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Abstract. There is a growing need to develop sensors which can be embedded into the structures during the construction stage
itself for developing smart structures. It is preferred to develop these kinds of sensors with the material same as that of material
used in construction for the sake of compatibility and better capturing the actual state of distress in the structure. Towards this, in
this study cement based piezo-resistive sensors are developed with the help of conductive nano-fillers (Carbon Nanotubes
(CNTs)). Since the sensors are cement based, and porous in nature, the characteristics of the sensor will vary due to water
penetration into the sensor. As the structures with such embedded sensors have to perform for years, understanding the variations
in the characteristics of the sensor due to pore structure is very important. In this regard, the conductivity of the sensor is
assessed where the effect of dosage of CNTs, functionalization of CNTs, type of electrical conductivity measurement (both DC
and AC) and pore water are the parameters. The strain sensitivity of the sensors under cyclic stress is also investigated and
reported in the present study. The findings of this study will help in developing continuous health monitoring strategies using
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highly sensitive embeddable cement-based nanocomposites.
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1. Introduction

Development of smart structures is gaining rapid
attention in the construction industry due to its ability of
long term, continuous and real-time structural health
monitoring (SHM). Development and implementation of
smart sensors for robust health monitoring of structures has
attracted many researchers (Nagayama et al. 2007, Rice et
al. 2010, Hannan et al. 2018). In the last few decades,
sensor technology has become an integral part of SHM
system and demand for the development of new sensors and
monitoring techniques is steadily increasing. Many
conventional sensors including metallic/semiconductor-
based strain gauge, fiber optic sensor (FOS), linear variable
differential transducer (LVDT), piezo-electric transducer
(PZT), ultrasonic sensor, acoustic sensor, and accelerometer
has been used for evaluating the integrity and stability of
various existing and developing structures (Sun ef al. 2010,
Giiemes et al. 2020, Rao and Sasmal 2019). In recent years,
wireless health monitoring techniques have also emerged as
the mainstream in SHM of large-scale structures due to the
problems associated with wired technology, easy
installation and low cost (Noel et al. 2017, Wan et al. 2021,
Luo ef al. 2021, Ma et al. 2021). Smart structures can be
developed by embedding sensors at identified critical
locations at time of construction itself. Data obtained from
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these sensors will aid in detecting the initiation of damage
and monitoring its growth which will, in turn enable in
assessing the state of the structure. Thus, it will help in
optimising the repair and maintenance activities and also
increase the safety of the structures. Another advantage of
embedded sensors is its ability to assess the hardened state
of the construction material (concrete) which will aid in
removal of formwork at the time of construction. Since
embedded sensors are integral part of the structure, it will
be advantageous if it is made of the same material as that of
the structure.

Towards this, various types of cement based smart
sensors are being developed by incorporating conductive
fillers (e.g., carbon fibers, steel fibers, nickel conductive
powder, carbon nanotubes (CNTs), carbon nanofibers
(CNFs), graphite nanofibers (GNFs), graphene (G), ZnO
nanofibers, etc.) into highly resistive cement composite to
impart conductivity and piezo-resistivity. The piezoresistive
property of cement-based composite can be used to detect
crack initiation in the concrete members (Li and Li 2019),
to function as stress/strain sensor (Yoo et al. 2018a), Rao et
al. 2020) and acceleration sensors (Ubertini et al. 2014,
Tohidi et al. 2018). It was also illustrated that the piezo-
resistive cement composite can be utilized in traffic
monitoring activity such as detection of traffic flow, vehicle
speed and weigh-in-motion measurement (Han et al. 2009,
Yu and Kwon 2009). An innovative strain sensing concept
for large structures was proposed by Ryu et al. (2011). For
health monitoring of massive structures, an innovative idea
was proposed by Lezgy-Nazargah et al. (2019) by
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developing a cement-resin and fiber composite which is
effective under both static and dynamic conditions.

Cement based composites have a porous, heterogenous
microstructure, where the dissolved ions in pore water are
mobilized to generate the electric current under induced
electric field (electrolytic conduction). When conductive
nano-fillers are incorporated into cement-based composites,
the conduction mechanism takes place due to electronic
(movement of free electrons in conductive fillers)
mechanism in addition to electrolytic mechanism (Chung
2004, Chen et al. 2004). Therefore, the electrical properties
of composite are influenced by the concentration of nano-
fillers in the cement matrix and the adopted mixing
procedure for incorporating the same in the cement matrix.
Chung (2004) conducted experimental study for
determining the electrical conduction mechanism within the
cement-based composites containing conductive fibers and
brought out a relation between the electrical conductivity of
cementitious composites and concentration of carbon fibers.

However, few conductive fillers have some specific
drawbacks and thereby, not beneficial to use. For instance,
steel fibers are prone to corrosion and therefore, a thin
passive film forms on the surface leading to an increase in
electrical resistivity of cement-based composites (Solgaard
et al. 2014). Similarly, the incorporation of graphite
nanofibers (GNFs) can improve the electrical conductivity
of cement-based composites, but it requires a large quantity
(minimum of 10% by weight of required cement) to achieve
the desired electrical conductivity (Rovnanik ef al. 2019).
With the advancements in nanotechnology, researchers
started incorporating conductive nanomaterials like CNTs
and CNFs which have superior mechanical, electrical,
thermal properties and are extremely light in weight
compared to micro fibers to impart conductivity to cement-
based composites (Wang and Aslani 2019).

However, dispersing nanoparticles into cement-based
materials remains a challenging task due to the high specific
surface area of nanomaterials and presence of strong van
der Waals force between the particles (Jang et al. 2016). To
overcome these problems, different methods such as
mechanical method, chemical method (covalent surface
modification) or  physical (non-covalent surface
modification by surfactants) have been employed to
disperse CNTs (Han ef al. 2011). Ultrasonication is one of
the most promising and commonly used physical methods
to disperse CNTs. The use of dispersing agent in
combination with sonication process can help in achieving a
good quality CNT dispersion by reducing the hydrophobic
interactions on the surface of CNT (Reales et al. 2018). To
enhance solubilization/dispersion of MWCNT in aqueous
solution and cement matrix, Luo et al. (2009) used five
different surfactants, and reported that the efficiency of
dispersion is found to decrease in order as SDBS & TX10,
SDBS, NaDC&TX10, NaDC, AG, TX10 and CTAB. Apart
from the type of surfactant, choosing right sonication
parameters are also very crucial. Sasmal et al. (2017a) used
the SDBS surfactant and have reported optimum sonication
parameters (duration, energy and frequency) to improve the
dispersion and reduce the agglomeration of CNTs. Surface
modification of MWCNTs using H>SO4 and HNO3 has also

proven to improve the interfacial interactions between
surface-modified nanotubes and cement constituents and
hydration. This will produce a strong bonding and increase
the load-transfer mechanism from cement matrix to the
reinforcement (Li et al. 2005). The concentration of CNTs
incorporated into cement based material also dictates its
conductivity. The conductivity of the composite increases
with the increase in the dosage of CNTs. However, beyond
the critical value of CNTs, known as percolation threshold,
not much improvement in electrical conductivity was
observed (Han et al. 2009, 2011).

Coppola et al. (2011) found that 0.1wt.% CNTs is
sufficient to reduce the electrical resistivity of cement
composites. Luo et al. (2011) used MWCNTSs in cement
composite with 0.1 wt.% and 0.5 wt.% for measurement of
electrical resistance and found that 0.5 wt.% exhibits the
least electrical resistivity and shows the good piezo-
resistive behaviour, while Konsta-Gdoutos and Aza (2014)
reported that 0.1 wt.% CNTs showed the lowest electrical
resistivity of cement-based composites by forming stronger
bond between CNTs and cement particle. Jang et al. (2016)
reported that 0.5 wt.% of MWCNTSs can reduce formation
of clusters and subsequently reduce the electrical resistivity
of cement-based composites. Jiang ef al. (2018) observed
that the cementitious composites containing CFs and CNFs
have a percolation threshold less than 0.5 wt.% whereas for
cementitious composites with CNTs, it is around 1 wt.%.
Musso et al. (2009) explained that the incorporation of
CNTs higher than that of the percolation threshold value (>
0.5 wt.%) leads to agglomeration of CNTs, and thus it
deteriorates the mechanical and electrical properties.
However, Kim et al. (2016) observed the insensitiveness of
addition of CNTs beyond the percolation threshold.
D’Alessandro et al. (2016) carried out studies on the
electrical properties of cement-based paste, mortar and
concrete incorporated with CNTs. The percolation threshold
of cementitious composites with CNTs was found to be 1
wt.% of CNT which is around 2 times higher than the
percolation threshold reported by Kim er al. (2016).
Another major issue experienced during assessment of
electrical conductivity of cement-based composites is
polarization effect which takes place when the charge
accumulates over time in the opposite electrodes, as the
centre of positive and negative charge fails to coincide. Due
to this, the resistivity of cement-based composites
incorporated with CNTs increases as time increases. This
phenomenon was more noticeable during direct current
(DC) measurement, while by alternative current (AC)
measurement, this problem is effectively overcome.

Apart from the influence of CNTs concentration, the
electrolytic and electronic conduction mechanisms of
cement-based composites containing CNTs are significantly
influenced by water content available in matrix (Han ef al.
2010, Chen and Wu 2013). This becomes a major concern
in embedded type of sensors since exposure to moisture to a
structure may fill in the pores of the cement-based sensor
and affects its conductive property. Many researchers
observed that the increase in water content reduces the
connectivity among CNT particles in cement matrix and
therefore, electrical conductivity of cement-based
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composites decreases (Han et al. 2010, Luo et al. 2011,
Chen and Wu 2013). Additionally, the increase in water
content increases the impact of electrolytic pore
arrangement on the electrical conductivity of cementitious
composites and sequentially, increase the instability of the
electrical conductivity (Chen and Wu 2013, Zhang et al.
2019). It was reported that the degree of cement hydration
and test time ionic conduction dominates the electrical
resistivity of the cement-based nanocomposites.

The conductive fillers form a three-dimensional
conductive network inside the cement matrix and reduces
the potential barrier for continuous flow of current inside
the cement-matrix which help to increase the electrical
conductivity. However, the homogeneity of the developed
electrically conductive network comprising of CNTs can be
compromised by the pore structures in cement-based
composites with the progress of hydration (Nochaiya and
Chaipanich 2011). In this condition, the pores behave like
insulation cap in the cement-based nanocomposites and can
increase the electrical resistivity of composites. Sasmal et
al. (2017b) reported that during the progress of hydration,
electrical resistivity increments with time, which is due to
the reduction in continuity of capillary pores, evolving
micro-structure and modification in level of ionic fluid
present in pore.

From the above literature, it is found that many studies
are reported on evaluation of electrical conductivity of
cement-based nanocomposites and their conductive
mechanism inside the cement matrix which are primarily
focussed to develop smart structures and systems. However,
for successful implementation of the cement based sensors
for continuous health monitoring of structures, role of
concentration of CNTs, type of electrical conductivity
measurement (direct and alternating current), effect of pore
water, etc. on the electrical conductivity of the cement-
based nanocomposite is extremely important. Since the
smart system has to function in the structure without false
alarms, it is required to evaluate the change in resistance
caused due to reasons other than structural health (due to
crack). In view of this, in the present work, an elaborate
study has been carried out to determine the optimum dosage
of MWCNTs and type of electrodes on the response
measurement. Further, the electrical resistivity of cement-
based composites incorporated with well dispersed multi-
walled carbon nanotubes were investigated. The electrical
response was measured by using two-electrode-alternating
current (AC) and two-electrode direct current (DC). To
understand the effect of pore water and microstructure of
the sensing system (porous cement matrix abridged through
discrete CNTs), different stages of hydrated cement system
was considered as it typically provides a wide range of
porous structure. Further, to obtain the extreme condition of
least/zero pore water system, mechanical heating of the
cement based sensors was carried out. From the initiation of
hydration to the externally heated samples, represents
almost all the possible cases of microstructure with pores
and water in the cement based sensor when it is embedded
in structure. Further, the efficacy of developed sensors for
self-sensing capacity was explored under long cyclic load.
The studies carried out, observations made, and inferences

drawn from the present study are described in the following
sections.

2. Experimental studies
2.1 Raw materials

Ordinary Portland Cement of grade 53 (density-3159
kg/m®) was used for fabrication of cement-based
nanocomposites. Three different types of CNTs, viz., one
non-functionalized pristine MWCNT (P-MWCNT) and two
chemically functionalized MWCNT (carboxyl acid (-
COOH) and hydroxyl (-OH) group) were incorporated into
cement matrix. CNTs were procured from Nanostructured
and Amorphous Materials Inc., Houston, Texas. The
properties of pristine and functionalized MWCNTs, as
provided by the manufacturer, are listed in Table 1.
Different MWCNTs of similar physical properties were
chosen so that the measured electrical properties can be
reasonably comparable. Water to cement ratio was kept
constant at 0.4 for all the mixtures. To ensure the dispersion
of the MWCNTs in the cement matrix, Sodium Dodecyl
Benzene Sulfonate (SDBS, 348.48 MW, 80% assay) was
used as dispersing agent, while tributyl phosphate was used
as defoamer to decrease the formation of air bubbles. The
surfactant SDBS was selected based on its capability to act
as the better superficial active agents (SAAs) for dispersing
MWCNTs as reported in various studies (Luo et al. 2009,
Blanch et al. 2010). The surfactant to nanotube ratio (S/C)
was selected to be 0.55 based on the experimental studies
conducted by Sasmal et al. (2017a).

2.2 Dispersion of CNTs

High aspect ratio and hydrophobic nature of CNTs
increase the possibility of entanglement and close packing
of CNTs, and hence, lead to certain difficulties for
incorporation in any medium. Also, due to strong van der
Waals force of attraction, pristine CNTs have low
dispersibility and high tendency to agglomeration.
Therefore, to reduce the agglomeration and ensure the
uniform dispersion of CNTs, both the physical- and
chemical- methods were used. Chemical method involves
using the chemical solvent to improve the dispersibility of
CNTs. The solvent used in this study was synthesized by
mixing surfactant power SDBS with distilled water for 5
minutes followed by magnetic stirring for 10 minutes at a
speed of 250 £+ 5 rpm at a concentration of 0.02 g/ml. Then,

Table 1 Properties of Pristine MWCNTs, OH and COOH-
MWCNTs

oD ID L p Purity SSA

2
G o (5)

50-80 5-15 10-20 0.18 >95 > 40

(nm) (nm) (um)

*OD = Outer diameter; ID = Inner diameter; L = Length;
p = Bulk density; SSA = Specific surface area
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the CNT-water-surfactant solution was subjected to
sonication (physical method) using probe ultrasonicator
(Hielscher, ultrasound technology) for 45 minutes.

2.3 Specimen preparation

Four different types of smart cement composites
(containing 0.1, 0.25, 0.5, and 0.75 wt.% by cement weight)
were synthesized from each group of CNTs (P-MWCNT,
OH-MWCNT and COOH-MWCNT). For preparing the
specimens, the sonicated CNTs suspension was added to the
measured quantity of cement and mixed thoroughly. The
remaining water, to achieve w/c ratio of 0.4, was then added
(the amount of water used while preparing the aqueous
solution is taken into consideration) and mixed. At last,
tributyl phosphate defoamer of 0.25 vol.% was added into
the cement/CNT paste and mixed properly for 3 minutes to
reduce the formation of air bubbles.

The well mixed fresh composite was then poured into
oiled cubic molds of size 50 mm x 50 mm x 50 mm and
compacted on a vibrating table to ensure desired
compaction. For measuring the electrical resistivity, copper
wire mesh electrode (1.6 mm x 1.6 mm) with dimension of
40 mm x 50 mm was utilized, which was embedded into the
specimens immediately after casting. The electrodes were
embedded in parallel plane of specimens to a depth of 35
mm from top surface as shown in Fig. 1. The distance
between two electrodes was 10 mm and distance from outer
side of specimen was 20 mm. Three samples of each type
were fabricated following the same preparation method.
After 24 hours, the samples were demoulded and allowed to
cure for 28 days under the laboratory condition 20 + 2°C.
Finally, few identified samples were kept in an oven at
60°C for 3 days to dispense with abundance water content.

Copper 40 mm .
Electrode FOPPCK -
g Electrode .
Smm g .
<> =
: e e
: H 20mm I 10mm: 20 mm
g| i Contact area of : = : :
g|: the composites : g g8 E
Q| : with electrode g g a P
: Py 7
et
........................... S
- 50 mm - 50 mm
Front view Side view
(a) (b)

Fig. 1 Schematic diagram of two probe sample (a) front
view arrangement; (b) side view arrangement;
and (c) cured sample

3. Electrical conductivity measurement

Unlike polymer matrix or polymer composite, which is
highly non-conductive in nature, the cement matrix exhibits
some electrical properties due to presence of different ions.
Due to conductive nature of cement matrix, incorporation of
even a meagre amount of conductive fillers into the cement
matrix can enormously enhance the electrical conductivity.
The electrical conductivity of cement-based composites
incorporated with conductive nanomaterials is attributed to
two types of conduction mechanism: -electrolytic and
electronic (Chung 2004, Chen et al. 2004). As discussed in
the previous section, the electrolytic conduction mechanism
is attributed to the cement matrix due to the presence of
ions like Na*,Ca?*,K* or OH™ in the evaporable water
present in the porous cement paste and the movement
towards oppositely charged electrodes. On the other hand,
the electronic conduction mechanism involves the
movement of free electrons in the conductive fillers, i.e.,
CNTs in this study. Thus, in the cement-based composite
containing conductive nanotubes, the electrical conduction
will be through a combination of ion and electron flow and
both play an important role in the electrical conductivity of
whole composite system (cement pastet+conductive fillers).
Therefore, in cement-based composites with conductive
fillers, there will be three possible conduction pathways to
determine the electrical conductivity or resistivity of the
entire composites: (a) through capillary pore water inside
the cement-based composites (as shown in Fig. 2); (b)
through a conductive network of carbon nanotubes (as
shown in Fig. 3); and (c) through the CNT-cement matrix-
CNT in series.

Discontinuous conduction path

Continuous conduction path

Cement paste Cement paste

(a) (b)

Fig. 2 Electrically conductive measurement (a) pores filled
with water; (b) dry pores

Electrodes Electrodes

N LN

#
#§

Agglomeration

Cement matrix
Cement matrix

Conductive path

(@ (b)

Fig. 3 Conduction path in CNT incorporated system;
(a) optimum content and well-dispersed;
(b) excessive content and agglomerated
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The electrical conductivity between two pathways (b
and c) depends on the concentration of nanotubes. When the
dosage of CNT is close to percolation threshold and a
network of carbon nanotubes is formed, the distinct
pathways provide the conduction route and consequently, in
general, the electrical conductivity increases. Path b) brings
around ohmic behaviour entirely through the flow of free
electrons, whereas in path c¢), a conduction mechanism
named as electron tunnelling takes place which is due to the
fact that the microstructure of the cement-based matrix
network hinders the formation of a continuous path of
nanotubes, causing the electrons to tunnel from one
nanotube to another (Cao and Chung 2004).

Due to the heterogeneous microstructure, a cement-
based composite materials cannot be treated as an ideal
resistor and the research conducted on cement-based
composites containing conductive nanoparticle indicates
that the electrical conductivity of the nanotube-cement
matrix interface is frequency dependent (Hou 2008). The
investigation of electrical resistivity/conductivity can be
realized by using direct current (DC) or alternating current
(AC). The DC method is easier for measurement and
implementation, therefore sensing by AC impedance
measurement is less popular than DC resistance
measurement (Li 2013). In this study both AC and DC
techniques are used for electrical conductivity measurement
of the nano engineered cement composites to quantitatively
show their respective efficacies.

3.1 DC test method

In the present study, two probe method was adopted to
assess the electrical characteristics of cement-based
composites. The DC electrical resistance was measured
using an Agilent 34401A Digital Multimeter, and the
measured resistance was converted into the resistivity using
following equation

p=— (D

Where, R and p denote the resistance (€2) and resistivity
(Q-cm) of cement-based nanocomposites respectively. A4 is
the cross-sectional area of the specimen and L is the
distance between the two electrodes. For each experiment, a
set of three specimens was cast and measurements were
taken to check the consistency of the results and finally, the
average value from the consistent results is reported. During
electrical resistivity measurement, due to the presence of an
electric field, polarization will occur in the material. The
polarization affects the electrical resistance measurement by
giving a nonlinear response during the initial phase. In this
study, all the measurements were carried out after the
system has reached its stable state (i.e., after polarization).
The experimental set-up for DC electrical resistivity
measurement is shown in Fig. 4(a).

3.2 AC test method

In order to avoid the polarization problem, an alternating
current (AC) is often used for determining the resistivity of

(a)

Computer for recording

(b)

Fig. 4 Electrical resistance measurement set-up (a) DC
measurement; (b) AC measurement

cement-based composites. In the present study, the AC
electrical resistivity of cement-based nanocomposites was
measured using Agilent 4294A impedance analyser (Fig.
4(b)). The amplitude of the sinusoidal voltage was chosen
to be 500 mV rms. The resistance (real part of impedance)
measurement frequency was swept from 40 Hz to 100 kHz
and whole range was swept by setting 801 number of
points. Finally, resistivity of composites was calculated
using Eq. (1).

4. Results and discussion

4.1 DC electrical resistivity
(a) Electrical resistivity during hydration.

Cement based composites are chemically reactive in
nature. They undergo hydration process during which
compounds in cement react with water to form hydration
products. This process takes place either till all the
pozzolanic compounds or free water is fully consumed. Due
to the change in microstructure and water content during the
course of hydration (28 days in general) in cement-based
composites, its electrical resistivity also changes. During
initial stage of hydration, more capillary water is available
which forms a continuous conductive pathway. As
hydration progresses, the capillary water gets consumed for
the formation of hydration products leading to the
damage/interruption in the conductive pathway which may
be one of the major reasons for increase in resistivity of
cement-based composites with hydration. The electrical
resistivity increases with age for all samples (with different
dosages and without MWCNTs) due to hydration process.
The rate of increase in electrical resistivity of plain cement
paste with curing age is much higher than other samples
(Fig. 5(a)). This may be due to the reason that capillary
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Fig. 5 Change in DC electrical resistivity with (a)
hydration time; (b) weight fraction of MWCNTs

water is the major source of conductivity in plain concrete
paste which gets reduced as hydration progresses and hence
the resistivity increases, whereas in cement composite with
nano materials, some conductive fillers are also present in
addition to water which is responsible for conductivity of
the composites. Hence, the rate of increase in resistivity in
plain cement paste is much higher compared to the cement
composites with conductive fillers during hydration.
Another important phenomenon was observed after 14 days
of hydration i.e., a drastic increase in electrical resistivity.
This can be related with the densification of the cement
paste with non-conductive phases, particularly considering
calcium silicate hydrate and calcium hydroxide (Yoo et al.
2018b, Tyson et al. 2011).

(b) Electrical resistivity vs. CNTs concentration

In this study, the effect of four different concentrations
(0.1, 0.25, 0.5, and 0.75 wt.%) of MWCNTs on the
electrical resistivity of composite is investigated. The
influence of the dosage (weight percentage w.r.t cement) of
MWCNTs on the electrical resistivity of cement-based
composites can be visualized in Figs. 5(a) and(b). At low
concentration (0.1 wt.%), the resistivity remains very close
to the resistivity of pure cement matrix of cement-based
composites. However, in Fig. 5(b), a drastic reduction in
resistivity (or increase of conductivity) is observed from
0.25% of MWCNTs at 3™ day of hydration process. This
demonstrates that the threshold of the cement composites in
this study is 0.25 wt.% at 3 days of hydration. With the
increase in the hydration stages, the effect of CNTs was
more noticeable and the decrease in electrical resistivity is
found to increase with hydration time. Similar observation
can be made up to 14 days of hydration process (Table 2).
Beyond that (at 21 and 28 days) the drastic increase of
conductivity occurs only after 0.5 wt.% which states that

Table 2 Decrease in electrical resistivity (%) of cement
composites incorporated with P-MWCNT

}izft(l’;‘; 0.10wt.% 025wt% 0.50wt%  0.75 wt.%
3d 27.44 59.27 66.07 68.54
7d 21.34 58.68 65.42 58.22
14d 32.78 70.95 74.86 70.51
21d 39.75 63.59 75.71 65.60
28d 40.91 55.63 78.24 70.42

percolation threshold varies from 0.25 wt.% to 0.50 wt.% in
cement composites based on the degree of hydration.

The addition of 0.5 wt.% of P-MWCNTs is able to
decrease the resistivity of cement-based composites up to
78.24% at 28 days of curing. From Table 2, it can be
noticed that addition of P-MWCNTs above 0.50 wt.%, the
electrical resistivity started to increase due to poor
dispersion and agglomeration of P-MWCNTs inside the
cement matrix. This was even evident from UV-Vis
spectroscopy and particle size analysis studies carried out in
author’s previous investigations (Sasmal et al. 2017a, b).
The electrical resistivity of cement-based composites (after
28 days of hydration) can be decreased by 40.91%, 55.63%,
78.24% and 70.42% with the introduction of 0.10 wt.%,
0.25 wt.%, 0.50 wt.% and 0.75 wt.% of P-MWCNTs
respectively (Table 2).

(c) Influence of functionalization of CNTs on electrical
resistivity

Functionalized MWCNTs with carboxyl group (COOH-
MWCNTs) and hydroxyl group (OH-MWCNTs) have
distinct physical properties and are more hydrophilic in
nature in comparison with non-functionalized MWCNTs
(pristine MWCNTs), due to which their effect on properties
of cement-based composite can be different. The
introduction of both the types of functionalized MWCNTs
into cement-matrix, can decrease the electrical resistivity of
cement-based composites as shown in Figs. 6 and 7.
Compared to the composites with P-MWCNTs, the cement-
based composites with COOH-MWCNT display lesser
electrical resistivity, while the composites with OH-
MWCNTs display little higher electrical resistivity during
initial days of hydration (3, 7 days) and at low
concentration of MWCNTs (0.1 wt%). The lowest rate of
decrease in resistivity was observed at 0.10 wt.% of both
functionalized MWCNTs during every stage of hydration
(Tables 3 and 4). However, in comparison, the rate of
decrease in resistivity with COOH-MWCNT is higher than
that of the rate of decrease in resistivity with OH-
MWCNTs. The presence of functionalized carbon
nanotubes with the COOH group in the hydration process
acts as a bridge between the polar hydrophilic cement
matrix and non-polar carbon nanotubes, and it causes
nanotubes to get better dispersed in the cement matrix.
Furthermore, the COOH-MWCNTs penetrate well inside
the cement products and by bridging, they form a good
conductive path inside the cement matrix with CNTs and
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composites incorporated with OH-MWCNT
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Fig. 7 Change in DC electrical resistivity with (a) hydration
time; (b) weight fraction of COOH-MWCNTs

Table 4 Decrease in electrical resistivity (%) of cement
composites incorporated with COOH-MWCNT

Ee?;?;eg 0.1wt% 025wt% 05wt%  0.75 wt.% }]?ezft(l’;eg 0.1wt% 025wt% 05wt%  0.75 wt.%
3d 22.13 46.15 52.97 60.48 3d 29.34 54.25 63.97 63.80
7d 17.94 48.12 56.29 63.54 7d 17.57 56.91 69.05 63.70
14d 23.22 60.87 72.29 66.20 14d 34.54 61.88 74.54 72.05
21d 35.48 54.23 73.79 65.48 21d 41.32 66.72 78.06 69.13
28 d 34.25 58.34 74.03 68.43 28d 42.44 59.68 79.53 73.05
hence the electrical resistivity decreases in comparison with Table 5 Electrode properties and fixing style
P-MWCNTs. Types A B t Fixing style
(d) Effect of electrode types on electrical resistivity WME hitk 1.6x1.6 0.3 E
PSE 4x5 4 (hole dia.) 0.3 E

By observing the results obtained from the experimental
studies, it is clear that the composites with 0.5 wt.% CNTs
shows the considerable decrease in electrical resistivity in
all cases. However, the observations were from one type of
electrode, i.e., copper wire mesh. Since the type of electrode
can also affect the electrical resistivity of composite
materials, it is worthy to consider more than one type of
electrode. Therefore, for comparison purpose, the cement-
based composites incorporated with 0.5 wt.% CNTs (all
three types of MWCNT) were fabricated by embedding
copper perforated sheet as the electrode. The electrode
properties and fixing style is listed in Table 5. The types of
electrode are shown in Figs. 7 and 8.

The electrical resistivity of the composites with wire
mesh electrode and perforated sheets electrode is shown in
Fig. 8. The experimental results show that the electrical
resistivity of the composites exhibit almost similar behaviour
as the composites with wire mesh electrodes. The resistivity

*(WME- Wire Mesh Electrode; PSE- Perforated Sheet Electrode;
A- Electrode dimension (cm); B- Mesh size (cm); t- thickness of
electrode (mm); E- Embedded)

increases with increase in hydration progress. From Fig. 8,
it is observed that the electrical resistivity of the material
with perforated sheet electrodes is almost same as the
electrical resistivity of material with wire mesh electrode
upto 14" day of hydration process. However, after 14 days
of hydration process, the resistance measured using
perforated sheet electrode shows little lower value in
comparison with wire mesh electrode. Due to this, the self-
sensing capacity of the nanocomposites fabricated with
different types of eclectrodes vary, which is presented in
detail in Section 5.0.
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Fig. 8 Comparison in DC electrical resistivity with different
electrodes at 0.5 wt.%: (a) OH-MWCNT; (b) COOH-
MWCNT

(e) Influence of external heating on the electrical
resistivity

After 28 days of hydration, the samples were kept in
oven for 3 days at 60°C to find out the effect of external
heating and drying on the electrical resistivity of cement-
based nanocomposites. The electrical resistivity of
nanocomposites increases after heating in comparison with
the resistivity measured at 28 days of curing without
heating. The results, as shown in Fig. 9, clearly indicate that
the presence of water inside the composites even after 28
days of hydration, while, after heating, all available water
gets evaporated and the resistivity drastically increases.
Another important observation is that the decrease of
resistivity with respect to plain cement paste is higher in
samples after heating in comparison to samples before
heating (Fig. 9). This is due to the fact that before heating,
there is contribution both from ionic water and CNTs
connectivity, in overall conductivity of the composite,
whereas, after heating, the contribution from ionic water is
lost.

4.2 AC electrical resistivity

The alternating current (AC) electrical resistivity of the
cement-based composites incorporated with nanomaterials
was measured using a high precision impedance analyser
(Agilent 4294A) over the frequency range from 40 Hz to
100 kHz at room temperature after 28 days of hydration.
Fig. 10 shows the frequency dependence of the AC
electrical resistivity of composites containing different
weight fraction of the carbon nanotubes.

A strong frequency dependence, i.c., a slow decrease in
AC celectrical resistivity with an increase in frequency is
observed for plain cement paste, which indicates an
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Fig. 9 Decrease in DC electrical resistivity of cement-based
composites before and after heating with respect to
the plain cement paste incorporated with (a)
MWCNTs; (b) OH-MWCNTs; (¢) COOH-MWCNTs

electrical insulator or high electrical resistivity
characteristic of composites. Incorporation of small amount
of the conductive fillers (0.10 wt.% of MWCNTSs) into
cement matrix also shows the same behaviour as plain
cement paste with slow linear decrease in resistivity as
frequency increase from 40 Hz to 100 kHz. This indicates
that the resistivity is strongly influenced by the measuring
frequencies. In this situation, the exhibited typical dielectric
behaviour of cement-based composite indicates the absence
of strong and stable conductive path in the composites due
to insufficient amount of CNTs (Hou 2008).

While further addition of conductive fillers (0.25 wt.%)
the electrical resistance significantly decreases within
measured frequency range. At a higher concentration (0.50
wt.% and 0.75 wt.%) of CNTs the electrical resistivity
values are almost independent of the change of frequency
(as shown in Fig. 10). In this situation, the conductive fillers
are very close to each other, and the conductivity is
dominated by Ohmic behavior, as a result of charge carriers
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traveling through the conductive pathways (Lazarenko et al.
2009). One important observation is that around percolation
threshold, the AC electrical resistivity becomes nearly
frequency independent.

The resistivity of cement composite decreased by
21.47% by incorporation of 0.1 wt.% of MWCNTs while a
significant reduction of 69.82% and 82.35% in electrical
resistivity was observed at a frequency of 100 kHz after
incorporation of MWCNTs of 0.25 wt.% and 0.50 wt.%
respectively. The decrease in resistivity of cement
composites is very less with 0.1 wt.% P-MWCNTs, in
comparison to decrease in resistivity of cement paste with
0.25 wt.% and 0.50% P-MWCNTs. This reduction in
electrical resistivity indicates that the percolation threshold
is around 0.25 wt.%. However, when MWCNT is added
beyond 0.5 wt.%, an increase in electrical resistivity is
observed.

The same frequency dependence behaviour was
observed in case of functionalized MWCNTs. The
incorporation of functionalized MWCNTs decreases the
electrical resistivity of cement-based composites as similar
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Fig. 11 AC electrical resistivity with frequency after heating

incorporated with (a) MWCNTs; (b) OH-MWCNTs;
(¢) COOH-MWCNTs

to P-MWCNTs. At 0.10 wt.%, the decrease in electrical
resistivity is observed to be very less in both the
functionalized MWCNTs (OH and COOH). However,
comparatively, decrease in electrical resistivity was more in
COOH-MWCNT (33.36%) than that of 0.1 wt.% OH-
MWCNTs (27.57%) at 100 kHz frequency. Similarly,
highest decrease in electrical resistivity was observed due to
addition of 0.5 wt.% in both types of functionalized
MWCNTs. The decrease in electrical resistivity of cement
paste incorporated with 0.5 wt.% of COOH-MWCNTs and
OH-MWCNTs was found to be 86.27% and 77.14%
respectively, while in P-MWCNT the decrease in electrical
resistivity was 82.35% at the same weight fraction at 100
kHz frequency.

The measurements were taken again after subjecting the
specimens to heating in oven at 60°C for 3 days in order to
nullify the effect of trapped or unconsumed water in the
cement matrix. Fig. 11 shows the electrical resistivity of
cement composites with different types of MWCNTs at
different concentration after heating (AH). After heating,
the AC electrical resistivity of plain cement paste increases
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drastically. The increase in resistivity was observed in all
cases as it was observed during DC resistance
measurement. Increase in MWCNTs concentration decrease
the resistivity. However, the rate of decrease in resistivity
with respect to plain cement composites at 40 Hz frequency
after heating is more in comparison with the rate of
decrease in resistivity at 40 Hz frequency at 28 days
hydration before heating (BH). At 100 kHz frequency there
was not much influence of heating and resistivity of the
samples was observed almost similar before heating (BH)
and after heating (AH).

5. Self-sensing of strain during stress
development

For demonstrating the performance of the smart cement-
based composite under cyclic loading, cyclic stress was
applied through a compression testing machine. The change
in electrical resistance in the cement composite due to the
change in internal path was measured online using a high
accuracy voltmeter, as shown in Fig. 12. From this, the
fractional change in resistance is calculated using the
expression as given below

Ry — Ry
FCR (%) = ——— x 100 )

0

Where, R, is the resistance at time, ¢ and R, is the
initial resistance before loading. Accordingly, gauge factor
is determined from the fractional change in resistivity per
unit strain which is expressed as

covee factor — FCR__ Re=Ro .
auge factor = Zor = —p- /€ A3)

Where, ¢ is the strain in the composite measured from
strain gauge.

The experimental set up for piezoresistive test is shown
in Fig. 12. The response in terms of fractional change in
resistivity with the change in strain for all types of sensors
(cement with pristine CNT, OH-CNT, and COOH-CNT)
using wire mesh electrode and perforated sheet electrode
are shown in Figs. 13 and 14, respectively. It is important to
mention that, though a range of CNT dosage was

Fig. 12 Instrumentation set up for piezoresistive test
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Table 6 Gauge factor of developed sensors at 0.50 wt.%

MWCNT
MWCNT WME PSE
Pristine- 172.06 407.16
OH- 151.98 367.73
COOH- 222.31 451.26

investigated, the reported results here are typical for 0.5%
CNT dosage. It is found that the developed sensors are very
effective in sensing the change in strain. The calculated
gauge factor for COOH-CNT based cement sensor was
above 450, which can be treated to be the best among the
reported results. The calculated gauge factor for both type
of electrode is listed in Table 6.

6. Conclusions

A detailed study on microstructure-dependant
conductive (electrical) properties of cement-based
composites is presented. In the present study, pristine and
two types of functionalised CNTs are used to study their
efficiencies to develop the tunnelling mechanism in the
microstructure of the cement-based composite and the
effect of percolation threshold thereon. The microstructural
variation in cement-based composite during hydration and
heating were considered. Polarization effect of the
developed composite due to AC and DC current
measurements were also studied. The major remarks are:

e The electrical resistivity of plain cement paste was
significantly low with the incorporation of
conductive. MWCNTs. With increase in the
concentration of MWCNTs, resistivity of the
composite ~ was found to be reduced.
Functionalization of MWCNTs has considerable
effect on the electrical resistivity of developed
composite. The rate of decrease in electrical
resistivity with 0.5 wt.% of COOH-MWCNTs was
found to be 79.53%, which is higher than P-
MWCNTs (78.24%) and OH-MWCNTs (74.03%).

e The rate of decrease in electrical resistivity of the
composites was greatly influenced by external
heating after 28 days of normal curing. The rate of
decrease in resistivity increases after heating in
comparison with without heating.

e The investigations related to AC measurement reveal
that input frequency of AC has significant role in
reduction of electrical resistivity of cement-based
nanocomposites. The influence of
microstructure/pore  water on the resistivity is
significantly dependent on the operating frequency
range during the AC measurement. It is also
observed that the frequency dependency is more
pronounced with less concentration of CNTs (< 0.5
wt.%).

e The type of electrode (copper wire mesh and copper
perforated sheet electrodes) has shown very less
effect on the overall measured resistivity of cement-

based nanocomposites and has considerable effect on
the self-sensing capacity. The gauge factor of the
developed sensor with 0.5 wt.% of CNTs fabricated
with perforated sheet electrode was about 450,
which is the better than the available/reported
cement based sensors for embedded sensing.

e The continuous cyclic tests on the sensors show that
the effectiveness and sensitivity of the cement-based
sensors are extremely promising for usage as
embedded sensors in the structures. It is also
important that the functionalization of CNT
improves the gauge factor (reflecting the sensitivity
in resistance change due to change in strain).

e The present study emphasizes that cement-based
sensors are extremely promising for strain sensing,
however also dependent on the microstructure which
has a significant influence due to the presence of
pore water. Thus, a proper water proofing coating
with appropriate arrangement is to be applied before
embedding the sensor in structure for consistent
output, otherwise the received data is to be analysed
appropriately considering the site consideration.

Acknowledgments

The contribution from the staff members of SMSL of
CSIR-SERC during preparation of specimens and carrying
out the experimental studies is acknowledged. The first
author would like to thank CSIR-Senior Research
Fellowship for the financial support.

References

Blanch, A.J., Lenchan, C.E. and Quinton, J.S. (2010), “Optimizing
surfactant concentrations for dispersion of single-walled carbon
nanotubes in aqueous solution”, J. Phys. Chem. B, 114(30),
9805-9811. https://doi.org/10.1021/jp104113d

Cao, J. and Chung, D.D.L. (2004), “Electric polarization and
depolarization in cement-based materials, studied by apparent
electrical resistance measurement”, Cement Concrete Res.,
34(3), 481-485.
https://doi.org/10.1016/j.cemconres.2003.09.003

Chen, X. and Wu, S. (2013), “Influence of water-to-cement ratio
and curing period on pore structure of cement mortar”, Const.
Build. Mater., 38, 804-812.
https://doi.org/10.1016/j.conbuildmat.2012.09.058

Chen, B., Wu, K. and Yao, W, (2004), “Conductivity of carbon
fiber reinforced cement-based composites”, Cement Concrete
Compos., 26(4), 291-297.
https://doi.org/10.1016/S0958-9465(02)00138-5

Chung, D.D.L. (2004), “Electrically conductive cement-based
materials”, Adv. Cement Res. 16(4), 167-176.
https://doi.org/10.1680/adcr.2004.16.4.167

Coppola, L., Buoso, A. and Corazza, F. (2011), “Electrical
properties of carbon nanotubes cement composites for
monitoring stress conditions in concrete structures”, Appl.
Mech. Mater., 82, 118-123.
https://doi.org/10.4028/www.scientific.net/ AMM.82.118

D’Alessandro, A., Rallini, M., Ubertini, F., Materazzi, A.L. and
Kenny, J.M. (2016), “Investigations on scalable fabrication
procedures for self-sensing carbon nanotube cement-matrix
composites for SHM applications”, Cement Concrete Compos.,



192 Rajani Kant Rao, B.S. Sindu and Saptarshi Sasmal

65, 200-213. https://doi.org/10.1016/j.cemconcomp.2015.11.001

Giliemes, A., Fernandez-Lopez, A., Pozo, A.R. and Sierra-Pérez, J.
(2020), “Structural health monitoring for advanced composite
structures: a review”, J. Compos. Sci., 4(1), 13

Han, B., Yu, X. and Kwon, E. (2009), “A self-sensing carbon
nanotube/cement  composite  for  traffic  monitoring”,
Nanotechnology, 20(44) 445501.
https://doi.org/10.1088/0957-4484/20/44/445501

Han, B., Yu, X. and Ou, J. (2010), “Effect of water content on the
piezoresistivity of MWNT/cement composites”, J. Mater. Sci.,
45(14), 3714-3719. https://doi.org/10.1007/s10853-010-4414-7

Han, B., Yu, X. and Ou, J. (2011), “Multifunctional and smart
carbon nanotube reinforced cement-based materials”, In:
Nanotechnology in Civil Infrastructure, pp. 1-47, Springer,
Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-16657-0 1

Hannan, M.A., Hassan, K. and Jern, K.P. (2018), “A review on
sensors and systems in structural health monitoring: current
issues and challenges”, Smart Struct. Syst., Int. J., 22(5), 509-
525. https://doi.org/10.12989/ss5.2018.22.5.509

Hou, T.C. (2008), “Wireless and electromechanical approaches for
strain sensing and crack detection in fiber reinforced
cementitious materials”, Doctoral dissertation 2008; The
University of Michigan, USA.
http://hdl.handle.net/2027.42/61606

Jang, S.H., Kawashima, S. and Yin, H. (2016), “Influence of
carbon nanotube clustering on mechanical and electrical
properties of cement pastes”, Mater., 9(4), 220.
https://doi.org/10.3390/ma9040220

Jiang, S., Zhou, D., Zhang, L., Ouyang, J., Yu, X., Cui, X. and
Han, B. (2018), “Comparison of compressive strength and
electrical resistivity of cementitious composites with different
nano-and micro-fillers”, Arch. Civ. Mech. Eng., 18(1), 60-68.
https://doi.org/10.1016/j.acme.2017.05.010

Kim, G.M., Naeem, F., Kim, H.K. and Lee, H.K. (2016), “Heating
and heat-dependent mechanical characteristics of CNT-
embedded cementitious composites”, Compos. Struct., 136,
162-170. https://doi.org/10.1016/j.compstruct.2015.10.010

Konsta-Gdoutos, M.S. and Aza, C.A. (2014), “Self-sensing carbon
nanotube (CNT) and nanofiber (CNF) cementitious composites
for real time damage assessment in smart structures”, Cement
Concrete Compos., 53, 162-169.
https://doi.org/10.1016/j.cemconcomp.2014.07.003

Lazarenko, A., Vovchenko, L., Prylutskyy, Y., Matzuy, L., Ritter,
U. and Scharff, P. (2009), “Mechanism of thermal and electrical

conductivity in polymer-nanocarbon composites”,
Materialwissenschaft und Werkstofftechnik: Entwicklung,
Fertigung, Priifung, Eigenschaften und Anwendungen

technischer Werkstoffe, 40(4), 268-272.
https://doi.org/10.1002/mawe.200900439

Lezgy-Nazargah, M., Saeidi-Aminabadi, S. and Yousefzadeh,
M.A. (2019), “Design and fabrication of a new fiber-cement-
piezoelectric composite sensor for measurement of inner stress
in concrete structures”, Arch. Civil Mech. Eng., 19, 405-416.
https://doi.org/10.1016/j.acme.2018.12.007

Li, W. (2013), “The self-sensing, electrical and mechanical
properties of the epoxy composites reinforced with carbon
nanotubes-micro reinforcement nano/micro hybrids”, Ecole
Centrale Paris, NNT: 2013ECAP0049 Doctoral dissertation
(English).

Li, X. and Li, M. (2019), “Multifunctional self-sensing and ductile
cementitious materials”, Cement Concrete Res., 123, 105714.
https://doi.org/10.1016/j.cemconres.2019.03.008

Li, G.Y., Wang, PM. and Zhao, X. (2005), “Mechanical behavior
and microstructure of cement composites incorporating surface-
treated multi-walled carbon nanotubes”, Carbon, 43(6), 1239-
1245. https://doi.org/10.1016/j.carbon.2004.12.017

Luo, J., Duan, Z. and Li, H. (2009), “The influence of surfactants

on the processing of multi-walled carbon nanotubes in
reinforced cement matrix composites”, Physica Status Solidi
(a), 206(12), 2783-2790. https://doi.org/10.1002/pssa.200824310

Luo, J.L., Duan, Z.D., Zhao, T.J. and Li, Q.Y. (2011), “Effect of
compressive strain on electrical resistivity of carbon nanotube
cement-based composites”, Key Eng. Mater., 483, 579-583.
https://doi.org/10.4028/www.scientific.net/ KEM.483.579

Luo, Y., Chen, Y., Wan, H. P, Yu, F. and Shen, Y. (2021),
“Development of laser-based displacement monitoring system
and its application to large-scale spatial structures”, J. Civil
Struct. Health Monitor., 11(2), 381-395.
https://doi.org/10.1007/s13349-020-00459-4

Ma, Z., Yun, C. B., Wan, H. P,, Shen, Y., Yu, F. and Luo, Y. (2021),
“Probabilistic principal component analysis-based anomaly
detection for structures with missing data”, Struct. Cont. Health
Monitor., €2698. https://doi.org/10.1002/stc.2698

Musso, S., Tulliani, J.M., Ferro, G. and Tagliaferro, A. (2009),
“Influence of carbon nanotubes structure on the mechanical
behavior of cement composites”, Compos. Sci. Tech., 69(11-12),
1985-1990. https://doi.org/10.1016/j.compscitech.2009.05.002

Nagayama, T., Sim, S.H., Miyamori, Y. and Spencer, B.F. Jr.
(2007), “Issues in structural health monitoring employing smart
sensors”, Smart Struct. Syst., Int. J., 3(3), 299-320.
https://doi.org/10.12989/ss5.2007.3.3.299

Nochaiya, T. and Chaipanich, A. (2011), “Behavior of multi-
walled carbon nanotubes on the porosity and microstructure of
cement-based materials”, Appl. Sur. Sci., 257(6), 1941-1945.
https://doi.org/10.1016/j.apsusc.2010.09.030

Noel, A.B., Abdaoui, A., Elfouly, T., Ahmed, M.H., Badawy, A.
and Shehata, M.S. (2017), “Structural health monitoring using
wireless sensor networks: A comprehensive survey”, [EEE
Communications Surveys & Tutorials, 19(3), 1403-1423.
https://doi.org/10.1109/COMST.2017.2691551

Rao, R. and Sasmal, S. (2019), “Detection of flaw in steel anchor-
concrete composite using high-frequency wave
characteristics”, Steel Compos. Struct., Int. J., 31(4), 341-359.
https://doi.org/10.12989/s¢s.2019.31.4.341

Rao, R., Sindu, B.S. and Sasmal, S. (2020), “Synthesis, design and
piezo-resistive  characteristics of  cementitious  smart
nanocomposites with different types of functionalized
MWCNTs under long cyclic loading”, Cement Concrete
Compos., 108, 103517.
https://doi.org/10.1016/j.cemconcomp.2020.103517

Reales, O.A.M., Jaramillo, Y.P.A., Botero, J.C.O., Delgado, C.A.,
Quintero, J.H. and Toledo Filho, R.D. (2018), “Influence of
MWCNT/surfactant dispersions on the rheology of Portland
cement pastes”, Cement Concrete Res., 107, 101-109.
https://doi.org/10.1016/j.cemconres.2018.02.020

Rice, J.A., Mechitov, K., Sim, S.-H., Nagayama, T., Jang, S., Kim,
R., Spencer, Jr., B.F., Agha, G. and Fujino, Y. (2010), “Flexible
smart sensor framework for autonomous structural health
monitoring”, Smart Struct. Syst., Int. J., 6(5), 423-438.
https://doi.org/10.12989/ss5.2010.6.5_6.423

Rovnanik, P., Kusak, I., Bayer, P., Schmid, P. and Fiala, L. (2019),
“Electrical and self-sensing properties of alkali-activated slag
composite with graphite filler”, Mater., 12(10), 1616.
https://doi.org/10.3390/mal12101616

Ryu, D., Loh, K.J., Ireland, R., Karimzada, M., Yaghmaie, F. and
Gusman, A.M. (2011), “In situ reduction of gold nanoparticles
in PDMS matrices and applications for large strain sensing”,
Smart Struct. Syst., Int. J., 8(5), 471-486.
https://doi.org/10.12989/sss.2011.8.5.471

Sasmal, S., Ravivarman, N. and Sindu, B.S. (2017a), “Synthesis,
characterisation and performance of piezo-resistive cementitious
nanocomposites”’, Cement Concrete Compos., 75, 10-21.
https://doi.org/10.1016/j.cemconcomp.2016.10.008

Sasmal, S., Ravivarman, N., Sindu, B.S. and Vignesh, K. (2017b),



Performance of cement composite embeddable sensors for strain-based health monitoring of in-service structures

“Electrical conductivity and piezo-resistive characteristics of
CNT and CNF incorporated cementitious nanocomposites under
static and dynamic loading”, Compos. Part A: Appl. Sci.
Manufact., 100, 227-243.
https://doi.org/10.1016/j.compositesa.2017.05.018

Solgaard, A.O.S., Geiker, M., Edvardsen, C. and Kiiter, A. (2014),
“Observations on the electrical resistivity of steel fibre
reinforced concrete”, Mater. Struct., 47(1-2), 335-350.
https://doi.org/10.1617/s11527-013-0064-y

Spragg, R., Villani, C., Snyder, K., Bentz, D., Bullard, J.W. and
Weiss, J. (2013), “Factors that influence electrical resistivity
measurements in cementitious systems”, Transp. Res. Rec.,
2342(1), 90-98. https://doi.org/10.3141/2342-11

Sun, M., Staszewski, W.J. and Swamy, R.N. (2010), “Smart
sensing technologies for structural health monitoring of civil
engineering structures”, Adv. Civil Eng.
https://doi.org/10.1155/2010/724962

Tohidi, H., Hosseini-Hashemi, S.H. and Maghsoudpour, A. (2018),
“Size-dependent forced vibration response of embedded micro
cylindrical shells reinforced with agglomerated CNTs using
strain gradient theory”, Smart Struct. Syst., Int. J., 22(5), 527-
546. https://doi.org/10.12989/ss5.2018.22.5.527

Tyson, B.M., Abu Al-Rub, R.K., Yazdanbakhsh, A. and Grasley, Z.
(2011), “Carbon nanotubes and carbon nanofibers for enhancing
the mechanical properties of nanocomposite cementitious
materials”, J. Mater. Civil Eng., 23(7), 1028-1035.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000266

Ubertini, F., Materazzi, A.L., D’Alessandro, A. and Laflamme, S.
(2014), “Natural frequencies identification of a reinforced
concrete beam using carbon nanotube cement-based sensors”,
Eng. Struct., 60, 265-275.
https://doi.org/10.1016/j.engstruct.2013.12.036

Wan, H.P., Dong, G.S. and Luo, Y. (2021), “Compressive sensing
of wind speed data of large-scale spatial structures with
dedicated dictionary using time-shift strategy”, Mech. Syst.
Signal Process., 157, 107685.
https://doi.org/10.1016/j.ymssp.2021.107685

Wang, L. and Aslani, F. (2019), “A review on material design,
performance, and practical application of electrically conductive
cementitious composites”, Const. Build. Mater., 229, 116892.
https://doi.org/10.1016/j.conbuildmat.2019.116892

Wen, S. and Chung, D.D.L. (2001), “Effect of stress on the electric
polarization in cement”, Cement Concrete Res., 31(2), 291-295.
https://doi.org/10.1016/S0008-8846(00)00412-9

Yoo, D.Y., You, I., Youn, H. and Lee, S.J. (2018a), “Electrical and
piezoresistive properties of cement composites with carbon
nanomaterials”, J. Compos. Mater., 52(24), 3325-3340.
https://doi.org/10.1177/0021998318764809

Yoo, D.Y., You, I, and Lee, S.J. (2018b), “Electrical and
piezoresistive sensing capacities of cement paste with multi-
walled carbon nanotubes”, Arch. Civil Mech. Eng., 18(2), 371-
384. https://doi.org/10.1016/j.acme.2017.09.007

Yu, X. and Kwon, E. (2009), “A carbon nanotube/cement
composite with piezoresistive properties”, Smart Mater. Struct.,
18(5), 055010. https://doi.org/10.1088/0964-1726/18/5/055010

Zhang, L., Ding, S., Han, B., Yu, X. and Ni, Y.Q. (2019), “Effect
of water content on the piezoresistive property of smart cement-
based materials with carbon nanotube/nanocarbon black
composite filler”, Compos. Part A: Appl. Sci. Manufact., 119, 8-
20. https://doi.org/10.1016/j.compositesa.2019.01.010

FC

193





