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a b s t r a c t
The present paper reports on the strain and damage sensing potential of carbon nanotubes and carbon
nanoﬁbers embedded in cement mortars. Prismatic and three-point bending specimens were prepared
at various nano-inclusion concentrations for measurement of the material’s surface electrical resistivity, establishment of its electrical percolation threshold, assessment of its piezoresistive response under
cyclic compressive loading and for damage detection under pure bending of the mortars. Percolation theory conditions were met at a tube concentration of ca. 0.6% by weight of cement while both nanotubes
and nanoﬁbers endowed smartness to the mortars which exhibited remarkable electrical sensitivity to
applied load, with fully-recoverable electrical resistances varying in an inverse relation with compressive
stress. The potential of nanotubes and nanoﬁbers as damage sensors in percolated mortars was manifestedby dramatic increases of in situ electrical resistivity under three-point bending testing, at loading
instances as early as the maximum load, hence providing timely failure warnings. Differences in the strain
and damage sensing potentials of the two types of nano-inclusions is presented and discussed in the text.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Electrical conductivity, the property which quantiﬁes how
strongly the material assists electric current transport, is currently
the most desirable characteristic of next-generation smart cementbased materials. The property is often expressed by means of its
inverse, electrical resistivity, which can attain values ranging from
10−6 Ohm cm for highly conductive metals, to 1019 Ohm cm for
highly insulating rubber and certain polymers. As a porous material,
concrete exhibits a wide range of resistivities depending mainly
on moisture content [1], temperature [2], cement type, water-tocement ratio and amount and type of aggregates, admixtures and
supplementaries in the raw materials [3].
Electrical resistivity is extremely signiﬁcant for a variety of
cement-based applications such as concrete railway ties on longline railroads, transit lines, hospital operating room ﬂoors and
cathodic protection systems [4]. Moreover, electrical resistivity
measurements as non-invasive methodologies, have been suggested for assessment of the effect of re-alkalisation of carbonated
concrete [5], monitoring the health of carbon ﬁber-reinforced con-
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crete [6,7], and monitoring water, ionic penetration and moisture
displacement within the materials [8–15]. Electrical resistivity
measurements have also been suggested for assessing microstructural alterations in hydrating cement-based materials [16]. Elastic
waves and electrical resistivity measurements were used by Kang
et al. for studying the effect of the freezing-thawing process on
sand-silt mixtures [17].
Carbon nanotubes (CNT), the one-dimensional allotropes of carbon considered as one of the most remarkable materials of the 21st
century, are particularly efﬁcient in endowing electrical transport
potential to low-conductivity matter such as cement [18,19]. With
average diameters as low as 1.2 nm the tubes can be conducting
or semiconducting by adjustment of the imposed electrical ﬁeld
[19]. CNTs have attracted extensive scientiﬁc attention due to their
remarkable physical, mechanical and electrical properties. Not long
after the announcement of some unique CNT applications such as
electrically conducting polymer composites, ﬁeld emission electron sources for ﬂat panel displays, hydrogen storage media in
electric vehicles or laptop computers and microwave generators
[20–24], the tubes demonstrated potential also in cement-based
materials to which they can endow multi-functional characteristics
such as enhanced electrical and thermal transport properties while
simultaneously acting as nano-reinforcement to the mechanical
behavior [19]. In smart cements, the tubes can act as internal self-
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monitoring sensors for inner defects hence eliminating the need
for embedded, attached or remote sensing systems [25]. The sensing ability of cement-based composites was ﬁrstly documented by
Han et al. [26] and is associated with their piezoresistive effect, i.e.
the change in their electrical resistance under external mechanical stimulus. The piezoresistive behavior of nano-modiﬁed cement
stems from the variation, due to external loading -usually of compressive nature- in the contact resistance between the electrically
conducting nano-inclusions and the bulk cement-based material
[27].
Efﬁcient improvement of the electrical transport properties of
cement by embedded carbon nanotubes requires that percolation
theory conditions are satisﬁed. Therein, establishment of a critical
nanotube concentration is required for adjacent nano-inclusions
to critically contact one another so that a continuous, electrically
conductive path is formed throughout the material which leads to
a sudden dramatic decrease in resistivity. The tube concentration
where such conditions are met is known as the electrical percolation threshold of the given material system [27]. At the threshold,
the curve of resistivity versus inclusion concentration renders Sshaped [27]. The percolation effect has been studied in great extent
for CNT-loaded polymers however extremely limited information is
available for cement-based materials [27–29]. Ambrosetti et al. [30]
studied theoretically and numerically the percolation of electrical
properties of carbon nanotube composites.
Measurement of the in-plane electrical resistance of cementbased materials in situ during testing can reveal the damage state
of the materials due to either damage inﬂiction (and corresponding subsequent opening of microcracks) or healing by microcrack
closing [31]. For example, Bontea et al. monitored damage in short
carbon ﬁber-reinforced concrete by measurement of DC electrical
resistance and found that resistance decreased during compression
and increased upon damage development [32]. In this manner the
strain/stress state during dynamic loading could be related to the
origin of the damage.
Electrical resistivity measurements in cement-based materials
are typically conducted by one-, two- or four-probe methods. The
latter, also called Wenner method [33], is considered as the most
accurate; it uses four electrodes ﬁxed onto the concrete surface
and the current is applied to the two outer electrodes while the two
inner ones measure the difference in potential. In the case of homogeneous materials like concrete, an additional factor, K, accounting
for probe spacing, specimen dimensions and temperature must also
be taken into consideration in calculation of the resistivity as suggested by Morris et al. [34]. Resistivity data from cylindrical and
prismatic specimens also require correction as suggested in [35].
Coppola et al. [36] and Cao et al. [37] recently demonstrated the
effectiveness of the four-point method in monitoring stress in CNTloaded cement and in assessing the steel ﬁber dispersion in cement
mortars, respectively.
The main objective of the present paper is to investigate the
strain and damage sensing capabilities of two types of carbon nanoinclusions, namely carbon nanotubes and carbon nanoﬁbers, in
imparting smartness to cement. For this task, a series of nanomodiﬁed cement mortars were prepared at varying nanotube and
nanoﬁber loadings and their electrical transport performance was
examined in terms of surface electrical resistivity measurements
for establishment of the percolation threshold, piezoresistivity
measurements under cyclic loading for assessing the strain sensing
capacity of the nano-inclusions and bending tests for establishment of their potential as instant damage sensors and early warning
indicators.
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Table 1
Properties of multi-wall carbon nanotubes.
Parameter

Value

Length range
Diameter range
Synthesis method
Purity
Ash
Speciﬁc surface area
Amorphous carbon content

5–15 m
20–40 nm
catalytic CVD
≥95%
≤0.2 wt.%
40–300 m3 /g
≤3%

Table 2
Properties of carbon nanoﬁbers.
Parameter

Value

Length
Average diameter
Average pore volume
Purity
Molecular Weight
Iron content

20–200 m
100 nm
0.12 cm3 /g
≥98%
12 g/mol
<14,000 ppm

2. Experimental procedure
2.1. Materials
Five cement mixtures, each with different CNT loading, were
prepared according to standard protocol “BS EN 196-1” intended for
measurement of surface electrical resistivity. Sets of six prismatic
specimens, dimensions of 40 × 40 × 160 mm3 were fabricated for
each mixture/loading value. Mixtures contained ordinary Portland cement type “I 42.5t”, regular tap water, natural sand, long
multi-wall carbon nanotubes commercially available by Shenzhen
Nanotech Port Co. Ltd. (Shenzhen, China) and Viscocrete Ultra 600
superplastisizer (Sika AG, Baar, Switzerland) as CNT dispersant
agent, in a 1:1 weight ratio to CNT. The speciﬁc superplastisizer
is a native concrete additive which proved highly effective for CNT
dispersion and rendered employment of conventional dispersion
methods, such as surfactant use and chemical tube functionalization, unnecessary [38]. The main properties of the nanotubes used
in this study are given in Table 1. Water to cement ratio was maintained at 0.5 while the tubes were added at varying concentrations
of 0.2, 0.4, 0.6 and 0.8%, by weight of cement and a reference mixture
without nano-inclusions was prepared.
For piezoresistivity measurements under three-point bending
tests and for monitoring damage, six additional prismatic specimens, same dimensions as before, were fabricated at a tube loading
of 0.6 wt.% of cement. The particular loading value was selected following the surface electrical resistivity measurements according to
the rationale presented in Section 3.3. The initial notch of the bending specimens was 20 mm and crack opening displacement was
measured using an external clip-on digital extensometer. External
electrical contacts were prepared by direct embedment in the fresh
mortars of four stainless steel grids, dimensions of 50 × 20 × 1 mm3 ,
immediately after the mortars were poured in the molds. The grids
were embedded 30 mm deep into the samples to ensure good contact of the electrodes to the sensed material over a large, statistically
representative material volume. The two inner probes (used for
voltage measurement) were positioned symmetrically at a distance
of 40 mm while the outer (used for passing current) at a 60 mm distance (Fig. 1). Two additional mixtures were prepared with carbon
nanoﬁbers as nano-inclusions at loadings of 0.2 and 0.6% by weight
of cement. The particular mixtures were produced following the
same protocol with CNT-based mixtures while the properties of
the nanoﬁbers used are shown in Table 2.
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Fig. 1. Embedded electrode conﬁguration in the CNT/cement prismatic mortars.

Fig. 2. Schematic representation of the nano-modiﬁed mortars manufacturing process.

2.2. Preparation of nanomodiﬁed mortars

2.3. Experimental methods

The experimental procedure for the preparation of CNT- and
CNF-modiﬁed cemenmortarts is illustrated in Fig. 2 and consisted
of three main steps. Initially, suspensions were produced by mixing tap water and the plasticizer for 2 min using magnetic stirring.
Subsequently, the nanophase, CNT or CNF, was added to the solution and the resulting suspension was ultrasonicated for 30 min in
room temperature at an abiding power. Ultrasonication parameters were established following a tedious analysis which involved
laser diffractometry measurements of CNT agglomerate analysis
[39]. Finally, the cement and sand suspensions were mixed in a
rotary mixer with a ﬂat beater for a total of 4 min in low and high
speeds successively, as per the requirements of BS EN 196-1 standard. Immediately after mixing, the fresh mortar was poured into
oiled steel moulds of inner dimensions of 40 × 40 × 160 mm3 and
was let to rest for 24 h before demolding. Specimens were placed
into a 100% humidity room for 28 days before being dried in an
oven at 60 ◦ C for three days and then at 90 ◦ C for another two days,
for elimination of the polarization effect.

2.3.1. DC surface electrical resistivity measurements
The effect of nanotubes on the surface electrical resistivity of cement mortars was investigated through DC electrical
measurements conducted using a custom-built contact electrical
resistivity probe connected to an ultra-high precision digital electrometer/high resistance meter (Keithley 6517B, Tektronix Inc.,
Beaverton, Oregon, USA) capable of measuring resistances up to
1018  with a 10 × 1018 A current measurement resolution, as
shown in Fig. 3. The probe consisted of a circular head comprised
of 22 concentrically-arranged spring-loaded pin electrodes with
conductive rubber ends for optimal contact with the non-planar
cement surfaces. The head rested on a z-translational stage which
could be lowered and brought into contact with the specimen at
constant force by means of a lever (Fig. 3b and c). Mortar specimens were placed on the base plate of the apparatus on top of an
insulating sheet to avoid current leakage.
Surface resistivity was determined according to Ohm’s law, by
measuring the current as a result of application of a voltage poten-
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Fig. 3. (a) Apparatus line-up for surface resistivity measurements. (b and c) Sample and probe before and during resistivity measurement.

tial across the surface of the sample. Six specimens were tested at
each nano-inclusion composition. Fig. 4 illustrates the two types of
electrical resistivity data collected: i) electrical current in amperes
as a function of test time in seconds and ii) surface resistivity in
Ohms per square as a function of readings count at the indicated
voltage. The resistivity value in each specimen was established as
the average of eight consecutive readings.

tests were performed with simultaneous electrical resistance measurements using the four-probe method as shown in Fig. 6. The
tests were performed under crosshead displacement control at a
speed of 0.01 mm/s while an applied voltage of 30 V was used.

3. Results and discussion
2.3.2. Piezoresistive behavior
The piezoresistive behavior of nano-modiﬁed mortars was
assessed by measurement of their electrical response during cyclic
compressive loading of a maximum load of 2 kN in the direction perpendicular to the embedded electrodes. The tests were
performed at a load rate of 0.025 MPa/s on an Instron 8800 servohydraulic frame (Illinois Tool Works, Glenview, IL, USA), as shown
in Fig. 5. Each unloading-reloading cycle had a duration of approximately 100 s and a total of six cycles were applied to each specimen.
During cyclic loading, the electric current of the specimens under
an applied voltage of 30 V was recorded. The change in DC electrical resistance was calculated as (R-R0 )/R0 , where R is the instant
electrical resistance on the loaded specimen and R0 is the initial
electrical resistance prior to load application.
2.3.3. Damage detection under three point bending
Damage and crack formation and propagation in the mortars
during loading lead to the collapse of the electrically conductive
network, hence also to resistivity increases. Three point bending

3.1. DC electrical resistivity measurements
The primer task of the current study was the establishment
of the relation between carbon nanotube loading and room temperature DC surface electrical resistivity of nano-modiﬁed cement
mortars. Average values and standard deviation of resistivity
obtained for each mixture is plotted as a function of tube loading in the corresponding mixture, in Fig. 7. The observed behavior
manifests a dramatic effect of CNT presence on surface electrical resistivity of the nano-modiﬁed mortars with property values
decreasing by approximately three orders of magnitude from the
control value (plain specimens) as tube concentration increases
from 0.4 to 0.6 wt.%. This ﬁnding suggests that a CNT loading of
0.6 wt.% of cement is the percolation threshold for the material system under investigation as it allows a remarkably faster electrical
current ﬂow of ions through the material by establishment of a
continuous conductive network of carbon nanotubes throughout
its volume.
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Fig. 4. Types of data collected during electrical resistivity measurements. (a) Current vs time and (b) Resistivity vs readings count.

3.2. Piezoresistivity effect-strain sensing
The fractional change in electrical resistance of a mortar modiﬁed with 0.6% wt. of cement carbon nanotubes, just above the
percolation threshold, is plotted as a function of cyclic compressive loading duration, for all six applied cycles, in Fig. 8. For ease
of conception of instantaneous stress level, compressive stress is
also included as a right hand side y-axis. The compressive loading
amplitude of 2 kN corresponds to a maximum compressive stress
amplitude of 1.25 MPa for the specimens under investigation. It is
observed that electrical resistance values maintain a negative sign
throughout testing while the property decreases during the loading
stage and increases upon unloading. The behavior depicted in Fig. 8
manifests that the change in resistance invoked in each unloading/reloading cycle is fully reversible, as the previous resistance
level is completely recovered in the following cycle. This particular
characteristic is important in that it validates nanotubes as strain
sensors with a remarkable sensitivity to external loading, hence
imparting “smartness” to the material. The observed behavior can

be explained upon the level of compaction caused to the specimen
during compressive loading which facilitates physical contact of
the electrically conductive tubes and easier current ﬂow. The opposite phenomenon occurs during unloading which causes electrical
resistance to increase.
Fig. 9 illustrates the fractional change in electrical resistance,
under the same loading protocol as the previous case, for mortars
modiﬁed with 0.2 and 0.6 wt.% of cement carbon nanoﬁbers. A similar behavior as with nanotubes is observed, with fully-recoverable
electrical resistances varying in an inverse relation to applied compressive stress. However, the smaller resistance change amplitudes
observed, manifest a lower strain sensing ability of CNFs compared
to CNTs under similar loading conditions. This is not unlinked to the
difference in dimensions of CNFs, both in length as well as in diameter, compared to the CNTs employed in this study (Tables 1 and 2).
Longer and bigger nano-inclusions such as nanoﬁbers facilitate
physical contact hence increase the probability of formation of a
conductive path at lower inclusion concentrations.
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Fig. 7. Average surface electrical resistivity as a function of CNT loading in the nanomodiﬁed mortars.

Fig. 5. Nano-modiﬁed mortar undergoing cycling loading with simultaneous
piezoresistivity measurement.

Fig. 8. Fractional change in electrical resistance under compressive cyclic loading
in a mortar loaded with 0.6 wt.% of cement CNT.
Table 3
Average change in electrical resistance for mortars modiﬁed with different loadings
of CNT and CNF.

Fig. 6. Nano-modiﬁed mortar during three point bending testing with simultaneous
electrical resistivity measurement.

Type

Concentration
[wt.% of cement]

Average change in
electrical resistance [%]

Carbon nanotubes
Carbon nanoﬁbers
Carbon nanoﬁbers

0.6
0.2
0.6

1.8
1.64
0.95

Table 3 summarizes the average change of electrical resistance
in mortars modiﬁed with different concentrations of CNTs and
CNFs. The change in mortars with 0.6 wt.% CNTs is 1.8%, a value
which decreases by almost 50% when the same concentration of
CNFs is used. This does not necessarily signify that CNFs are less
effective in endowing sensing capability to cement than nanotubes.
On the opposite, it implies that a CNFs concentration of only 0.2 wt.%
of cement is sufﬁcient to provide the mortar with the average
resistivity provided by 0.6% CNTs. Hence, in terms of electrical resistance, smaller concentrations of CNFs may provide similar results
as higher concentrations of nanotubes.
It is worth recalling that the amount of nano-reinforcement
directly inﬂuences the conductive network inside the mortars.
When the concentration level is extremely low, the thickness of the
insulating matrix between the adjacent nanotubes is large and the
possibility of formation of a conductive path under external loading is small. The increase of nano-inclusion concentration, results
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Fig. 9. Fractional change in electrical resistance under cyclic compressive stress for mortars with 0.2 (a) and 0.6 wt.% of cement, CNF (b).

in the decrease of the thickness of the insulating matrix between
adjacent nanotubes hence also in current ﬂow facilitation through
the material. Increase of the nano-inclusion concentration above
the threshold does not further improve the ﬂow as the conductive
network stabilizes and does not change signiﬁcantly under exterior
loading.

3.3. Damage sensing under bending
Selection of mortars with 0.6 wt.% of cement CNTs for threepoint bending testing was based on the electrical percolation
threshold established in Section 3.1. Fig. 10 depicts the typical
change in electrical resistance measured in situ during three point
bending; the load-displacement behavior of the mortar is also
included in the graph for ease of conception of the instant loading level. Based on the trend of the electrical resistance curve, the
material’s response can be categorized into three main regimes.
The ﬁrst is the elastic regime which extends up to the attainment
of maximum load at a displacement of 0.022 mm and involves
small increases in resistance. The second regime occupies a narrow displacement range within 0.022–0.03 mm wherein a dramatic
monotonic increase in electrical resistance, of approximately one
order of magnitude, takes place. The mechanical response of
the material within this regime is a smooth load drop after the
maximum load typically linked to multiple crack formation and
propagation. The ﬁnal regime extends from the displacement of
0.03 mm up to ultimate failure and involves a small to negligible
increase in resistance attributed to merging of multiple crack paths
and complete collapse of the conductive network. The succession
of the three regimes demonstrates a remarkable damage sensing
potential of the embedded nanotubes wherein a sudden increase
in electrical resistance can provide early warnings of upcoming
material catastrophe.
Fig. 11 shows the corresponding change in electrical resistance along with instantaneous three-point bending response, for
mortars modiﬁed with carbon nanoﬁbers at 0.2 and 0.6 wt.% of
cement, respectively. Comparably to CNT-modiﬁed mortars, a dramatic increase in electrical resistance is also found linked to the

Fig. 10. Change in electrical resistance under crosshead displacement control three
point bending in a mortar with 0.6 wt.% of cement CNT.

Fig. 11. Change in electrical resistance under crosshead displacement control three
point bending in mortar with 0.2 (a) and 0.6% wt. of cement CNF (b).
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attainment of the maximum load capacity of the materials hence
predicting the onset of catastrophic damage leading to ultimate
failure. It is nonetheless relevant to note that the resistance jump is
smaller in mortars modiﬁed with 0.6 wt.% CNFs than both in those
with 0.2% CNFs and in those with 0.6 wt.% CNTs. Common to the
piezoresistivity results, this effect is directly associated with the
dimensions of the nano-phase; therein CNFs, longer and thicker
than CNTs, are capable of forming conductive/percolated networks
at lower concentrations that the latter. For the same reason, reference conductivity values are higher in mortars with high CNF
concentrations and this limits the evidenced conductivity jump at
the maximum load. Although the sensing behavior depicted in Figs
10 and 11 is not dissimilar to that offered by other types of conducting inclusions for mortars, it must be recalled that the damage
sensing potential reported herein is achieved at a nano-inclusion
concentration of only 0.6 wt.% of cement, which is a fraction of
the typically required conductive ﬁller concentrations. Moreover,
recent results with the same type of nanotubes demonstrate their
high effectiveness in improving the ﬂexural response of the mortars
[38].
4. Conclusions
Cement mortars modiﬁed by two types of nano-inclusions,
namely carbon nanotubes and carbon nanoﬁbers were prepared
and their strain and damage sensing potentials in the development of next generation smart cements was investigated. Surface
electrical resistivity was measured on standard prismatic specimens with varying concentrations of carbon nanotubes using a
novel custom-built multi-electrode probe connected to an ultrahigh precision electrometer and the electrical percolation threshold
was established at a CNT concentration of 0.6% by weight of
cement in the mortars. CNT- and CNF-modiﬁed mortars were
tested in cyclic compression with simultaneous four-point electrical resistivity measurements made possible by embedment of
metallic grids during the production phases. The mortars exhibited
remarkable piezoresistance characteristics with fully-recoverable
electrical resistances at the end of each cycle which varied in an
inverse relation to applied stress due to the instant compaction
level. Three-point bending tests revealed the remarkable damage
sensing capability of embedded nano-inclusions evidenced by dramatic resistivity jumps at loading levels as early as the maximum
load, hence providing valuable warning signs and considerable time
window for reaction. Variations in the strain and damage sensing potential of nanotubes and nanoﬁbers in rationalized upon the
dimensional differences of the two types of nano-inclusion types.
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