Yu et al. [29] have also con-
firmed through experiments that the dispersion effect of
CNT at specific wavelength was related to the absor-
bance, as shown in Figure 1, and the longer ultrasonic
treatment time resulted in a better dispersion of CNT and
the corresponding absorbance was at a higher quantita-
tive value. Raman spectroscopy is a method that can
effectively identify the microstructure of nanocarbon-
based materials and be widely used to determine the
size and distribution of CNT [30,31]. The number of defects
on CNT can be determined by the intensity ratio of D-peak
to G-peak in spectrogram, and the concentration of CNT
can be further characterized by the adsorption of surface
reactive groups through thermal weight loss analysis [32].
Gong et al. [33] conducted an interesting study. They
established a 3D percolationmodel to quantitatively reflect
the effect of CNT agglomeration on the piezoresistive prop-
erties of the corresponding composite.

Figure 1: UV-Vis images of CNT suspensions under different ultra-
sonic treatment durations [29].
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The good dispersion and stability of CNT is still an
important factor limiting its popularization and applica-
tion. Poorly dispersed CNT will cause agglomeration and
entanglement in the cement matrix, which will affect the
workability, mechanical, electrical, and electromecha-
nical properties of cement paste. Consequently, the dis-
persion effect of CNT can also be evaluated by measuring
the aforementioned properties [34].

In addition, the in-scale blending process needs further
consideration in practical application. D’Alessandro et al.
have carried out the above work with preliminary results
[35]. According to the existing research results, on the basis
of certain functional modification of CNT surface, further
combination of non-covalent modification of concrete
superplasticizer and ultrasonic treatment of synergistic
dispersion technology can be used as an effective means
of industrial preparation of CNT dispersions.

3 Experimental study on
electromechanical sensing
performance of CNTCS

3.1 Piezoresistive behavior of CNTCS

The piezoresistive behavior refers to the phenomenon of
change in resistivity under external loading and can also
be defined as the relationship between resistivity and
stress/strain. On the basis of excellent mechanical and

electrical properties of CNT, the high sensitivity and
stable linearity of the piezoresistive properties of CNTCS
have been widely proven [36]. It is expected to be used as
an embedded piezoresistive sensor to detect the sub-
jected stress/strain of concrete structure in real time.
Luo et al. [37] synchronously collected the resistance
and stress/strain under the load of CNTCS based on
Wheatstone half-bridge connection (as shown in Figure 2)
and further identified the feasibility of CNTCS as an
intrinsic sensor from the perspectives of cost, reusa-
bility, and scalability.

In practical application, the piezoresistive behavior
of CNTCS for SHM should consider the influence of var-
ious factors, such as moisture content, load conditions,
CNT parameters (content, surface treatment), and hybrid
other conductive fillers.

3.1.1 Moisture content effect

The variation of moisture content of CNTCS is mainly
reflected in two aspects: water–cement ratio and ambient
humidity, which are the primary problems faced by CNTCS
applied in engineering structures. According to the existing
research results, the effect of moisture content on the piezo-
resistive performance of CNTCS is extremely obvious [38,39].

Cha et al. [40] tested the piezoresistive properties of
CNTCS specimens under different moisture conservation
and drying conditions, as shown in Figure 3. Compared to
the specimens without CNT doping in Figure 3(d), the
CNTCS specimens maintained in dry air have good piezo-
resistive properties (better correlation between resistance

Figure 2: Wheatstone-based data acquisition system: (a) piezoresistive testing of CNTCS and (b) Wheatstone half-bridge connection
principle (R1, R2 are the standard resistances) [37].
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and load), while the specimens maintained in a humid
environment did not have a significant piezoresistive
response. Although the specimen in Figure 3(c) was cured
under humid conditions, the piezoresistive response was
more obvious after being fully dried. Han et al. [41] studied
the effect of different moisture contents on the piezoresis-
tive performance of CNTCS. By comparing the initial resis-
tivity, resistance amplitude change, and piezoresistive
sensitivity of CNTCS with different moisture contents, it
was found that the conductivity of CNTCS increased with
the moisture content. However, the piezoresistive sensi-
tivity did not show a linear increase, but instead decreased
after the moisture content was greater than 3.3%, as
shown in Figure 4. In addition, other scholars such as
Kim et al. [42], Wang et al. [43], and Zhang et al. [44]
have also concluded that the effect of moisture content
on the piezoresistive properties and sensing stability of
CNTCS is extremely remarkable.

Certainly, the CNT incorporation can improve the
pore structure of cement matrix [45]. The moisture con-
tent will be reduced due to the decrease of porosity,
which will lead to the improvement of electrical conduc-
tivity of CNTCS specimens [46].

The influence of moisture content on the piezoresis-
tive response is mainly reflected in two aspects: one is
electrical conductivity, the internal moisture content of
the porous composite has a significant impact on its
initial resistivity, which in turn affects the piezoresistive

Figure 3: Piezoresistive response of CNTCS at different humidity: (a) dry curing – no drying – CNT, (b) wet curing – no drying – CNT, (c) wet
curing – drying – CNT, and (d) dry curing – no drying –without CNT [40].

Figure 4: Initial resistivity R0, maximum resistance amplitude
change f, and piezoresistive sensitivity k of CNTCS with different
water content [41].
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behavior of composite by increasing the polarization
effect. The second is the field emission effect between
the reinforcement nanotube end. The increase in moisture
content reduces the internal resistance of cement matrix,
which enhances the field emission effect between the
nanotube end and the electrical conductivity of composite
[47]. Besides, the tunneling barrier decreases when the
specimen is deformed by compressive load, resulting in
a high susceptibility to field emission-induced tunneling
effects. Therefore, the CNTCS composite exhibits high elec-
trical conductivity and piezoresistive behavior inside with
high moisture content. However, excessive moisture con-
tent leads to a significant decrease in resistivity, making
the composites to be also less sensitive to applied stress
[48].

3.1.2 Load condition effect

The load situation of the SHM with CNTCS is complex and
diverse, mainly including load amplitude, rate, and time,
which have great impact on the piezoresistive properties
of CNTCS.

Zhang et al. [49] found that the piezoresistive beha-
vior was more sensitive to the stress amplitude in the
elastic scope, and the resistivity change rate could reach
16.0, 22.1, and 25.4% for the stress amplitude of 6, 8, and
10 MPa, respectively, as shown in Figure 5. This is mainly
because the higher load amplitude produces larger defor-
mation of CNTCS specimens, and the spacing of functional
fillers became smaller that was more prone to tunneling
effect, which made the resistivity of CNTCS decrease and
the corresponding piezoresistive response wasmore obvious
accordingly. This was also confirmed by Han et al. [50] and
Wang et al. [51].

Wang et al. [51] studied the influence of different load
rates on the piezoresistive response. It was found that the
maximum resistance change of the CNTCS specimen
increased from 6 to 14% with the increase of load rate
from 50 to 500 N/s. Nevertheless, some scholars reported
that the load rates have limited effect on the piezoresis-
tive behavior of CNTCS, and there is divergent in the
effect of load rates. According to Han’s experimental
research, when the load rate was less than 0.20 cm/min,
the piezoresistive response was almost unaffected, but
it would have a significant effect on the piezoresistive
performance when the load rate exceeded 0.20 cm/min
[52].

CNTCS must serve for a long time as the embedded
sensor for SHM, so the fatigue and creep conditions of
CNTCS must be considered [53]. Kim et al. [54] estimated
the long-term resistivity of CNTCS by effective medium
theory and verified by experiments, all of which found
that the resistivity of the composite would gradually
increase with serving time in a dynamic change process.
As shown in Figure 6, the resistivities of different CNTCS
specimens over dynamic times have non-negligible gaps
between the theoretical estimation and experimental results.
Therefore, during the in-real service of CNTCS sensors, the
dynamic correction of resistivity with time should be con-
sidered [55].

As mentioned above, almost all load factors have
non-negligible influences on the piezoresistive responses
of CNTCS. The higher load amplitude gives the composite
a lower contact resistance, resulting in lower resistivity
and more pronounced piezoresistive response of CNTCS.
The impact on the piezoresistive performance gradually
increases after the load rate exceeds a certain limit. In
practical application, CNTCS for SHM should be served in

Figure 5: Change of resistivity of CNTCS with different load ampli-
tude [49].

Figure 6: Comparison of test data with predicted resistance and time
responses of CNTCS [54] (Ex. – test value; Pred. – predicted value;
N5F1-50 = 5 g CNT + 1 g CF + 50 g fine aggregate, the rests are
similar).
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the elastic deformation phase guaranteeing sufficient
strength, modulus, and durability of CNTCS.

3.1.3 Effect of CNT content and surface treatment
method

As a reinforcement, the influence of own factors of CNT
on the piezoresistive response of CNTCS is also extremely
significant, which mainly includes the CNT content and
its surface treatment methods.

The CNT content is one of the most direct factors
affecting the piezoresistive performance of CNTCS. Yu
and Kwon [56] compared the piezoresistive response of
specimens with CNT content of 0.06 and 0.1 wt%, respec-
tively, and found that superior piezoresistive sensitivity
could be obtained with 0.1 wt%. Han et al. [57] chose
0.05, 0.1, and 1.0 wt% CNT content for the piezoresistive
tests, and the CNTCS in all three levels showed stable and
regular compressive resistance responses. However, in
terms of the amplitude of resistance change under the
same compressive stress, the largest amplitude of CNTCS
occurred for 0.1 wt% CNT content, while the smallest
amplitude occurred for 1.0 wt%. This indirectly indicates
that the piezoresistive sensitivity of CNTCS does not
increase linearly with the CNT content. To date, the
explanation for this phenomenon is relatively unified
as follows: the resistance of CNTCS is mainly composed
of innate resistance of CNT and the contact resistance
between the nanotube end. Since the piezoresistive per-
formance of CNTCS is almost tested in elastic phase and
the deformation is small, the innate resistance of CNT can
be negligible. The spacing between the nanotube ends
distributed in the matrix is large when the CNT content
is low (0.05 wt%), and the contact resistance formed
between the nanotube ends is limited even under com-
pressive deformation. When the CNT content increases a
certain value (0.1 wt%), the contact spacing is effectively
reduced under compression deformation, the resistance
of CNTCS is reduced significantly since a large number of
CNTs form a contact resistance between the nanotube ends
that are prone to cause electrical tunneling. However,
when the CNT content continues to increase (1.0wt%), it
is difficult to increase the number of conducting contact
points even with compression deformation because there
already forms a stable conductive network with sufficient
CNT contacts in the matrix [58].

The high aspect ratios and the large van der Waals
forces on the surface of CNTs render them be very apt to
entangle and agglomerate. The surface treatment is an
effective means of dispersion in matrix which mainly

includes strong acid oxidation and surfactant modifica-
tion [59]. Li et al. [60] prepared CNTCS with acid-treated
CNT and compared its piezoresistive properties with unac-
idified specimens, and found that both could exhibit stable
piezoresistive properties, but the former had a higher
piezoresistive sensitivity. As observed by microstructure
that the acid-treated CNT was covered by C–S–H in the
matrix, there were fewer contact points. In contrast, the
untreated CNT with smooth surfaces had more obvious
contact points and agglomerates, as shown in Figure 7.
Yu and Kwon [56] compared two modification methods
of acidification and surfactant treatment and also con-
firmed that acidification treatment gave CNTCS a higher
piezoresistive response and signal-to-noise ratio, whereas
the surfactant would wrap on the surface of CNT and
hinder the contact between conductive CNT ends, thereby
affecting the piezoresistive response of CNTCS [61]. Besides,
Gao et al. [62] achieved uniform dispersion of CNT in
cement matrix by preparing CNT suspension and CNT sus-
pension coated sand, respectively, and compared the effects
of two treatments on the piezoresistive properties of CNTCS
accordingly, and found that the CNT suspension coated
sand mortar possessed superior stress sensitivity, linearity,
and stability. This indicates that the sandmedium can favor
CNT attached to form more tough and stable conductive
paths. Liu et al. [63] used nickel-coated CNT to achieve
it precisely aligned in a magnetic field, which brought out
the strain sensitivity of CNTCS reaching 993 when the CNT
content was 1.2 vol%.

3.1.4 Effect of CNT mixed with other conductive fillers

Some scholars have considered mixing CNT with other
conductive fillers to further improve the piezoresistive
response, sensitivity, stability, and linearity of composite.

Luo [64] investigated the piezoresistive performance
of CNTCS mixed with carbon fiber (CF) or carbon black
(CB). It was found that the hybrid CF did not have a
significant optimization effect on the piezoresistive perfor-
mance of CNTCS, while hybrid CB not only had superior
piezoresistive performance but also had a higher sensi-
tivity coefficient. The phenomenon was similarly corrobo-
rated by Zhang et al. [65] that maximum resistivity change
and stress/strain sensitivity coefficient of CNTCS doped
with 1.41 vol% CNT/CB can reach 13.4%, 3.21%/MPa, and
521, respectively. Qin [66] reported the case of mixed CF,
CB, and CNT, the composite hybrid with 0.2% CF/1.5%
CNT/1.0% CB could achieve a resistance change of 9.5%
enhancement compared to that of CNTCS, and the sensi-
tivity coefficient could reach 42. Liu et al. [67] blended 3D
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graphene–CNT into cement paste and tested that the
stress/strain sensitivity coefficients of the composites could
reach 2.3%/MPa and 291, respectively, with significantly
improved piezoresistive properties. Han et al. [68] prepared
CNT/nanocarbon black (NCB) composite fillers by electro-
static self-assembly technique, and their synergistic effect
significantly improved the piezoresistive response of CNTCS.
Zhang et al. [69] used electrostatic self-assembly method to
combine CNT with micron-scale TiO2 to develop CNTCS. It
was found that the maximum resistivity change and stress/
strain sensitivity coefficient of the CNTCS could reach 9.5%,
1.18%/MPa, and 317, respectively, which is attributed to the
excluded volume effect produced by the incorporation of
micron-scale TiO2 in CNTCS which increased the effective
content of CNT.

Hybrid mixing conductive microfibers or nanofillers
can improve the field emission effect of CNT and enhance
the tunneling conducting capability of leaping the barrier
[70]. Yet, mixing hydrophobic materials with large aspect
ratio or high surface energy into cement matrix at the
same time may substantially increase the possibility of
entanglement; therefore, we should consider varied com-
pounding materials with great mutual independence in
doping process and strong complementarity in function
[71]. In addition, allowing for the mixing between multiple

nanoscale materials, higher requirements of the dispersion
process are also put forward.

The content of CNT has an extremely significant effect
on the piezoresistive behavior of CNTCS. Besides the piezo-
resistive response, the sensitivity, stability, reversibility of
CNTCS should be paid attention, as well as to the electro-
lysis caused by ion conduction [72]. Although acidification
treatment is beneficial to the piezoresistive behavior, some
researchers believe that acidification treatment may jeo-
pardize the electronic structure of CNT [73], which is detri-
mental to its performance. Therefore, suitable dispersion
need to be selected, and the influence of innate properties
of CNT such as tube length and diameter on the piezo-
resistive behavior should be further carried out.

3.2 Piezoelectric behavior of CNTCS

The piezoelectric behavior means that the piezoelectric
medium is polarized by compressive strain, and opposite
bound charges will appear on its opposite surface, which
is called the positive piezoelectric effect [74]. The inverse
piezoelectric effect indicates that the piezoelectric medium
will be deformed when an electric field is applied along the
direction of piezoelectric medium polarization. Piezoelectric

Figure 7: SEM images of CNTCS: (a and b) arrows are the morphology of CNT after acidification and (c and d) arrows are the morphology of
untreated CNT [60].
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materials mainly include piezoelectric ceramic, piezoelec-
tric polymer, and piezoelectric composite material. Piezo-
electric ceramic has the advantages of high piezoelectric
strain constant (d33), dielectric constant, and electromecha-
nical coupling coefficient (K), but low piezoelectric voltage
constant (g33) and poor toughness leading to low durability;
piezoelectric polymer possesses higher g33 and superior
flexibility, but its d33 and K are on the low side. Piezoelectric
composite, which dopes piezoelectric ceramic component
within the matrix, can overcome the shortcomings of the
above two by varying the dosage to adjust the performance
of bulk composite [75]. Among them, polymer-based piezo-
electric composites still cannot solve the compatibility pro-
blems with concrete systems in terms of acoustic impe-
dance, deformation coordination, and interface bonding.
If piezoelectric composites are prepared using cement as a
matrix and embedded in concrete structures as sensors, it is
expected to realize piezoelectric intrinsic sensing of struc-
tures and solve the compatibility problem between sensors
and concrete structures. Li et al. [76] verified the feasibility
of PCM through experiments first. Zhang et al. [75] dis-
cussed three aspects of compatibility, composite prepara-
tion, polarization, and also concluded that the application
of PCM in SHM is reasonable.

However, 0-3 type PCM still suffers from the problem
of difficult polarization. The reason is the piezoelectric
particles are independent and discontinuous in cement
matrix, and the impedance of the matrix is much higher
than the piezoelectric functional phase. So even if the
applied polarization voltage is very high (100–200 kV/cm),
the electric field acting on piezoelectric particles is still low
and cannot generate a sufficiently high polarization voltage
(10–30 kV/cm). Blindly increasing the external polarization
voltage will cause changes in the microstructure of cement
system and even breakdown the materials [77]. An effective
solution is to introduce conductive phases such as CB [78,79]
and CNT [80] into the composite material to create conti-
nuity of electric flux between piezoelectric particles so that
the external polarization voltage can effectively act on the

piezoelectric ceramic particles and improve the bulk polari-
zation efficiency.

This section summarizes and analyzes the effect of
CNT content on piezoelectric performances of PCM, invol-
ving piezoelectric properties, dielectric properties, and
dielectric losses.

3.2.1 Effect of CNT content on piezoelectric strain
constant of PCM

Piezoelectric effect is the conversion capacity between
mechanical and electrical energy, which can be effec-
tively characterized by the most important parameter
d33 [81]. The addition of conductive CNT has a significant
improvement effect on d33. The incorporation of CNT
forms a conductive path in 0-3 type PCM, which helps
to form an effective polarization electric field on the
piezoelectric phase and improve the polarization effi-
ciency [82]. In addition, some scholars believe that the
doping of third-phase CNT creates a parallel resistance
within the bulk composite, which reduces the overall
resistance of the system and likewise increases the effec-
tiveness of polarization voltage [81]. Table 1 shows the
piezoelectric behavior results of 0-3 type PCM with varied
content of CNT (φCNT). CNT dosage can increase the d33 of
0-3 PCM up to about 60 pC/N. Zhang et al. [83] further
adjusted the polarization temperature, polarization vol-
tage, and polarization time, to render the d33 of 0-3-1 type
PCM to be as high as 122 pC/N.

Yet, the enhancement of piezoelectric behavior of
PCM dosage by CNT is limited, its d33 will show a decreasing
trendwhenφCNT exceeds a certain value, which is called the
percolation threshold (φc). The φc is related to CNT treat-
ment, substrate type, and even deformation [89]. The d33 of
composite is extremely sensitive when the CNT content is
close to φc, the composite becomes a conductor when φCNT

exceedsφc, and its piezoelectric phase will have difficulty in
polarization, so the d33 will be accordingly reduced.

Table 1: Piezoelectric properties of CNT enhanced PCM

Piezo phase φPiezo phase φCNT d33/(pC/N) Enhancement/% Authors

PZT 75.0 wt% 1.0 wt% 50.6 18.5 Luo et al. [84]
50.0 vol% 0.7 vol% 122.0 159.6 Zhang et al. [83]
70.0 vol% 0.3 vol% 62.0 41.0 Gong et al. [85]
34.1 wt% 0.6 vol% 13.0 420.0 Zhao et al. [86]
50.0 wt% 0.7 vol% 19.7 140.1 Kim et al. [87]

BNBK# 50.0 vol% 1.0 vol% 58 41.5 Potong et al. [88]

#BNBK is referred to as lead-free bismuth sodium titanate–bismuth potassium titanate–barium titanate.
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3.2.2 Effect of CNT content on relative dielectric
constant of PCM

The relative dielectric constant (εr) is defined as the per-
formance of medium’s ability to store charges, which can
comprehensively reflect the polarization behavior and
quality of the piezoelectric medium [90]. When the φCNT

is below and close to φc, the function of CNT is equivalent
to a micro-electronic storage layer, which induces charge
storage at the interface between CNT and PCM matrix [91].
This has significant improvement effect on the dielectric
properties of composite material and the relationship
between εr and φc is as follows:

/ =
−

−

ε ε
φ φ

φ
,

q

r m
c CNT

c
(1)

where εm is the dielectric constant of the substrate; q ≈ 1
[92].

As shown in equation (1), the lower φc of CNT has a
positive effect on the higher εr of composite material, as
also proved by experimental studies.

Wei [93] first synthesized nanoscale PZT powder by
optimizing the reaction time, calcination temperature, pH
value, and hereby prepared 0-3 type PCM dosing with
1.0 wt% CNT, whose εr reached 412. Gong et al. [94]
explored the influence of φCNT on the dielectric properties
of PCM on the basis of 70 vol% PZT content, the εr showed
a continuous upward trend up to more than 165 in the
φCNT range (0–1.3 vol%) with an increase of 38.78%, but
it was accompanied by an increase in dielectric loss. This
phenomenon was also observed by Zhao et al. and Kim
et al. in their experiments [86,87].

Some scholars argue that using chemical modifica-
tion to disperse CNT in PCM matrix will destroy its dielec-
tric properties. Higginbotham et al. [95] found that the εr
of the composite could be varied within a certain range
just by adjusting the ratio of pristine CNT to modified CNT

under constant φCNT, and higher εr could be achieved
with an increase in the ratio of pristine CNT.

There is an upper limit for the enhancement of εr by
CNT dosage, the dielectric loss phenomenon will occur
when φCNT ≥ φc, which is detrimental to the dielectric
properties of composite. Yao et al. [96] and Dang et al.
[97,98] obtained a high dielectric but low-loss material,
which has important engineering applications in the fields
of radiation protection and electromagnetic shielding if it
can be applied to concrete structure.

3.2.3 Effect of CNT content on dielectric loss factor
of PCM

The loss part during electrical energy transferring into
heat energy of piezoelectric particles in the electric field
is called the dielectric loss (tan δ). Piezoelectric particles
convert mechanical energy into electrical energy in the
polarized state and dissipate it in the form of thermal
energy through the conductive network formed by the
conductive network, exhibiting the piezoelectric damp
phenomenon [99]. Only a small portion of energy can
be consumed through intermolecular viscoelasticity and
interfacial friction between piezoelectric particles with a
low order of magnitude of tan δ if only rely on piezoelectric
particles [100]. However, existing conductive phase is a
crucial factor to realize energy dissipation and damping
reinforcement.

The lowerφc of CNT-doped PCM enhances piezoelectric
damp performance, because CNT can form a conductive
network at a lower content level, allowing the electrical
energy generated by the piezoelectric effect to be effec-
tively dissipated [101]. We have found in the related lit-
erature of CNT/PCM that tan δ increases slowly when
φCNT is low (as shown by the circle in Figure 8). But the
effect of φCNT on tan δ is intensified when exceeds a

Figure 8: The dielectric loss of CNT/PCM: (a) ref. [86], (b) ref. [87], and (c) ref. [94].
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certain threshold. This is due to the fact that CNT exists
independently in the matrix when φCNT is low, the polar-
ization charge cannot be converted into other energy con-
sumption, and the mechanical energy can only be con-
sumed through the friction at the interface between CNT
and other phases [102].

Polarization also has a certain effect on tan δ. Carponcin
et al. [103] compared the tan δ value of CNT-reinforced
piezoelectric composites before and after polarization and
found that the tan δ value of pre-polarized composites was
increased by about 20%. The polarization is more like an
“activation” process, ensuring the mechanoelectrical con-
duction mechanism of the piezoelectric phase. If the effect
of CNT-reinforced piezoelectric damping can be applied to
concrete structures, it will have profound engineering impli-
cations, just as the structural vibration reduction and energy
consumption.

In summary, the effects of CNT dosage on the piezo-
electric behavior of PCM are closely related to φc, espe-
cially d33, εr, and tan δ are extremely sensitive to changes
in φCNT when near φc. Then, the determination of φc is
rather vague at present because it is affected by various
factors such as piezoelectric phase, treatment method of
CNT, and aspect ratio of CNT. Furthermore, the current
research studies on the piezoelectric properties of CNT-
reinforced PCM have only focused on the variable of CNT
content and the influence of multiple factors such as the
bond interface between CNT and matrix, the coupling
effect with the piezoelectric phase need to be further
considered.

Subsequent works would focus on the effects of con-
crete shrinkage creep, temperature difference, durability
degradation, and other factors on piezoresistive and piezo-
electric properties of CNTCS allowing for its actual appli-
cation conditions.

4 Electromechanical sensing
efficiency model of CNTCS

Analytical models help to evaluate and predict material
properties. At present, the establishment of CNTCS piezo-
resistive model mainly includes physical and numerical
simulation, and there are four types of piezoelectric
models or methods: series-parallel model, variational
boundary method, analytical method, and finite element
method.

4.1 Piezoresistive sensing model

Wen and Chung [104] first proposed a piezoresistive the-
oretical model of carbon fiber-reinforced cement-based
composite (CF/CBC), which was based on the pulling-
in/out assumptions of CF within the matrix, and believed
that the good piezoresistive behavior of CF/CBC comes
from the half-lap behaviors between fibers. The spacing
between the half-lap fibers becomes smaller and tends to
full lap when composite material is compressed, and the
contact resistance decreases at this time showing the
piezoresistive behavior. When unloaded, the bridging
fibers are slightly pulled out, the inter-fiber spacing
increases, and the contact resistance springs back. In
the simulation process, the total resistance change rate
of the composite material is considered to be the weighted
sum of the resistance change rates in the x, y, z directions,
as shown in equation (2).

= + +R w R w R w RΔ Δ Δ Δ ,D
x x

D
y

D
z

D3 3
y
3

z
3 (2)

where ΔR3D is the total resistance change of the spe-
cimen, RΔ x

D3 , RΔ y
D3 , RΔ z

D3 are the resistance changes in
the x, y, z directions, respectively. wx, wy, wz are the
weighting factors that contribute to the total resistance
change in the x, y, z directions.

As a basic theoretical physical model, the abovemodel
has a good guide role in the piezoresistive sensing model
establishment of CNTCS. Seidel and Lagoudas [105] used a
composite column model as a representative volume unit
to establish a micromechanical model to simulate electron
leap behavior in the form of a continuous interfacial layer,
and the change of aspect ratio of representative volume
elements to simulate conductive network formation. The
simulation results show that the barrier width of the
energy and the aspect ratio of CNT have obvious effect
on the piezoresistive behavior. However, this model can
only qualitatively describe the piezoresistive behavior of
the composites. In order to carry out deeper quantitative
analysis, it is necessary to obtain more constitutive infor-
mation through nanoscale characterization. Sanati et al.
[11] took into account the non-uniformity of the composite
material when model established, randomly dispersed
CNT formed conductive paths in the matrix. The carriers
also chose the path from high to low potential according to
the probability, which could obtain resistivity of the net-
work by summing up the current and voltage at each node,
as shown in Figure 9. Furthermore, D’Alessandro et al.
[106] developed an equivalent circuit model to evaluate
the piezoresistive response of CNTCS, which took into
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account including the internal resistance, contact resis-
tance, and electrodeposition.

Wang and Ye [107] systematically analyzed the mecha-
nism and characteristics of piezoresistive behavior of CNT
composites with numerical simulation. The effective resis-
tive network of matrix was composed of the nanotube seg-
ment resistance RN and the tunneling junction resistance RJ,
but the simulation results revealed that RJ played a domi-
nant role in the conductive network and the resistivity
change was a net effect of the gap change. Based on the
above findings, the average gap variation (AJGV) was intro-
duced to quantitatively describe the piezoresistive behavior
of composites, and the effects of CNT parameters (CNT
conductivity σCNT, aspect ratio AR, diameter D), matrix
parameters (elastic modulus E, Poisson’s ratio v), and pre-
paration process (CNT orientation θ, φCNT) on AJDV were
quantitatively characterized by numerical model, and
found that D, v, θ, and φCNT played crucial roles in the
piezoresistive effect.

The piezoresistive model of CNTCS has been con-
structed based on numerical analysis with different fac-
tors. For example, Behnam and Ural [108] superimposed
several 2D nanotube layers to build a 3D model and
investigated the effects of the ratio of contact resistance
to tube resistance, density, length, and arrangement of
CNT on the resistivity of constructed model using the
Monte Carlo simulation method. Li et al. [109] used a
percolation model to investigate the influence of wave
patterns of CNT on the conductivity of composite mate-
rials and found that the electrical conductivity of wave-
shaped nanotube composites was much lower than that
of straight nanotube composites. Yang et al. [110] para-
metrized the bending and winding distribution of CNTs
and predicted the effective conductivity of CNTCS by
combining micromechanical models. In addition, numer-
ical models have been used to analyze the effects of nano-
tube orientation [111], geometry [112], waviness [113],
measurement orientation [114], and tunneling resistance

[115] on the resistivity and its variability under mechan-
ical strain. The change in volume fraction of CNT due to
specimen strain, CNT orientation during cement hydra-
tion, and tunneling resistance were the main constituents
of piezoresistive response [116].

Compared with the traditional physical model, numer-
ical model has realized the leap from qualitative to quan-
titative analysis. The piezoresistive behavior performance
and mechanism analysis of CNTCS can be more systematic
and objective by further combining with the supporting
experimental data. However, some assumptions made
during the numerical simulations are different from actual
situation, for example, assuming that CNT is a rigid,
straight cylinder, ignoring the corrugated and bent CNT
in matrix. The random distribution assumption ignores
the van der Waals forces between nanotubes and does
not consider the effects of overlap and agglomeration of
CNT. The nanotube contact resistance is considered to be
zero when the axis spacing of CNT is less than or equal to
the diameter, which is inconsistent with the experimen-
tally observed phenomenon. Therefore, a lot of research
studies are needed to realize the accurate construction and
quantitative analysis of piezoresistive model of CNTCS.

4.2 Piezoelectric sensing model

For multi-phase composite reinforcement materials, the
first series-parallel model regards the materials as the
composite of each phase material in series or parallel.
It is a relatively simple mixing rate rule with large
errors in prediction results. The second is the variational
boundary method represented by Hashin and Shtriman,
which can solve the upper and lower boundaries of effec-
tive properties for two-phase composites using mathema-
tical simulation equations [117,118]. Walpole [119] and
Willis [120] introduced higher-order functions to propose
an improved variational boundary method, which can be

Figure 9: Random walk model for calculating the resistivity of CNT networks [11].
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applied to multi-phase composites. The third is the ana-
lytical method, which is based on Eshelby’s theory and
can be used to predict multiphase composites with non-
homogeneous media and has a certain universality, but
there are problems of large number of parameters and
difficult to find solution. The last is the finite element
method, which compared to the analytical method can
be solved using direct numerical calculations, and the
process is relatively simplified [121].

García-Macías et al. [122] developed an equivalent
circuit model of the piezoelectric response for CNTCS.
Although it did not consider the intervention of piezo-
electric particles, they proposed the capacitive phenom-
enon caused by the dielectric properties, which was the
most significant feature of piezoelectric particles. The
sensing unit of this electromechanical model consisted
of contact resistance (Rip) and capacitance (Cgap) in par-
allel (as shown in Figure 10), and the strain of the sub-
strate caused changes in both. The authors have modeled
the above equivalent circuit using MATLAB software and
verified it experimentally. It was found that the model can
better represent the mechanical response under dynamic
loading.

Due to the difference in materials and acoustic impe-
dance of each functional phase and the matrix, there will
be a problem of interfacial transition zone (ITZ) at the
interface bond. The performance fault in ITZ is a key factor
affecting the effective performance of PCM [123,124]. Mod-
eling analysis is an effective means to quantify the para-
meters influencing the ITZ, while it is difficult to control
the performance index of each interface via experiment.
Wang et al. [125] developed a model with imperfect inter-
face using modified micromechanics, which enables the
continuity of strain and potential at the interface. Wang
[126] considered the weak bonding between piezoelectric
phases and cement matrix and modified the traditional
fine mechanics model according to the generalized spring

interface model. The simulation results found that the
effect of weak interface can be ignored when the volume
fraction of piezoelectric phase is lower than 20%, but
the presence of weak interface will significantly reduce
the electromechanical coupling performance of composite
when the volume fraction is higher. In fact, both CNT and
piezoelectric phase surfaces will have weak bond with the
matrix leading to non-perfect interfaces, and the resulting
displacement discontinuities and modulus discontinuities
have significant perturbations on the properties and struc-
ture of composite [127,128].

In a further review, we found that numerical mod-
eling analysis for more precise piezoelectric effective per-
formance of CNT-enhanced PCM is missing. More often,
the polymer-based matrix [129–133]. Related studies have
been carried out extensively and intensively, which have
certain reference significance for the analytical model
build of PCM.

5 Electromechanical sensing
mechanism of CNTCS

Mechanism analysis helps explain the macroscopic per-
formance of materials. The piezoresistive and piezoelec-
tric performance mechanisms of CNTCS are summarized
and analyzed to lay a theoretical foundation for the estab-
lishment of CNTCS electromechanical sensing mechanism.

5.1 Piezoresistive mechanism analysis

The piezoresistive behavior can be simply understood as
the behavior of resistivity changes under load which
is a conductive property. As a functional filler, CNT is

Figure 10: Microscopic model diagram of CNTCS composed of resistors and capacitors in parallel [122].
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incorporated to improve the conductivity of cement matrix
to give it piezoresistive characteristics. There are currently
three main mechanisms for explaining this phenomenon:
percolation theory, field emission effect, and effective
medium theory.

5.1.1 Percolation theory

Percolation theory can be explained by the formation of
conductive paths [134]. When the content of conductive
phase in the matrix increases and exceeds a certain
threshold, a stable conductive path (network) will be
formed in the matrix, which can be depended for the
migration of carriers, and the resistivity of composite
material is greatly reduced, at which time the volume
fraction of conductive phase is φc [135]. Predictions were
made very early on using Monte Carlo statistics, and it was
found that the φc of CNT in the cement matrix was about
1.0 vol% [136,137] or fluctuating around this [138]. The φc

depends on many factors including conductive phase
itself, the nature of substrate material, and its distribution
in the substrate. Han et al. [139] concluded that the φc was
strongly influenced by geometry of conducting phase that
small dimensions and high aspect ratios of CNT were con-
ducive to reduce theφc of CNTCS, especially the aspect ratio.

When the content of CNT exceeds φc, a stable three-
dimensional contact network structure is formed in matrix
(Figure 11). Most of the CNTs have overlapped each other
or the space is close enough to tunnel before loading, and
the resistivity of CNTCS is relatively stable and not sensi-
tive to changes in loading [140]. There exists a certain
piezoresistive behavior while CNTCS is under external
loading, but the maximum resistance change rate is not
large with relatively low piezoresistive sensitivity.

Percolation theory can explain the piezoresistive beha-
vior and the sudden change of resistivity near φc according

to the formation of conductive paths. It is believed that
conductive particles can only be in contact with each other
to produce conductivity, but percolation theory cannot
explain the phenomenon that discontinuous conductive
particles in some media still give the composite material
conductive or piezoresistive behavior.

5.1.2 Field emission effect

CNT has a unique field emission effect that can cause
quantum tunneling phenomenon [141], which gives a
better explanation for the presence of electrical conduc-
tivity of some uncontacted conducting particles. The theory
believes that there is a potential energy barrier between
uncontacted conduct particles, and some electrons will
overcome the potential energy barrier and undergo a direc-
tional transition if there is a potential energy difference and
the space is small, which leads to the conductive phenom-
enon when conductive particles not lap each other or the
gap is close to 1 nm [142]. Hu et al. [143] combined the 3D
resistance network model and 3D fiber reorientation model
to simulate the resistance variation and field emission effect
of composite material, and combined with the SEM to pro-
vide a more visual representation, as shown in Figure 12.
After verification by experiments, it was concluded that
tunneling effect caused by field emission effect is the
main conduct mechanismwhen the content of CNT is below
and close to φc. Simmons [144] proposed an equation for
the tunneling effect,

[ ( ) ]( ) [ ( ) ( ) ]= / / − // /J mφ S e h V πS h mφ3 2 2 exp 4 2 ,1 2 2 1 2 (3)

where J is the current density; φ is the gap barrier; S is the
gap width; m is the single electron mass; e is the single
electron charge; and h is the Planck constant.

From equation (3), it can be seen that tunneling cur-
rent density J is the exponential row of gap width S.

Figure 11: 3D contact network diagram of CNT in cement matrix [140].
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Therefore, it can be considered that a smaller gap width is
necessary for the tunneling effect to occur. Lutwyche and
Wada [145] suggested that the tunneling effect of CNT in
matrix could only occur if the gap distance reached the
nanoscale.

Han et al. [139] believed that the tunneling current
caused by the field emission effect of CNT has limited
improvement in the conductivity of composite compared
to the contact conductivity, but has a significant enhance-
ment of the piezoresistive properties. This is mainly due to
the fact that the particle gap is too large for field emission
effect to occur when the conductive filler concentration is
low. If the composite material is compressed and deformed,
the particle gap decreases to the nanometer scale, the tun-
neling effect is significantly enhanced, and the resistivity
is significantly reduced, showing a strong piezoresistive
response.

5.1.3 Effective medium theory

Both cement matrix and the corresponding composites
are essentially non-uniform media with defects, and the
effective medium theory is to consider each particle in
the non-uniform composite as an effective medium with
the same conductivity, which explains the conductive
behavior in discontinuously distributed system. Effective

medium theory can be divided into two types: Bruggeman
uniform effective medium and nonuniform effective
medium [146].

Effective medium theory can better simplify the ana-
lysis model of composite conductivity, but the applica-
tion is based on the premise that the conductive particles
in any range can be completely filled with a certain defined
medium, which requires the conductive particles in matrix
meet at least three requirements: (a) wide enough distri-
bution; (b) sufficient numbers; (c) small enough size.
Actually, it is difficult to fill all of the above requirements
in practice [147]. Therefore, the effective medium theory has
certainerrorsanddefects in theapplicationofbinary system.

The three aforementioned theories are widely used in
analyzing the piezoresistive behavior of CNTCS, and the
actual simulation process should not be analyzed by
single theory alone, but be comprehensively considered
and interconnected. Effective medium theory can homo-
genize the discontinuous and heterogeneous medium,
which can better link the microstructure and macroscopic
properties of composite materials [148]. This model sim-
plification process can be well combined with percolation
theory and field emission effects. The percolation and
field emission effect are continuous transition processes
and constitute the main mechanism of piezoresistive
response of CNTCS [149], as demonstrated in Figure 13.
When the conductive phase content is low, the gap

Figure 12: Schematic diagram of CNTCS tunneling effect (J stands for tunneling current): (a) SEM image of possible CNT tunneling and (b)
tunneling model diagram [143].
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between conductive particles is large and no tunneling
effect occurs without overlap (Figure 13(a)); the conduc-
tive phase content increases which leads to the spacing of
conductive particle to be smaller, although not lapped but
the field emission effect can break through the barrier and
undergo transitions, the resistivity is reduced (Figure 13(b)).
If the conductive phase content reaches near the percola-
tion threshold, a conductive pathway will form and a
sudden change in resistivity occurs, but it does not mean
that the tunneling effect does not exist (Figure 13(c)). The
conductive phase content continues to increase, where the
resistivity comes to plateaus (Figure 13(d and e)).

5.2 Piezoelectric mechanism analysis

CNTmostly appears in PCM as piezoelectric enhancement
phases, and the piezoelectric behavior of the composite

is closely related to φc. Therefore, the enhancement
mechanism of piezoelectric behavior by CNT/PCM can
still be explained by the percolation theory.

To ensure the efficient realization of piezoelectric
behavior, a sufficient effective polarization electric field
is required to act on the piezoelectric phase. But cement
matrix is almost insulated and the piezoelectric phase is
isolated and cannot be effectively polarized. The low φCNT

can build part of the conductive path in cement matrix
(as shown in Figure 14), which reduces the resistance of
matrix while greatly improving the efficiency of polar-
izing electric field. Some results showed that CNT doping
could reduce the polarization voltage of PCM by about
50% [81]. The increase in polarization efficiency leads to
effective activation of the piezoelectric activity of piezo-
electric phase, and the composite exhibits a more efficient
electromechanical conversion efficiency, with a conse-
quent increase in d33. Meanwhile, the incorporation of
CNT will create a new interface in the three-phase system,
and the conductive layer can act as an electronic micro-
reservoir on the basis of increasing the polarization effi-
ciency and inducing the generation of dipoles, inducing
charge storage at the CNT–substrate interface and causing
the enhancement of dielectric properties. However, all
above are based on the premise that φCNT < φc. The con-
ductive network of the composite material is completely
formed when φCNT exceeds φc, where a large amount of
leakage current and dielectric loss will occur, which will
have an extremely negative impact on the piezoelectric
and dielectric properties.

Lower φc achieved by CNT conducting effect makes it
have wide application prospects in piezoelectric damping
materials. On the basis of improving the piezoelectric and
dielectric properties of CNT, there must be dielectric loss
due to the formation of conductive paths. The conductive
network is completely formed when φCNT reaches φc, the
piezoelectric composite material will convert the mechanical

Figure 13: Schematic diagram of resistivity change with varied
conductive phase doping [135].

Figure 14: Conductive pathway constructed by CNT nanofibers in PCM matrix (yellow arrows are CNT): (a) bridging fibers between cracks;
(b) pull-out fibers from PCM matrix (yellow arrows are CNT) [85].
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energy bearing into electric energy, in addition to leakage
current and dielectric loss at this time, the electric energy
will be dissipated by transforming into heat energy through
the conductive network, achieving the energy dissipation of
mechanical–electricity–heat transformation, and the damping
reinforcement effect [150].

Although the percolation theory can give a systematic
explanation of the enhancement mechanism of CNT
affecting the three piezoelectric performance parameters
of d33, εr, and tan δ, the theory cannot explain the effect
of electron jumping behavior on the piezoelectric perfor-
manceother than the conductingpathway.WhenφCNT<φc,
a CNT piezoelectric enhancement mechanism with tun-
neling effect as the main effect and percolation theory as
a supplement should be considered. Finally, the percola-
tion theory enhanced CNT piezoelectric effect should be
considered when φCNT ≥ φc.

The enhanced electromechanical sensing performance
of CNTCS mainly relies on the construction of CNT con-
ductive network. The distributed conductive fibers forms
composed by field emission or contact mechanism will
vary with the CNT spacing, accordingly the CNTCS exhibits
piezoresistive properties. The formation of conductive
networks improves the polarization efficiency of piezo-
electric particles and enhances the piezoelectric pro-
perties of PCM. Hence, the enhancement mechanisms
of CNT on the piezoresistive and piezoelectric sensing
properties of PCM are interlinked.

We should focus on the enhancement mechanism of
CNT on the piezoresistive and piezoelectric properties of
CNTCS to lay the electromechanical sensing mechanism
of the CNTCS and establish a unified accurate quantita-
tive analysis model as a basis for the development of
piezoresistive/piezoelectric CNTCS, which can improve
the compatibility of intelligent structures with environ-
mental signals. At the same time, multi-scale research
and analysis of CNTCS should be considered to establish
cross-scale analysis mechanisms to promote the in-scale
application of CNTCS.

6 Conclusions

Based on the characteristics of CNT, this article sum-
marizes and analyzes some of the existing research results
from the following three aspects: experimental study,
model analysis, and mechanism discussion for the electro-
mechanical (piezoresistive/piezoelectric) sensing effect
of CNT-reinforced composites, which draw the following
conclusions:

(1) The dispersion of CNT in aqueous system is still a
major challenge limiting its application. According
to the available research results, CNT is first weakly
covalently modified and then combined with surfac-
tant ultrasonic dispersion treatment it seems to be
the optimal choice; UV-Vis spectroscopic analysis is
an effective means to rapidly and quantitatively char-
acterize the effect of CNT dispersion.

(2) Regarding the piezoresistive behavior of CNTCS,moisture
content, load conditions, CNT content, surface treatment
methods, and the effect of CNTmixed with other conduc-
tive fillers are focused on. The research results proved
that the aforementioned factors had significant impacts
on the piezoresistive behaviors. Incorporation of CNT will
have a significant impact on the piezoelectric, dielectric,
and dielectric loss properties of piezoelectric composite,
especially when φCNT is closely related to φc.

(3) The enhancement mechanism of CNT on the piezo-
resistive and piezoelectric properties of CNTCS is ana-
lyzed and discussed by model building and mechanism
discussion, respectively. For the establishment of the
piezoresistive model there are mainly two methods:
physical simulation and numerical simulation. The
numerical model has achieved a leap from qualitative
to quantitative analysis. As yet, there are limited studies
on the prediction and evaluation models for the
effective performance of CNT-reinforced PCM, and the
available studies are not sufficient to establish a full-
framework performance evaluation system. However,
model analysis is still an effective tool for studying
multifunctional composites that related studies need
to be carried out in depth. Percolation theory, field
emission effect, and effective medium theory can be
usedas complementarymechanisms to effectively inter-
pret the piezoresistive response mechanism of CNTCS
under different φCNT. The enhancement mechanism of
piezoelectric behavior of CNTCS by CNT as a piezoelec-
tric enhancementphasecanbeexplainedbypercolation
theory, but the current discussion of this enhancement
mechanism isnot comprehensive enoughandother the-
ories need to be further considered.

(4) This article can be used as a reference review model
for CNTCS, which has theoretical support significance.

Acknowledgments: The authors would like to acknowl-
edge all the members of Mr. Jianlin Luo's team for their
advice and assistance.

Funding information: This work has been supported by
the NSFC-Shandong Province Joint Key Project (Grant

Reviews on piezoresistive/piezoelectric properties and mechanism of CNTCS  1889



No. U2006223), National Natural Science Foundation of
China (Grant No. 51878364 and 51978353), Natural Science
Foundation of ShandongProvince (GrantNo. ZR2018MEE043),
Key Technology Research and Development Program of
Shandong Province (Public welfare type) (Grant No.
2019GSF110008), the National “111” project, and Peak
Discipline project funded by Shandong Province.

Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and
approved its submission.

Conflict of interest: The authors declared that they have
no conflicts of interest to this work.

References

[1] Zhan MM, Pan GH, Zhou FF, Mi RJ, Shah SP. In situ-grown
carbon nanotubes enhanced cement-based materials with
multifunctionality. Cem Conc Compos. 2020;108:103518.

[2] Liu QL, Li HC, Peng YJ, Dong XB. Nanomechanical properties
of multi-wall carbon nanotubes/cementitious composites.
Acta Mater Compos Sin. 2020;37(4):952–61 (In Chinese).

[3] Power AC, Gorey B, Chandra S, Chapman J. Carbon nano-
materials and their application to electrochemical sensors:
a review. Nanotechnol Rev. 2018;7:19–41.

[4] Dong WK, Li WG, Wang KJ, Han BG, Sheng DC, Shah SP.
Investigation on physicochemical and piezoresistive prop-
erties of smart MWCNT/cementitious composite exposed to
elevated temperatures. Cem Concr Compos.
2020;112:103675–87.

[5] Du MR, Jing HW, Gao Y, Su HJ, Fang HY. Carbon nanomaterials
enhanced cement-based composites: advances and chal-
lenges. Nanotechnol Rev. 2020;9:115–35.

[6] Ubertini F, Materazzi AL, D’Alessandro A, Laflamme S. Natural
frequencies identification of a reinforced concrete beam
using carbon nanotube cement-based sensors. Eng Struct.
2014;60:265–75.

[7] Metaxa ZS, Pasiou ED, Dakanali I, Stavrakas I, Triantis D,
Kourkoulis SK. Carbon nanotube reinforced mortar as a
sensor to monitor the structural integrity of restored marble
epistyles under shear. Procedia Struct Integr.
2016;2:2833–40.

[8] Tareen N, Kim J, Kim WK, Park S. Fuzzy logic-based and
nondestructive concrete strength evaluation using modified
carbon nanotubes as a hybrid PZT-CNT sensor. Materials.
2021;14(11):2953.

[9] Zhang JR, Lu YY, Lu ZY, Liu C, Sun GX, Li ZJ. A new smart traffic
monitoring method using embedded cement-based piezo-
electric sensors. Smart Mater Struct. 2015;24(2):025023.

[10] Chen SC, Luo JL, Wang XL, Li QY, Zhou LC, Liu C, et al.
Fabrication and piezoresistive/piezoelectric sensing charac-
teristics of carbon nanotube/PVA/nano-ZnO flexible compo-
site. Sci Rep. 2020;10:8895.

[11] Sanati M, Sandwell A, Mostaghimi H, Park S. Development of
nanocomposite-based strain sensor with piezoelectric and
piezoresistive properties. Sensors. 2018;18(11):3789.

[12] Han BG, Yu X, Ou JP. Self-sensing concrete in smart struc-
tures. Oxford: Butterworth-Heinemann; 2014.

[13] Reales OAM, Filho RDT. A review on the chemical, mechanical
and microstructural characterization of carbon nanotubes-
cement based composites. Constr Build Mater.
2017;154:697–710.

[14] Zhu P, Deng GH, Shao XD. Review on dispersion methods of
carbon nanotubes in cement-based composites. Mater Rep.
2018;32(1):149–58 + 66 (In Chinese).

[15] Parveen S, Rana S, Fangueiro R. A review on nanomaterial
dispersion, microstructure, and mechanical properties of
carbon nanotube and nanofiber reinforced cementitious
composites. J Nanomater. 2013;2013:710175.

[16] Nochaiya T, Chaipanich A. Behavior of multi-walled carbon
nanotubes on the porosity and microstructure of cement-
based materials. Appl Surf Sci. 2011;257(6):1941–5.

[17] Wan M, Huang XT. Study on the effect of low velocity ball
milling on the characteristics of multi-wall carbon nano-
tubes. Carbon Tech. 2005;24(3):20–3 (In Chinese).

[18] Mo RY, Lin SY, Wang CH. Methods of study on sound cavi-
tation. Appl Acoust. 2009;28(5):389–400 (In Chinese).

[19] Ma PC, Siddiqui NA, Marom G, Kim JK. Dispersion and func-
tionalization of carbon nanotubes for polymer-based nano-
composites: a review. Compos Part A-Appl Sci Manuf.
2010;41(10):1345–67.

[20] Zhang C, Zhu YF, Shi L, Liang J. Influence of AC electric field
on dispersion of carbon nanotubes in liquids. J Dispers Sci
Technol. 2006;27:935–40.

[21] Luo F, Hu T, Li PH, Yang YH, Gong XH, Wu CG. Advances in
dispersion technologies of carbon nanotubes and its com-
posites with polymer and cadmium sulfide. Mater Chin.
2018;37(4):288–96 (In Chinese).

[22] Sun SW, Yu X, Han BG, Ou JP. In situ growth of carbon
nanotubes/carbon nanofibers on cement/mineral admixture
particles: a review. Constr Build Mater. 2013;49(6):835–40.

[23] Wu XW, Xiao JZ, Xia F, Hu YG, Peng Z. Dispersion methods and
dispersion mechanism of carbon nanotubes. Mater Rep.
2011;25(9):16–9 (In Chinese).

[24] Danoglidis PA, Konsta-Gdoutos MS, Shah SP. Relationship
between the carbon nanotube dispersion state, electroche-
mical impedance and capacitance and mechanical properties
of percolative nanoreinforced OPC mortars. Carbon.
2019;145:218–28.

[25] Krause B, Mende M, Pötschke P, Petzold G. Dispersibility and
particle size distribution of CNTs in an aqueous surfactant
dispersion as a function of ultrasonic treatment time.
Carbon. 2010;48(10):2746–54.

[26] Li D. Surface modification of carbon fibers with carbon nano-
tubes prepared by in-situ grown method. (Graduate disserta-
tion). Xi An University of Architecture and Technology; 2014
(In Chinese).

[27] Rausch J, Zhuang RC, Mäder E. Surfactant assisted disper-
sion of functionalized multi-walled carbon nanotubes in
aqueous media. Compos Part A-Appl S. 2010;41(9):1038–46.

[28] Jiang LQ, Gao L, Sun J. Production of aqueous colloidal dis-
persions of carbon nanotubes. Colloid Interface Sci.
2003;260(1):89–94.

1890  Fei Teng et al.



[29] Yu JR, Grossiord N, Koning CE, Loos J. Controlling the dis-
persion of multi-wall carbon nanotubes in aqueous surfac-
tant solution. Carbon. 2007;45(3):618–23.

[30] Gao Y, Li LY, Tan PH, Liu LQ, Zhang Z. Application of Raman
spectroscopy in carbon nanotube-based polymer compo-
sites. Chin Sci Bull. 2010;55(35):3978–88.

[31] Ferro G, Tulliani JM, Lopez A, Jagdale P. New cementitious
composite building material with enhanced toughness.
Theor Appl Fract Mech. 2015;76:67–74.

[32] Scheibe B, Borowiak-Palen E, Kalenczuk RJ. Oxidation and
reduction of multiwalled carbon nanotubes-preparation and
characterization. Mater Charact. 2010;61(2):195–91.

[33] Gong S, Zhu ZH, Meguid SA. Carbon nanotube agglomeration
effect on piezoresistivity of polymer nanocomposites.
Polymer. 2014;55(21):5488–99.

[34] Konsta-gdoutos MS, Metaxa ZS, Shah SP. Highly dispersed
carbon nanotube reinforced cement based materials. Cem
Concr Res. 2010;40(7):1052–9.

[35] D’Alessandro A, Rallini M, Ubertini F, Materazzi AL, Kenny JM.
Investigations on scalable fabrication procedures for self-
sensing carbon nanotube cement-matrix composites for SHM
applications. Cem Concr Compos. 2016;65:200–13.

[36] Bezzon VDN, Montanheiro TLA, Menezes BD, Ribas RG,
Righetti VAN, Rodrigues KF, et al. Carbon nanostructure-
based sensors: A brief review on recent advances. Adv Mater
Sci Eng. 2019;2019:1–21.

[37] Luo JL, Zhang CW, Duan ZD, Wang BL, Li QY, Chuang KL, et al.
Influences of multi-walled carbon nanotube(MCNT) fraction,
moisture, stress/strain level on the electrical properties of MCNT
cement-based composites. Sens Actuators A. 2018;280:413–21.

[38] Ma XP. Piezoresistivity of carbon nanotubes-cement com-
posite. (Graduate dissertation). Shandong University; 2013
(In Chinese).

[39] Kim HK. Chloride penetration monitoring in reinforced con-
crete structure using carbon nanotube/cement composite.
Constr Build Mater. 2015;96:29–36.

[40] Cha SW, Song C, Cho YH, Choi S. Piezoresistive properties of
CNT reinforced cementitious composites. Mater Res Innov.
2014;18(S2):716–21.

[41] Han BG, Yu X, Ou JP. Effect of water content on the piezo-
resistivity of MWNT/cement composites. J Mater Sci.
2010;45(14):3714–9.

[42] Kim HK, Park IS, Lee HK. Improved piezoresistive sensitivity
and stability of CNT/cement mortar composites with low
water–binder ratio. Compos Struct. 2014;116:713–9.

[43] Wang YF, Zhao XH, Li GY. Influence of dry/wet state variation
on piezoresistivity of multi-walled carbon nanotube reinforced
cement mortar. Mater Rep. 2017;31(24):20–5 (In Chinese).

[44] Zhang LQ, Ding SQ, Han BG, Yu X, Ni YQ. Effect of water
content on the piezoresistive property of smart cement-
based materials with carbon nanotube/nanocarbon black
composite filler. Compos Part A-Appl S. 2019;119:8–20.

[45] Li GY, Wang PM, Zhao XH. Mechanical behavior and micro-
structure of cement composites incorporating surface-
treated multi-walled carbon nanotubes. Carbon.
2005;43(6):1239–45.

[46] Jang SH, Hochstein DP, Kawashima S, Yin HM. Experiments
and micromechanical modeling of electrical conductivity of
carbon nanotube/cement composites with moisture. Cem
Concr Compos. 2017;77:49–59.

[47] Grujicic M, Gao G, Gresten B. Enhancement of field emission
in carbon nanotubes through adsorption of polar molecules.
Appl Surf Sci. 2003;206(1–4):167–77.

[48] Mao QZ, Zhao BY, Shen DR, Li ZQ. Resistance changement of
compression sensible cement specimen under different
stresses. J Wuhan Univ Tech-Mater Sci. 1996;11(3):41–5.

[49] Zhang LQ, Han BG, Ouyang J, Yu X, Sun SW, Ou JP.
Multifunctionality of cement based composite with electro-
static self-assembled CNT/NCB composite filler. Arch Civ &
Mech Eng. 2017;17(2):354–64.

[50] Han BG, Ding SQ, Yu X. Intrinsic self-sensing concrete and
structures: A review. Measurement. 2015;59:110–28.

[51] Wang Q, Wang J, Liu BW, Lv CX, Dong YC. Stress-sensing
performance of MWCNTs cement composites. Bull Chin.
Ceram Soc. 2016;35(9):2733–40 (In Chinese).

[52] Han BG, Yu X, Zhang K, Kwon E, Ou JP. Sensing properties of
CNT-filled cement-based stress sensors. J Civ Struct Health
Monit. 2011;1(1–2):17–24.

[53] Han BG, Zhang LQ, Ou JP. Smart and multifunctional concrete
toward sustainable infrastructures. Singapore:
Springer; 2017.

[54] Kim GM, Yang BJ, Yoon HN, Lee HK. Synergistic effects of
carbon nanotubes and carbon fibers on heat generation and
electrical characteristics of cementitious composites.
Carbon. 2018;134:283–92.

[55] Qin L, Ruan PZ, Tang YX, Wang WN, Li QL. Research progress
on influencing factors on electrical conductive properties of
carbon nanotubes-reinforced cement based composite
materials. J Chin Ceram Soc. 2021;49(2):411–9 (In Chinese).

[56] Yu X, Kwon E. A carbon nanotube/cement composite with
piezoresistive properties. Smart Mate Struct. 2009;18(5):55010.

[57] Han BG, Yu X, Kwon E, Ou JP. Effects of CNT concentration
level and water/cement ratio on the piezoresistivity of
CNT/cement. J Compos Mater. 2012;46(1):19–25.

[58] Camilli L, Passacantando M. Advances on sensors based on
carbon nanotubes. Chemosensors. 2018;6(4):62.

[59] Wang BM, Deng S, Han Y. Effect of surface-modified carbon
nanotubes on intrinsic properties and microstructures of
cement composites. J Nanosci Nanotechnol.
2018;18:8186–94.

[60] Li GY, Wang PM, Zhao X. Pressure-sensitive properties and
microstructure of carbon nanotube reinforced cement com-
posites. Cem Concr Compos. 2007;29(5):377–82.

[61] Li YC, Li RF, Fu XW, Wang Y, Zhong WH. A bio-surfactant for
defect control: Multifunctional gelatin coated MWCNTs for
conductive epoxy nanocomposites. Compos Sci Technol.
2018;159:216–24.

[62] Gao S, Luo JL, Zhang JG, Teng F, Liu C, Feng C, et al.
Preparation and piezoresistivity of carbon nanotube-coated
sand reinforced cement mortar. Nanotechnol Rev.
2020;9(1):1445–55.

[63] Liu LY, Xu JX, Yin TJ, Wang Y, Chu HQ. Improved conductivity
and piezoresistive properties of Ni-CNTs cement-based
composites under magnetic field. Cem Concr Compos.
2021;121:104089.

[64] Luo JL. Fabrication and functional properties of multi-walled
carbon nanotube/cement composites. (Graduate disserta-
tion). Harbin Institute of Technology; 2009 (In Chinese).

[65] Zhang LQ, Ding SQ, Li LW, Dong SF, Wang DN, Yu X, et al.
Effect of characteristics of assembly unit of CNT/NCB

Reviews on piezoresistive/piezoelectric properties and mechanism of CNTCS  1891



composite fillers on properties of smart cement-based
materials. Compos Part A-Appl S. 2018;109:303–20.

[66] Qin RJ. Research on conductivity, pressure-sensitivity and
electrothermal of multi-scale carbon-based cementitious
composites. (Graduate dissertation). Harbin Institute of
Technology; 2014 (In Chinese).

[67] Liu JT, Huang CW, Yang Y, Cai QN. Piezoresistivity of three
dimensional graphene-carbon nanotubes/cement paste.
Acta Mater Compos Sin. 2021. (Network priority publishing
2021-03-31) (in Chinese). doi: 10.13801/j.cnki.fhclxb.
20210331.001.

[68] Han BG, Zhang LQ, Sun SW, Yu X, Dong XF, Wu TJ, et al.
Electrostatic self-assembled carbon nanotube/nano carbon
black composite fillers reinforced cement-based materials
with multifunctionality. Compos Part A-Appl S.
2015;79:103–15.

[69] Zhang LQ, Zheng QF, Dong XF, Yu X, Wang YL, Han BG.
Tailoring sensing properties of smart cementitious compo-
sites based on excluded volume theory and electrostatic self-
assembly. Constr Build Mater. 2020;265:119452.

[70] Dong SF, Zhang W, Wang DN, Wang XY, Han BG. Modifying
self-sensing cement-based composites through multiscale
composition. Meas Sci Technol. 2021;32(7):074002.

[71] Han BG, Ding SQ, Wang JL, Ou JP. Nano-engineered cemen-
titious composites: principles and practices. Singapore:
Springer; 2019.

[72] Han BG, Zhang K, Yu X, Kwon E, Ou JP. Electrical character-
istics and pressure-sensitive response measurements of
carboxyl MWNT/cement composites. Cem Concr Compos.
2012;34(6):794–800.

[73] Mei L. Study on carbon nanotube/carbon fiber multi-scale
structure and it’s interfacial reinforcing effect. (Graduate
dissertation). Harbin Institute of Technology; 2010
(In Chinese).

[74] Wansom S, Kidner NJ, Woo LY, Mason TO. AC-impedance
response of multi-walled carbon nanotube/cement compo-
sites. Cem Concr Compos. 2006;28(6):509–19.

[75] Zhang D, Wu KR, Li ZJ. Feasibility study of cement based
piezoelectric smart composites. J Build Mater.
2002;5(2):141–6 (In Chinese).

[76] Li Z, Zhang D, Wu K. Cement-based 0–3 piezoelectric com-
posites. J Am Ceram Soc. 2004;85(2):305–13.

[77] Shi KR, Chuang DDL. Piezoelectricity-based self-sensing of
compressive and flexural stress in cement-based materials
without admixture requirement and without poling. Smart
Mater Struct. 2018;27(10):105011.

[78] Gong HY, Zhang Y, Che S. Influence of carbon black on
properties of PZT-cement piezoelectric composites. J Compos
Mater. 2010;44(23):2747–57.

[79] Huang SF, Li X, Liu FT, Chang J, Xu DY, Cheng X. Effect of
carbon black on properties of 0-3 piezoelectric ceramic/
cement composites. Curr Appl Phys. 2009;9(6):1191–4.

[80] Kamarian S, Bodaghi M, Pourasghar A, Talebi S. Vibrational
behavior of non-uniform piezoelectric sandwich beams made
of CNT-reinforced polymer nanocomposite by considering the
agglomeration effect of CNTs. Polym Compos.
2017;38(1):553–62.

[81] Vyas P, Prajapat R, Manmeeta, Saxena D. Study of dielectric
and piezoelectric properties of CNT reinforced PZT-PVA 0–3
composite. Am Inst Phys. 2016;1728:020341.

[82] Pan SY, Chen F, Huang ZX, Shen Q. Preparation and piezo-
electric effect mechanism of CNTs/PMN/EP piezoelectric
damping composites. J Wuhan Univ Techno. 2018;40(1):1–6
(In Chinese).

[83] Zhang YD, Cong XH, Zhao YJ, Qi YJ. Study on induction
polarization process of carbon nanotube modified 0-3-1 type
cement-based piezoelectric composites. N Build Mater.
2020;47(6):6–8 (In Chinese).

[84] Luo JL, Zhang S, Wei X, Li QY, Li L, Sun SW. Preparation and
piezoelectric properties of CNT modified cement-based
piezoelectric composites. Piezoelectr Acoustoopt.
2015;37(3):437–40 + 45 (In Chinese).

[85] Gong HY, Zhang YJ, Jing Q, Che SW. Preparation and prop-
erties of cement based piezoelectric composites modified by
CNTs. Curr Appl Phys. 2011;11(3):653–6.

[86] Zhao P, Wang SF, Kadlec A, Li ZD, Wang XD. Properties
of cement-sand-based piezoelectric composites with
carbon nanotubes modification. Ceram Int.
2016;42(13):15030–4.

[87] Kim S, Zhao P, Enemuoh E. Effect of carbon nanotubes on
properties of cement-sand-based piezoelectric composites.
SPIE-Smart Struct Mater Nondestructive Evaluation Health
Monit Int Soc Opt Photonics. 2015.

[88] Potong R, Rianyoi R, Ngamjarurojana A, Chaipanich A.
Influence of carbon nanotubes on the performance of bis-
muth sodium titanate-bismuth potassium titanate-barium
titanate ceramic/cement composites. Ceram Int.
2017;43(S1):75–8.

[89] Lin C, Wang H, Wei Y. Variable percolation threshold of
composites with fiber fillers under compression. J Appl Phys.
2010;108(1):013509.

[90] Carponcin D, Dantras E, Dandurand J, Aridon G, Levallois F,
Cadiergues L, et al. Electrical and piezoelectric behavior of
polyamide/PZT/CNT multifunctional nanocomposites.
Adv Eng Mater. 2014;16(8):1018–25.

[91] Ma M, Wang XD. Preparation, microstructure and properties
of epoxy-based composites containing carbon nanotubes
and PMN-PZT piezoceramics as rigid piezo-damping mate-
rials. Mater Chem Phys. 2009;116(1):191–7.

[92] Yuan JK, Yao SH, Dang ZM, Sylvestre A, Genestoux M, Bai J.
Giant dielectric permittivity nanocomposites: realizing true
potential of pristine carbon nanotubes in poly(vinylidene
fluoride) matrix through an enhanced interfacial interaction.
J Phys Chem C. 2011;115(13):5515–21.

[93] Wei X. Study on preparation of nanosize PZT powders and
piezoelectric sensing performances of PZT/CNT/cement
composites. (Graduate dissertation). Qingdao Technological
University; 2014 (In Chinese).

[94] Gong HY, Quan J, Zhang YJ, Bi JQ, Che SW. Study on the CNTs/
nano(micro)-PZT/cement piezoelectric composites. J Synth
Cryst. 2010;39(3):660–4 (In Chinese).

[95] Higginbotham AL, Stephenson JJ, Smith RJ, Killips DS,
Kempel LC, Tour JM. Tunable permittivity of polymer compo-
sites through incremental blending of raw and functionalized
single-wall carbon nanotubes. J Phys Chem C.
2007;111(48):17751–4.

[96] Yao SH, Dang ZM, Jiang MJ, Bai JB. BaTiO3-carbon nanotube/
polyvinylidene fluoride three-phase composites with high
dielectric constant and low dielectric loss. Appl Phys Lett.
2008;93(18):3502.

1892  Fei Teng et al.



[97] Dang ZM, Fan LZ, ShenY, Nan CW. Dielectric behavior of novel
three-phase MWNTs/BaTiO3/PVDF composites. Mater Sci Eng
B. 2003;103(2):140–4.

[98] Dang ZM, Yao SH, Yuan JK, Bai JB. Tailored dielectric prop-
erties based on microstructure change in BaTiO3-carbon
nanotube/polyvinylidene fluoride three-phase nanocompo-
sites. J Phys Chem C. 2010;114(31):13204–9.

[99] Qi FW, Chen N, Wang Q. Dielectric and piezoelectric proper-
ties in selective laser sintered polyamide11/BaTiO3/CNT
ternary nanocomposites. Mater Des. 2018;143:72–80.

[100] Jia JR. Preparation and properties of epoxy IPNs/carbon
nanotubes piezoelectric damping materials. (Graduate dis-
sertation). Wuhan University of Technology; 2014 (In Chinese).

[101] Tian S, Cui F, Wang X. New type of piezo-damping epoxy-
matrix composites with multi-walled carbon nanotubes
and lead zirconate titanate. Mater Lett.
2008;62(23):3859–61.

[102] Pan SY, Li MJ, Chen F, Huang ZX, Shen Q, Zhang LM.
Quantitative analysis of damping enhancement and piezo-
electric effect mechanism of CNTs/PMN/EP composites. Adv
Mater Sci Eng. 2018;2018:1–7.

[103] Carponcin D, Dantras E, Michon G, Dandurand J, Aridon G,
Levallois F, et al. New hybrid polymer nanocomposites for
passive vibration damping by incorporation of carbon nano-
tubes and lead zirconate titanate particles. J Non-Cry Solids.
2015;409:20–6.

[104] Wen S, Chung DDL. Model of piezoresistivity in carbon fiber
cement. Cem Concr Res. 2006;36(10):1879–85.

[105] Seidel GD, Lagoudas DC. A micromechanics model for the
electrical conductivity of nanotube-polymer nanocompo-
sites. J Compos Mater. 2009;43(9):917–41.

[106] D’Alessandro A, Ubertini F, Materazzi AL, Laflamme S,
Porfiri M. Electromechanical modelling of a new class of
nanocomposite cement-based sensors for structural health
monitoring. Struct Health Monit. 2014;14(2):137–47.

[107] Wang ZF, Ye XY. A numerical investigation on piezoresistive
behaviour of carbon nanotube/polymer composites:
mechanism and optimizing principle. Nanotechnology.
2013;24(26):265704.

[108] Behnam A, Ural A. Computational study of geometry-depen-
dent resistivity scaling in single-walled carbon nanotube
films. Phys Rev B. 2007;75(12):125432.

[109] Li CY, Thostenson ET, Chou TW. Effect of nanotube waviness
on the electrical conductivity of carbon nanotube-based
composites. Compos Sci Technol. 2008;68(6):1445–52.

[110] Yang BJ, Cho KJ, Kim GM, Lee HK. Effect of CNT agglomeration
on the electrical conductivity and percolation threshold of
nanocomposites: a micromechanics-based approach. Cmes-
Comp Model Eng. 2014;103(5):343–65.

[111] Du F, Fischer JE, Winey KI. Effect of nanotube alignment on
percolation conductivity in carbon nanotube/polymer com-
posites. Phys Rev B. 2005;72(12):121404.

[112] Amini A, Bahreyni B. Behavioral model for electrical response
and strain sensitivity of nanotube-based nanocomposite
materials. J Vac Sci & Technol B: Microelectron & Nanometer
Struct. 2012;30(2):2001.

[113] García-Macías E, D’Alessandro A, Castro-Triguero R, Pérez-
Mira D, Ubertini F. Micromechanics modeling of the electrical
conductivity of carbon nanotube cement-matrix composites.
Compos Part B-Eng. 2017;108:451–69.

[114] Bao WS, Meguid SA, Zhu ZH, Meguid MJ. Modeling electrical
conductivities of nanocomposites with aligned carbon
nanotubes. Nanotechnology. 2011;22(48):485704–11.

[115] Rahman R, Servati P. Effects of inter-tube distance and
alignment on tunnelling resistance and strain sensitivity of
nanotube/polymer composite films. Nanotechnology.
2012;23(5):055703.

[116] García-Macías E, D’Alessandro A, Castro-Triguero R, Pérez-
Mira D, Ubertini F. Micromechanics modeling of the uniaxial
strain-sensing property of carbon nanotube cement-matrix
composites for SHM application. Compos Part B-Eng.
2017;163:195–215.

[117] Hashin Z, Shtrikman S. On some variational principles in
anisotropic and nonhomogeneous elasticity. J Mech Phys
Solids. 1962;10(4):335–42.

[118] Hashin Z, Shtrikman S. A variational approach to the theory
of the elastic behaviour of multiphase materials. J Mech Phys
Solids. 1963;11(2):127–40.

[119] Walpole LJ. On the overall elastic moduli of composite
materials. J Mech Phys Solids. 1969;17(4):235–51.

[120] Willis JR. Bounds and self-consistent estimates for the
overall properties of anisotropic composites. J Mech Phys
Solids. 1977;25(3):185–202.

[121] Yang DD. Micromechanical simulation of effective properties
of piezoelectric composites for structural health monitoring.
(Graduate dissertation). Chongqing University; 2017
(In Chinese).

[122] García-Macías E, Downey A, D’Alessandro A, Castro-
Triguero R, Laflamme S, Ubertini F. Enhanced lumped circuit
model for smart nanocomposite cement-based sensors
under dynamic compressive loading conditions. Sens
Actuators A. 2017;260:45–57.

[123] Duplan F, Abou-Chakra A, Turatsinze A, Escadeillas G,
Brule S, Masse F. Prediction of modulus of elasticity based on
micromechanics theory and application to low-strength
mortars. Constr Build Mater. 2014;50:437–47.

[124] Zhang YH, Liu ZY, Zhang WQ. Improved output voltage of 0-3
cementitious piezoelectric composites with basalt fibers.
Ceram Int. 2019;45(5):6577–80.

[125] Wang Z, Jin XY, Chen WQ, Zhang C, Fu CQ, Gong HY. Micro-
scaled size-dependence of the effective properties of 0–3
PZT-cement composites: experiments and modeling. Compos
Sci Technol. 2014;105:183–9.

[126] Wang Z. Modelling and optimal design of cement-based
piezoelectric composites. (Graduate dissertation). Zhejiang
University; 2014 (In Chinese).

[127] Ding WJ, Liu YQ, Shiotani T, Wang Q, Han NX, Xing F. Cement-
based piezoelectric ceramic composites for sensing ele-
ments: a comprehensive state-of-the-art review. Sensors.
2021;21(9):3230.

[128] Hernández-Pérez A, Avilés F. Modeling the influence of
interphase on the elastic properties of carbon nanotube
composites. Comp Mater Sci. 2010;47(4):926–33.

[129] Hasanzadeh M, Ansari R, Hassanzadeh-Aghdam MK.
Evaluation of effective properties of piezoelectric hybrid
composites containing carbon nanotubes. Mech Mater.
2019;129:63–79.

[130] Sapsathiarn Y, Tippayaphalapholgul R, Senjuntichai T. Effective
properties of piezoelectric fiber-reinforced composites with
imperfect interface. J Eng Mech. 2017;143(3):B4016001.

Reviews on piezoresistive/piezoelectric properties and mechanism of CNTCS  1893



[131] Nan CW. Effective medium theory of piezoelectric compo-
sites. J Appl Phys. 1994;76(2):1155–63.

[132] Della CN, Shu D. Performance of 1-3 piezoelectric composites
with porous piezoelectric matrix. Appl Phys Lett.
2013;103(13):132905.

[133] Guinovart-Díaza R, Rodríguez-Ramosa R, Espinosa-
Almeydab Y, López-Realpozo JC, Dumont S, Lebon F, et al. An
approach for modeling three-phase piezoelectric compo-
sites. Math Methods Appl Sci. 2017;40(9):3230–48.

[134] Nam IW, Souri H, Lee HK. Percolation threshold and piezo-
resistive response of multi-wall carbon nanotube/cement
composites. Smart Struct Syst. 2016;18(2):217–31.

[135] Cui YW, Wei Y. A review of thermoelectric effect of cement-
based composites: Mechanism, material, factor and appli-
cation. Acta Mater Compos Sin. 2020;37(9):2077–93
(In Chinese).

[136] Lee SJ, You I, Zi G, Yoo DY. Experimental investigation of the
piezoresistive properties of cement composites with hybrid
carbon fibers and nanotubes. Sensors. 2017;17(11):2516.

[137] Coppola L, Buoso A, Corazza F. Electrical properties of carbon
nanotubes cement composites for monitoring stress conditions
in concrete structures. Appl Mech Mater. 2011;82:118–23.

[138] Bauhofer W, Kovacs JZ. A review and analysis of electrical
percolation in carbon nanotube polymer composites.
Compos Sci Technol. 2009;69(10):1486–98.

[139] Han BG, Yu X, Ou JP. Multifunctional and smart carbon
nanotube reinforced cement-based materials.
Nanotechnology in Civil Infrastructure; 2011. p. 1–47

[140] Saafi M. Wireless and embedded carbon nanotube networks
for damage detection in concrete structures.
Nanotechnology. 2009;20(39):395502.

[141] Bocharov GS, Eletskii AV. Theory of carbon nanotube (CNT)-
based electron field emitters. Nanomaterials.
2013;3(3):393–442.

[142] Dong WK, Li WG, Tao Z, Wang KJ. Piezoresistive properties of
cement-based sensors: review and perspective. Constr Build
Mater. 2019;203(10):146–63.

[143] Hu N, Karube Y, Yan C, Masuda Z, Fukunaga H. Tunneling
effect in a polymer/carbon nanotube nanocomposite strain
sensor. Acta Mater. 2008;56(13):2929–36.

[144] Simmons JG. Electric tunnel effect between dissimilar elec-
trodes separated by a thin insulating film. J Appl Phys.
1963;34(9):2581–90.

[145] Lutwyche MI, Wada I. Observation of a vacuum tunnel gap in
a transmission electron microscope using a micromecha-
nical. Appl Phys Lett. 1995;66(21):2807–9.

[146] Landauer R. Electrical conductivity in inhomogeneous media.
AIP Publ. 1978;40(1):2–45.

[147] Yoo DY, You I, Lee SJ. Electrical properties of cement-based
composites with carbon nanotubes, graphene, and graphite
nanofibers. Sensors. 2017;17(5):1064–76.

[148] Wang CH, Sun W, Jiang JY, Sun GW, Qiao YF. Development on
cement-Based composite materials in multi-scale. J Chin
Ceram Soc. 2011;39(4):726–38 (In Chinese).

[149] Theodosiou TC, Saravanos DA. Numerical investigation of
mechanisms affecting the piezoresistive properties of CNT-
doped polymers using multi-scale models. Compos Sci
Technol. 2010;70(9):1312–20.

[150] Shi MX, Huang ZX, Zhang LM. The effects of dynamic load on
the damping performance of piezoelectric ceramic/conduc-
tive carbon/epoxy resin composites. Polym-Plast Technol
Eng. 2010;49(10):979–82.

1894  Fei Teng et al.


	1 Introduction
	2 Dispersion of CNT in aqueous system
	2.1 CNT dispersion methods
	2.2 Evaluation of CNT dispersivity

	3 Experimental study on electromechanical sensing performance of CNTCS
	3.1 Piezoresistive behavior of CNTCS
	3.1.1 Moisture content effect
	3.1.2 Load condition effect
	3.1.3 Effect of CNT content and surface treatment method
	3.1.4 Effect of CNT mixed with other conductive fillers

	3.2 Piezoelectric behavior of CNTCS
	3.2.1 Effect of CNT content on piezoelectric strain constant of PCM
	3.2.2 Effect of CNT content on relative dielectric constant of PCM
	3.2.3 Effect of CNT content on dielectric loss factor of PCM


	4 Electromechanical sensing efficiency model of CNTCS
	4.1 Piezoresistive sensing model
	4.2 Piezoelectric sensing model

	5 Electromechanical sensing mechanism of CNTCS
	5.1 Piezoresistive mechanism analysis
	5.1.1 Percolation theory
	5.1.2 Field emission effect
	5.1.3 Effective medium theory

	5.2 Piezoelectric mechanism analysis

	6 Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


