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In the present study, cementitious composite incorporating a carbon nanotube (CNT) with highly
improved electrical conductivity comparable to that of a semiconductor is developed and investigated.
The CNT and pore characteristics within a cementitious matrix are considered as the most influential fac-
tors which determine the overall performance of the material, and these factors are artificially controlled
by incorporating silica fume and a superplasticizer. Additionally, a micromechanics-based model is pro-
posed to predict the electrical performance and percolation threshold of the composites. A parametric
study based on the developed model is conducted, and the influences of the constituent properties on
the overall electrical characteristics of composites are discussed. The effectiveness of the proposed
hypothesis is demonstrated by comparing it to the experimental results in the present study and from
the previous work.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, the need for high-performance multifunctional
construction materials has increased consistently in civil engineer-
ing fields [1]. Cementitious material is the third most commonly
consumed material after fossil fuels and food crops [2], and the
functionality of the cementitious materials is therefore expected
to have a considerable impact on numerous industrial fields [3].
Carbon nanotube (CNT), a typical nanotechnology-based product,
has outstanding mechanical, electrical, and thermal properties that
render it an ideal material for improving the performance of
cementitious composites [4–6,45]. However, although the attrac-
tive properties of nano-materials have led to intensive research,
relatively little work has been reported on the use of novel materi-
als in construction material sciences [7]. Especially, prior work on
cementitious composites incorporating CNT generally focused on
their mechanical characteristic.

Chaipanich et al. (2010) conducted an experimental study to
improve the compressive strength of the cement-based composites
by incorporating CNT and fly ash into them [8]. It was found that
the utilization of CNT resulted in higher compressive strength of
fly ash mortar and that the highest strength can be obtained when
CNTs and fly ash contents were 1.0% and 20.0% by weight of binder
materials, respectively [8]. The interactions among the CNTs, fly
ash, and cement matrix were also analyzed using scanning electron
(SEM) micrographs, showing that CNT acted as a strengthening fil-
ler material in the cement mortar [8]. In addition, an effective dis-
persion method of carbon nanotube (CNT) in cement materials was
proposed by Konsta-Gdoutos et al. [9]. It was reported that the dis-
persion level can be improved by applying ultrasonic energy in
combination with the use of a surfactant, and the mechanical char-
acteristics of composites increased through proper dispersion of
nanotubes [9].

More recently, it has been reported that the addition of CNT to
the cementitious composite can improve the electrical, thermal,
damping and fracture properties [10,11]. In addition, the compos-
ites can be used as a sensing, electromagnetic interference, smoke
detection materials and so on [10]. The electrical performances of
cementitious composites incorporating CNT were investigated by
Azhari and Banthia (2012) [12]. The ability to sense an applied
compressive load was experimentally tested, with the results indi-
cating that the developed composites have the potential to be used
as sensors for detecting microcracks in concrete [12]. Singh et al.
(2013) tested the electromagnetic interference (EMI) shielding
effectiveness (SE) of cement composites incorporating CNT [13].
The addition of 15.0 wt% nanotubes in the cementitious material
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exhibited a good SE in the X-band range; the SE was found to be
dominated by the absorption properties [13]. The surface interac-
tion andmorphology of the composites were also explored through
XRD, SEM, and X-ray techniques [13]. Kim et al. (2014) investi-
gated the effects of the addition of silica fume on the electro-
mechanical characteristics of cementitious composites incorporat-
ing CNT, and various experimental tests including compressive
strength, electrical resistance, and SEM image analysis were con-
ducted in the study [14].

In the present study, cementitious composites incorporating
CNT with high electrical conductivity comparable to that of a semi-
conductor (10–105) are developed by the incorporation of CNT
[15]. To investigate the effects of the CNT dispersion and the pore
characteristics on the performance of cementitious composites,
numerous specimens with different amounts of silica fume and a
superplasticizer are produced. In addition, experimental evalua-
tions of the compressive strength and electrical properties of the
fabricated composites are carried out, and the microstructures
and pore distributions of the composites are analyzed through
SEM and mercury intrusion porosimetry (MIP) methods.

A theoretical model based on micromechanics [15,17] is also
proposed to predict the electrical conductivity of the cementitious
composites incorporating CNT. The pores in the matrix are taken
into account through a two-level homogenization process, and
the CNT agglomerates are assumed to be determined by the curvi-
ness of the CNTs. The interface properties between the CNT and the
matrix are also represented by imperfectly bonded inclusions from
a theory proposed by Duan and Karihaloo (2007) [18]. Lastly, the
effectiveness of the proposed analytical model is proved by com-
paring experimental results from the present study to those in
the previous works [19,20].

2. Experimental procedure

2.1. Materials

The CNT (Hyosung Inc.) used in the present study were pro-
duced by means of thermal chemical vapor deposition (CVD) and
were purified beyond 95.0%. It is well known that the main impu-
rities during the CVD process are carbonaceous materials and cat-
alysts used for the production [21]. The diameter of the CNT ranged
from 12.0 nm to 40.0 nm, and the length were approximately
10.0 lm. Type 1 Portland cement and silica fume were utilized as
binder materials. A poly-carboxylic acid-based superplasticizer
(GLENUIM 8008, BASF Pozzolith, Ltd.) was used to improve the
workability and to disperse CNT in the cementitious matrix.

Table 1 shows the mix proportion of the cementitious compos-
ites incorporating CNT. Five types of specimens were prepared, and
a specimen which was only composed of cement paste was labeled
as the control specimen. For all specimens, the water/cement (w/c)
ratio was fixed at 0.3, and CNT at an amount of 0.5% by weight of
cement were added to the composite specimens (C-CNT, P-CNT, F-
CNT, and PF-CNT). In addition, silica fume and a superplasticizer in
corresponding amounts of 20.0 wt% and 1.6 wt%, respectively,
were applied. The density of the material composition utilized in
the present study is given in Table 1.

The detailed specimen notation method according to the com-
bination of the material compositions is illustrated in Fig. 1(a).
The fabrication processes of the specimens were as follows: dry
materials (two or three selected from the cement, the silica fume,
and the CNT) were mixed for 1 min using a standard Hobart mixer,
and then further mixed for another 5 min after the superplasticizer
and water were added to the mixtures. The fresh mixtures were
cast into a cubic mold 50 � 50 � 50 mm3 in size. A tamper was
used to compact the mixture. The specimens were then sealed to
prevent the evaporation of water. After 1 day of curing, the speci-
mens were demolded and cured in the sealed condition for 28 days
at 20 ± 5 �C. To measure the resistance of the hardened specimens,
electrodes were designed in equivalent planes using silver paste to
minimize the contact resistance between the composite matrix
and the electrodes [14,22]. These had a width and height of
10 mm and 20 mm, respectively (Fig. 1(b)).

2.2. Test methods and procedures

The electrical resistance of the composite specimens was mea-
sured using a digital multimeter (Agilent Technologies 34410A),
and the resistivity (O�m) was calculated according to Eq. (1), as fol-
lows [23],

q ¼ R � A
L

ð1Þ

where q is the resistivity (O�m) and R is the measured resistance (O).
L and A denote the spacing between the electrodes (m) and the cross-
section of an electrode on a composite specimen (m2), respectively. A
polarization effect increases the electrical resistivity of the compos-
ites when the CNT are not uniformly dispersed in the cementitious
matrix [24]. The electrical resistance measured within 1 s to exclude
theeffect of thepolarization [23]. The electrical resistance of the com-
posites was measured at 3, 7, 14, and 28 curing days to investigate
how much it changed during the hydration process. The hardened
specimen cured for 28 days was then subjected to a compressive
strength testbasedonASTMC109with theuseof a 3000 kNuniversal
testingmachine (UTM)with a cross-head speed of 0.02 mm/s [25]. In
addition, MIP and SEM tests were conducted to analyze the
microstructures of the cementitious composites incorporating CNT.
TheMIP test for investigating thecorrelationbetween theCNTdisper-
sion and distribution of pores was carried out with a porosimeter
(Auto pore IV 121 9500, Micrometritics Instrument Co.), which can
detect pore diameters in a range of 0.003–10 lm. The contact angle
and surface tension in the testwere 130� and 0.485 N/m, respectively
[26]. For the SEM analysis (Nova NanoSEM230, FEI CO.; S-5000, Hita-
chiCo.), the composite specimenwasdried in anovenat 50 �C for12 h
and then coated with gold under a low vacuum [14].

2.3. Results and discussion

The experimental results of electrical resistivity and compres-
sive strength corresponding to each specimen are shown in Fig. 2
(a) and (b). It was found that the addition of CNT reduced the elec-
trical resistivity in all cases. In particular, the electrical resistivity
of the PF-CNT specimen was reduced by more than 1000 times
compared to that of control specimen. The electrical resistivity of
the C-CNT, P-CNT and F-CNT specimens was relatively higher than
that of PF-CNT specimen. However, the electrical resistivity of the
P-CNT specimen was slightly lower than those of C-CNT and F-CN
specimens. Meanwhile, the electrical resistivity of the PF-CNT and
F-CNT specimens was almost unchanged as the curing days
increased, while those of C-CNT and P-CNT specimens increased.
The evaporation of water can significantly change the electrical
resistivity of cementitious composites [22]. Silica fume added to
the PF-CNT and F-CNT can densify the matrix and reduce the evap-
orable water in the composite matrix [14]. That is, the electrical
resistivity of PF-CNT and F-CNT specimens in the present study
was not significantly affected by the evaporation of the water.

The compressive strengths of C-CNT and P-CNT specimens were
slightly less than that of the control specimen. In contrast, the
compressive strength of the F-CNT specimen were approximately
2 times higher than that of control specimen. The improvement
of compressive strength on the F-CNT specimen was possibly



Table 1
Mix proportion expressed in terms of mass ratio and total porosity of the cementitious composites incorporating CNT.

Specimen Cement (3.10)* Water (1.00) CNT (1.32) Silica fume (2.10) Super-plasticizer (1.07) Total porosity (%)

Control 100 30 0.0 0.0 0.0 14.03
C-CNT 0.5 0.0 00.0 16.00
P-CNT 0.5 0.0 1.6 21.31
F-CNT 0.5 20.0 0.0 9.78
PF-CNT 0.5 20.0 1.6 12.68

* Specific gravity of materials.
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Fig. 1. (a) A schematic of the mixing procedure of cementitious composite incorporating CNT, and (b) an illustration of the composite specimen with a silver paste electrode.
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caused by the addition of silica fume [27]. Toutanji and El-Korchi
(1995) reported that the addition of silica fume improved the com-
pressive strength of cementitious materials [27]. The compressive
strength of PF-CNT specimen was a slightly higher compared to
that of F-CNT specimen. The increase in the compressive strength
of the PF-CNT specimen may be attributed to bridging effect of
CNT, which can be generated when CNT is well dispersed in the
cementitious matrix [14]. In addition, silica fumes in PF-CNT spec-
imen possibly anchor CNTs, thereby improving the bond strength
between CNTs and hydrates in cementitious matrix [14].

The total porosity and pore size distribution (PSD) of cementi-
tious composites incorporating CNT as measured by the MIP tests
is represented in Table 1 and Fig. 3(a). In addition, SEM images of
all composite specimens are shown in Fig. 3(b)–(e) in the following
order: the C-CNT, P-CNT, F-CNT, and PF-CNT specimens. In this sec-
tion, the most significant characteristics of each specimen are
addressed, after which the results of a comprehensive analysis of
the experimental study are summarized.

First, for the control specimen, the porosity with diameters of
0.01–0.05 lm was 46.9%, as shown in Fig. 3(a). In contrast, the
porosity with diameters of 0.01–0.05 lm in the C-CNT specimen
reduced up to 27.5%. In addition, the porosity with diameters of
0.10–10.00 lm in the C-CNT specimen increased by more than four
times in comparison of the control specimen (Fig. 3(a)). Fig. 3(b)
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Fig. 2. (a) Electrical resistivity of cementitious composites incorporating CNT at 3,
7, 14, and 28 days of curing, and (b) test results of the 28-day compressive strength
of the specimens.
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shows a number of floccuslike CNT agglomerates spread over the
C-CNT specimen. The agglomeration of CNT in the C-CNT specimen
increased the electrical resistivity compared to PF-CNT. In addition,
the agglomerates of CNT readily entrap water molecules which in
turn is most likely transformed into pores after evaporation of
the water [22]. The entrapped water is responsible for an increase
in the total porosity of C-CNT specimen compared to that of control
specimen [28]. However, a further study is necessary to investigate
the effect of entrapped water in CNT agglomerates on the total
porosity of the composites and means of controlling its amount.

The total porosity of the C-CNT specimen in Table 1 was 16.00%,
while that of control was 14.03%. The increase in the total porosity
led to the reduction in the compressive strength of the C-CNT spec-
imen compared to the control specimen [29]. Furthermore, the
increase in the total porosity is responsible for the variation of
the electrical resistivity in the C-CNT specimen during 28 days of
curing. The increase in the total porosity probably degrades the
continuity of CNT particles and increases the influence of pore
solution on the electrical resistivity of the composites incorporat-
ing CNT [22].

Similarly, the porosity with diameters of 0.01–0.05 lm in the P-
CNT specimen was approximately two times lower than that in the
control specimen (see Fig. 3(a)). In addition, the porosity with
diameters of 1.00–10.00 lm in the P-CNT specimen was nine times
higher than that in the control specimen. Table 1 shows that the
total porosity of the P-CNT specimen (21.31%) increased by more
than 6% in comparison with the control specimen (14.03%). Mean-
while, Fig. 3(c) shows that the CNT particles in the P-CNT specimen
was agglomerated. The pore characteristics and CNT dispersion
states was almost similar to the C-CNT specimen. However, the
agglomeration extent of CNT for the P-CNT specimen is less than
that for the C-CN and F-CNT specimens in Fig. 3(b)–(d). That is,
the lower electrical resistivity of the P-CNT specimen in compar-
ison with those of the C-CNT and F-CNT specimens may be attrib-
uted to the reduction of van der Waals attractive force among CNT
particles resulted from the use of superplasticizer, leading to a
slight improvement of CNT dispersion [30].

For the F-CNT specimen, which is mixed with silica fume, the
porosity with diameters of 1.0–10.00 lm is reduced compared to
C-CNT and P-CNT specimens, while that with diameters of less
than 0.01 lm greatly increased (see Fig. 3(a)). According to Feld-
man and Cheng-Yi, (1985), silica fume added to a cementitious
matrix leads to a transformation of a large pore (>1.0 lm) into a
small pore (<0.01 lm) and to a reduction in the total porosity
[31]. The total porosity of the F-CNT specimen was 9.78%, while
that of control specimen was 14.03%. The change in pore character-
istics resulted from the addition of silica fume improved the com-
pressive strength of the F-CNT specimen [14]. Meanwhile, CNT
agglomerates were observed in the F-CNT specimen as shown
Fig. 3(d), meaning that the simple addition of silica fume is not
an effective way to improve the dispersion of CNT particles in
cementitious matrix. However, silica fume in the cementitious
matrix can inhibit the formation of a large pore and an increase
in the total porosity of the composites [31]. The change in the pore
characteristics possibly mitigated the variation of electrical resis-
tivity of the F-CNT specimen. That is, the reduction in the total
porosity and the transformation of a large pore into a small pore
reduced the influence of the pore solution on the electrical resistiv-
ity of the F-CNT specimen.

The PSD of PF-CNT is similar to the F-CNT specimen, as shown in
Fig. 3(a). For the PF-CNT specimen, the porosity with diameters of
1.0–10.00 lm is lower than that of the C-CNT and P-CNT speci-
mens, while the porosity with diameters of less than 0.01 lm
increased dramatically. Fig. 3(e) shows that the CNT particles in
PF-CNT specimen were well dispersed. A schematic description of
the enhanced electrical resistivity of the PF-CNT specimen is pre-
sented in Fig. 4. First, the distances between CNT particles
increased by the incorporation of a superplasticizer, which reduces
the attractive force among them [32]. The silica fume then fills the
gap regions between the CNTs, thereby increasing the distances
between them. Kim et al. (2014) observed that silica fume particles
in a cementitious composite incorporating CNT were settled down
at the interfacial gaps between CNTs [14]. Another influence of the
addition of silica fume was presented in Fig. 4(b). Large pores in
cementitious matrix can provide the place which is filled with pore
solution. It seems that the pore solution in CNT-incorporated
cementitious composites without silica fume served as a part of
temporary conductive pathway. As the pore solution evaporated
over a period of time, the continuity level of the conductive path-
way degraded, leading an increase in the electrical resistivity of the
composites [23]. In contrast, the addition of silica fume signifi-
cantly decreased a large pores which in turn possibly reduced
the contribution of pore solution to electrical resistivity. That is,
the continuity level of conductive pathways in the composites
may be improved when silica fume added, which reduced the vari-
ation of electrical resistivity.

3. Numerical predictions

3.1. Micromechanics-based model for CNTs-reinforced cementitious
composites

Based on the experimental observations in the previous section,
it was found that the electrical properties of the cementitious com-
posite are quite sensitive to the degrees of porosity and CNT
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agglomeration. To consider the key factors in a theoretical model, a
two-level homogenization process (Fig. 5) based on micromechan-
ics is proposed in this study. The first homogenization process is
one in which the silica fume, pores, and cement are treated as a
single matrix material. In this case, the following two assumptions
are made: first, the electrical conductivity of the silica fume and
cement are approximately equal [33,34], and second, the shape
of the silica fume and porosity can be represented as a spherical
particle [35].

With these assumptions, the electrical conductivity of a two-
phase matrix can be estimated using the Mori-Tanaka (MT)
method, which is the simplest but most effective model, as follows
[36,16]:

rm ¼ rc þ /vrcT1

1� /vf1þ rcT1=ðrc � rvÞg ð2Þ

with

T1 ¼ 3� 9rc

2rc þ rv
ð3Þ

where rm, rc , and rv denote the electrical conductivity of the
matrix, the cement, and the pores, respectively, and /v represents
the volume fraction of a pore. The effective medium method is then
considered for the second homogenization of the cementitious
composites incorporating CNT since the MT method is not suitable
for predicting the electrical behaviors of composites containing
ellipsoidal inclusions [37,17]. The effective electrical conductivity
of the CNT-embedded cementitious composites can be estimated
by the equation below [17,46].

3/ ðrm � reÞ
rm þ 2re

þ /cnt

3
2ðr11 � reÞ

r3 þ ðr11 � reÞS11 þ
2ðr33 � reÞ

re þ ðr33 � reÞS33

� �

¼ 0 ð4Þ
Here, re is the effective electrical conductivity of the compos-

ites, r11 and r33 are the conductivity of the CNTs in the transverse
and axial direction, respectively (Fig. 6(a)), and /m and /cnt corre-
spondingly denote the volume fraction of the matrix and nan-
otubes, respectively. In addition, S11 and S33 are the components
of the Eshelby’s tensor for an ellipsoidal inclusion, as defined by
Landau et al. (1984) [38].

Eq. (4) is derived based on the assumption of straight nanotubes
(Fig. 6(b)); however, in reality, CNTs embedded in a cement matrix
are observed to be wavy, as shown in SEM images (Fig. 3). It is
caused by the inhomogeneity of cementitious material and the
high aspect ratio of CNTs [39,47], and the curviness mechanism
can affect the agglomeration of nanotubes [40]. Hence, in the pre-
sent micromechanics-based model, the shape of a nanotube is
assumed to be a sine function with a variable h, which is the angle
between the x-axis and the CNT. The wavy CNT form is then
described as the cosine function with a range of one period [41]:

m



Fig. 4. Detailed analysis for the enhanced behaviors of PF-CNT: (a) influences of superplasticizer and silica fume on the dispersion of CNT and (b) the improved continuity of
CNT particles by addition of silica fume.
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y ¼ cosðx � tan hÞ ð5Þ
The length of nanotube (L) can be calculated by integrating Eq.

(6), as [41,48].
Z 2p

tan h

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dx2 þ dy2

q
¼

Z 2p
tan h

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½tan hf� sinðx � tan hÞg�2

q
dx

¼ LðhÞ ð6Þ
Here, the calculation result of L(h) should be identified with L,

and Eq. (5) can be expressed as:

y ¼ L
LðhÞ cos tan h � xLðhÞ

L

� �
ð7Þ

and the effective length of CNT (L0) in Fig. 6(c) can be calculated by

L0 ¼ 2p
tan h � LðhÞ ð8Þ

The effective CNT diameter (D0) is defined as half of the length of
a wavy nanotube (2D0), as the opposite direction of the wavy CNT
(upper side) remains unaffected by the curviness (Fig. 6(c)). Thus,
the effective diameter (D0) and aspect ratio (a0) of wavy CNTs are
considered in this study. These are defined as follows:
D0 ¼ D
2
þ L
LðhÞ ; a

0 ¼ L0=D0 ¼ 4p � L
f2Lþ D � LðhÞg � tan h

ð9Þ

Furthermore, the interface characteristic between the CNTs and
the cement matrix is considered in the present study for a more
precise prediction. By assuming that CNTs are thinly coated with
an interface region, the electrical conductivity of the CNTs can be
expressed by (Fig. 6(d)) [17,42,43].

rc
ii ¼

rii

1þ qiriiSiið1=aþ 2Þ=R ð10Þ

where qi signifies the interfacial resistivity; rii denotes the electri-
cal conductivity of CNTs in i-axis; Sii is components of the Eshelby’s
tensor; a and R represent the aspect ratio and the radius of CNT,
respectively. The interface effect can be considered in the present
study by replacing rii with rc

ii (i = 11 and 33) in Eq. (4) [18,42,43].
The interfacial resistivity between CNTs and the matrix is mod-

eled by a modified conductivity for the coated ellipsoidal inclu-
sions proposed by [18,42]. Following Nan and Duan’s approaches
[18,42], the interphase layer is diminishingly small compared to
the radius of CNT and can replace the interphase with an interface.
In the limiting case that the thickness t is approximately equal to



Fig. 5. Schematic representation of the two-level homogenization scheme.

Fig. 6. Schematic representations of (a) CNT waviness as considered in this study,
(b) aspect ratio of a straight nanotube, (c) effective aspect ratio of a wavy nanotube,
and (d) waved nanotube with the interfacial resistivity effect.
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zero, the coated CNTs and the original CNT share the same shape of
Sii tensor [17]. In addition, it is reported that the interface conduc-
tivity (rint

ii ) is much lower than the intrinsic conductivity of CNTs
(rii) [13,16], therefore, it can be also assumed that rint

ii =rii � 0
[18]. The thinly coated CNT with an interface region in Eq. (10) is
derived based on the abovementioned considerations, and the
detailed derivation processes are given in [18,42]. Further, the sim-
ilar methods have been applied in many cases for estimating the
electrical conductivity of nanocomposites, and its effectiveness
has been validated in [17,37,43,44].

3.2. Numerical simulations and experimental comparisons

For practical engineering applications, it is desirable for the pro-
posed model to be numerically evaluated. A series of parametric
studies is, therefore, conducted while varying the material and
model constants. These simulation results are presented in Fig. 7.
For convenience, we adopt the same material parameters for the
cementitious composites incorporating CNT as those in the present
experimental study. These are: L = 10 lm, D = 26 nm; rv = 5�10�15 -
S/m, rc = 5.72�10�14 S/m, and r33 = 1.94�104 S/m. In addition, the
electrical conductivity of the CNTs in the transverse direction
(r11) is substantially lower than the axial conductivity (r33); this
relationship is expressed as r11 = r33/1000 [17].

The effects of varying the air porosity (/v ) on the electrical
behaviors of the matrix and composites are illustrated in Fig. 7
(a) and (b), respectively. These figures show that the increase in
the volume fraction of the pores leads to lower electrical perfor-
mance, especially in the case of the matrix material. For cementi-
tious composites, the influence of the porosity begins to decrease
after the percolation threshold, tending to become insignificant
as the air porosity increases. In addition, the effects of CNT wavi-
ness are numerically evaluated in Fig. 7(c) and (d). The calculations
show that the effective length of the wavy CNTs exponentially
decreases with an increase in h and that the waviness of the CNTs
plays an important role in the electrical performance of the cemen-
titious composites. In Fig. 7(d), the volume fraction of the porosity
is fixed at /v = 10%.

Fig. 7(e) shows that the overall conductivity and percolation
threshold of the cementitious composites improve as the CNT



Fig. 7. Results of numerical simulations conducted with varying material and model constants.
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length increases. Here, all nanotubes embedded in the matrix are
assumed to be curved at the same level, h = 10�. Fig. 7(f) also shows
the predicted conductivity vs. the CNT content responses with var-
ious interface resistivities (qi). The figure indicates that the inter-
face resistivity significantly affects the effective electrical
behavior of the composites and that the interface effect becomes
more pronounced as qi increases. Fig. 8 shows the correlations
among length, volume fraction, curviness of CNT, and interface
resistivity on the effective electrical conductivity of cementitious
composites embedded by 3D randomly oriented nanotubes.

To examine the effects of the waviness and interface on the
cementitious composites further, the overall contour of the electri-



Fig. 8. Predicted overall contour of the electrical conductivity at various degrees of CNT waviness and interface resistivity.
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cal performance at various degrees of waviness and the interface
resistivity are plotted in Fig. 9. This figure shows that the conduc-
tivity of the cementitious composites becomes lower with
increases in the CNT waviness and the interface resistivity. It also
indicates that the CNT waviness has a considerable effect on the
electrical properties in the range of 6–12�.

In addition, predictions based on the derived micromechanical
model are compared with experimental data produced in the pre-
sent study. The pore volume fractions of the composites are
applied in accordance with the experimentally obtained values
(Table 1), and the interface properties between nanotubes and
cement are assumed to be identical in all cases (qi = 5�10�8 m2/s).
Since the utilization of silica fume and a superplasticizer can affect
the degree of CNT waviness, different values of h are applied in
accordance with the specimen type (C-CNT and F-CNT: h = 11�;
P-CNT: h = 9�; PF-CNT: h = 7�). As observed in Fig. 10(a), the theo-
retical predictions and the experimental data are in good
agreement.

Lastly, the comparison between the experimental data and the
present prediction with varying the CNT content is illustrated in
Fig. 10(b). Since the electrical behavior with various volume frac-
tions of CNTs was not experimentally determined in the present
study, similar material compositions of cementitious composites
containing MWCNTs, silica fume, the superplasticizer, and the
nylon fiber were utilized in the comparison [19,20]. The model
parameters were as follows: /v = 10%, h = 7�, and qi=5�10�8 m2/s.
Fig. 10(b) shows the predicted conductivity vs. the volume fraction
pertaining to the CNT relationships for the cementitious compos-
ites. Although the predicted conductivity is slightly overestimated
as compared to that in the experimental observations, the simula-



Fig. 9. The correlations among length, volume fraction, curviness of CNT, and interface resistivity on the effective electrical conductivity of cementitious composites
incorporating 3D randomly oriented nanotubes.
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Fig. 10. Comparisons of the experimental data and the present predictions of (a)
the resistivity, and (b) the conductivity of the cementitious composites.
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tion and experimental results are generally in good agreement, as
are the percolation thresholds.

4. Conclusions

In the present study, cementitious composites with electrical
conductivity levels similar to those of a semiconductor are devel-
oped by the effective incorporation of CNT. The CNT dispersions
and pore characteristics in the composites are considered to be
the most important factors affecting their material performance
levels. The effects of these factors were therefore intensively inves-
tigated here. A micromechanics-based model taking into account
the pores and degree of CNT waviness was also proposed to predict
the overall electrical performance of cementitious composites
incorporating CNT. The following conclusions can be drawn con-
sidering the results of this study:

� The electrical resistivity of the cementitious composites pro-
duced from a superplasticizer and silica fume was greatly
improved compared to that of Portland cement pastes and
was unchanged during 28 days of curing.

� It was observed that the use of a superplasticizer can cause a
loss of the vdW force among them and weaken the extent of
CNT agglomeration in cementitious composites. The use of silica
fume led to the transformation of a large pore (>1.0 lm) into a
small pore (<0.01 lm), which decreased the variation of the
electrical resistivity of cementitious composites incorporating
CNT.

� The analysis results showed that the addition of silica fume
improved the dispersion of CNT particles when a superplasti-
cizer was used. In addition, the pore characteristics of the
cementitious matrix was changed with the addition of silica
fume, creating a good environment for the continuity of CNT
particles.

� The present micromechanics-based model predicted that the
lower degrees of the total porosity, the CNT waviness, and the
interface resistivity resulted in the enhanced electrical behav-
iors of cementitious composites incorporating CNT.

The research highlights in the present work are the dispersion
mechanism of CNT to create highly electrically conductive cemen-
titious composites without any special equipment and the sugges-
tion of a theoretical model which can predict the electrical
behaviors of the composites with different mix proportions. Addi-
tional studies, however, are still required to ensure the long-term
behavior of the composites and/or to assess the parameters used
in the proposed model. These tasks are beyond the scope of the
present paper, though they will be discussed in a future work.
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