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a b s t r a c t

The heat generation and electrical characteristics of cementitious composites incorporating carbon
nanotube (CNT) and carbon fiber under various heating conditions were investigated in this study.
Specifically, the synergistic effects of carbon nanotube and carbon fiber on the heat generation and
electrical characteristics of cementitious composites were experimentally investigated. The test results
show that the addition of carbon fiber improved the heat generation capability and the electrical stability
of the cementitious composites incorporating CNT during heating. The long-term durability of con-
struction materials is an important issue, however, there is a practical limit to measuring a property of
specimen for a very long time in a laboratory level experiment. In addition, a modified micromechanical
model was proposed here to estimate the long-term effect of heating on the electrical characteristics of
cementitious composites. The model parameters were derived from the experimental results, and a
series of numerical simulations was conducted to explore the influence of model parameters on the
resistance of the composites. Comparisons between experimental data and the present predictions were
made to assess the potential of the proposed model.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electrically conductive cementitious composites can be fabri-
cated by adding electrically conductive fillers to cementitious ma-
terials [1]. When an input voltage is applied, currents flow through
the composites (i.e., conductor) and generate heat. This principle is
called Joule-heating mechanism [2]. The electrically conductive
cementitious composites have a potential to be applied for the
deicing of highways and airport runways, and for floor heating [3].

The conventional fillers often used in the fabrication of electri-
cally conductive cementitious composites include graphite, steel
fiber and carbon fiber (CF) [1,4,5]. The conventional fillers have
various disadvantages when used as a conductive filler in cemen-
titious composites for heating. For instance, the corrosion of steel
fibers leads to the formation of a passive film on the surface and
thereby increases the electrical resistivity of cementitious com-
posites incorporating them [6]. Regarding graphite, a large amount
of more than 10% by the weight of cement is needed to ensure the
electrical resistivity applicable for heating, though this leads to
significant deterioration of the composites [7,8]. In addition, a sig-
nificant reduction in the electrical resistivity occurs in cementitious
composites incorporating conventional fillers at the micro-size
level, as the temperature of the composites increased [1,4,5,9].
This phenomenon is known as the negative temperature coefficient
(NTC) effect, and an excessive reduction in the electrical resistivity
during heating process can cause a thermal shock in the composites
[1].

Carbon nanotube (CNT) is a promising nano-material that has
outstanding mechanical and electrical properties, and good
chemical stability [10e14]. The addition of CNT was shown to
contribute to the improvement of the electrical characteristics of
cementitious composites in previous studies [15e17]. Kim et al.
utilized the cementitious composites incorporating CNT as a
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Table 1
Mix proportion of cementitious composites incorporating CNT and CF (g).

Specimen Cement CNT CF Fine aggregate SF SP water/cement ratio

N6-50 1000 6 e 500 100 16 0.25
N6-70 1000 6 e 700 100 16 0.26
N6-100 1000 6 e 1000 100 16 0.27
N6-150 1000 6 e 1500 100 16 0.30
N5F1-50 1000 5 1 500 100 16 0.25
N5F1-70 1000 5 1 700 100 16 0.26
N5F1-100 1000 5 1 1000 100 16 0.27
N5F1-150 1000 5 1 1500 100 16 0.30
N4F2-50 1000 4 2 500 100 16 0.25
N4F2-70 1000 4 2 700 100 16 0.26
N4F2-100 1000 4 2 1000 100 16 0.27
N4F2-150 1000 4 2 1500 100 16 0.30
N3F3-50 1000 3 3 500 100 16 0.25
N3F3-70 1000 3 3 700 100 16 0.26
N3F3-100 1000 3 3 1000 100 16 0.27
N3F3-150 1000 3 3 1500 100 16 0.30
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heating material and reported that the heat generation and elec-
trical characteristics of the composites were improved compared to
those of the cementitious composites incorporating conventional
fillers [18].

However, the homogeneity of the electrically conductive path-
ways consisting of CNT can be readily damaged by the pore struc-
ture in cementitious composites [15,19]. This is attributed that the
pores can act as an insulation gap in the cementitious composites
[15]. The pore structure is affected by the water to cement (w/c)
ratio [20]. Kim et al. reported that the w/c ratio should be mini-
mized to ensure the homogeneity of the electrically conductive
pathways in cementitious composites incorporating CNT [16].
Similarly, fine aggregate added to the cementitious composites
incorporating CNT may damage the conductive pathways.

Recently, it has been reported in some studies that a combina-
tion of CNT and CF as electrically conductive fillers facilitated the
creation of hierarchical conductive pathways in cementitious
composites and improved its homogeneity [21,22]. Azhari and
Banthia reported that the addition of CF to cementitious compos-
ites incorporating CNT has a bridging effect between the CF and
CNT, resulting in the improvement of the electrical characteristics
compared to those of the composites incorporating CNT [21].
However, the effects of Joule-heating on electrically conductive
pathways consisting of CNT and CF in cementitious composites
have rarely been investigated. Moreover, in-depth studies have not
been conducted on the effect of long-term heat generation on the
electrical properties of cementitious composites.

The heat generation and electrical characteristics of cementi-
tious composites incorporating CNT and carbon fiber under various
heating conditions were investigated in the present study. In
addition, a modified micromechanical model based on an effective-
medium approach [23,24] was proposed here to predict the long-
term electrical properties of the cementitious composites during
heating. A series of numerical simulations were conducted to
explore the influence of model parameters on the electrical resis-
tance of the cementitious composites. Finally, the present pre-
dictions were compared with the experimental measurements to
further illustrate the potential of the proposed model.

2. Experimental program

2.1. Specimen preparation

The binding material and the fine aggregate used in this study
were type I Portland cement and standard sand described in ASTM
C778 [25], respectively. Silica fume (Elkem Inc., EMS-970) and a
polycarboxylate type superplasticizer (BASF Pozzolith Ltd., GLE-
NIUM 8008) were used as dispersion agents. The specific gravity
and the average diameter of the silica fume were approximately 2.1
and 200 nm, respectively. Multi-walled carbon nanotube (Hyosung
Inc. Korea) produced by thermal chemical vapor deposition (CVD)
method and PAN-CF (C&Tech., ACECA-3NA1) were used as electri-
cally conductive fillers. The corresponding length and the diameter
of the CNT were 10 mm and ranged from 12 to 40 nm, while its
purity level and specific gravity were 95% and 1.32, respectively.
The diameter and the length of the CF were 7.2 mm and 3mm,
respectively, while its specific gravity was 1.82.

Table 1 shows the mix proportion of the cementitious com-
posites incorporating CNT and CF. Sixteen specimens in total were
prepared. The CNT content added to the cementitious composites
was varied from 0.3% to 0.6% by weight of the cement, since the
percolation threshold values of CNT in cementitious composites
ranged from 0.3wt% to 0.6wt% in previous studies [17,18]. The CF
content ranged from 0.0% to 0.3% by the weight of cement. That is,
the replacement ratio of CNT with CF was varied from 0.0% to 50.0%
according to the weight of the CNT. The content of the fine aggre-
gate was varied from 50.0% to 150.0% by the weight of cement to
investigate the effect of the fine aggregate on the homogeneity of
the electrically conductive pathways in the cementitious compos-
ites during heating. The contents of the superplasticizer and silica
fumewere fixed at 1.6wt% and 10.0wt%, respectively, while thew/c
ratio was varied from 0.25 to 0.30 depending on the content of the
fine aggregate added.

The cementitious composites with CNT and CF were cast into a
cubic mold, as described in ASTM C109 [26]. The size of the cubic
mold was 50mm� 50mm� 50mm. The fabrication process of the
specimens is as follows: the dry materials (selected from cement,
fine aggregate, silica fume, CNTor CF) weremixed for 1min and the
solution including the water and the superplasticizer was then
added. Themixturewasmixed for 5min and then poured into cubic
molds. Two copper electrodes, of which the corresponding lengths
and the widths were 70mm and 30mm, were inserted into the
fresh mixture. The distance between the electrodes was 10mm and
the depth embedded into the specimens was 50mm. The speci-
mens were demolded and wrapped with polyethylene film after
24 h of curing and then cured at 25 �C for 28 days.

2.2. Test methods

The electrical resistance of the cementitious composites with
CNT and CF was measured by a two-probe method using a portable
multi-meter (Agilent U1242A). Note that the current applied to
each specimen is 0.5mA when the electrical resistance of the
specimen was lower than 1000U [27]. That is, the input voltage of
the multi-meter was lower than 0.5 V. A DC power supply was used
to apply the input voltage and to measure the electrical current
through the cementitious composites with CNT and CF during the
heating process. The measured current values were converted into
the electrical resistance as R ¼ V=I [18]; where R and V corre-
spondingly denote the electrical resistance and the voltage applied
to the specimens and I represents the measured current value
through the conductor (i.e., the cementitious composites with CNT
and CF). The surface temperature of the composites was measured
by attaching a K-type thermocouple on their surface. The thermo-
couple was linked to a data logger (Agilent Technologies 34972 A)
to record the temperature values. The ambient temperature during
heating tests was 15±5

�
C.

In the present study, three types of heating tests were con-
ducted to investigate the heat generation, the relationship between
the electrical and the thermal expansion characteristics of the
cementitious composites with CNT and CF, and the heating stability
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during a heating process. Input voltages ranging from 5 V to 20 V
were applied to investigate the heat generation capability during a
monotonic heating test. The input voltageswere applied for 30min,
since the temperature increase of the composites was almost
saturated within 30min. A total of ten cycles of tests in a cyclic
heating test was conducted for each specimen. For each cycle, the
input voltage was applied for 30min, with natural cooling for a
subsequent 30min. An input power of 12.0±1.0W was applied to
all specimens, since the temperature of the cementitious compos-
ites with CNT and CF was proportional to the applied input power
[15]. That is, identical amounts of input power for each specimen
were applied to investigate the relationship between thermal
expansion and electrical characteristics of the specimens at similar
temperatures. The applied input power was controlled by varying
the input voltage. Two LVDTs were used to measure the thermal
strain induced by the Joule-heating during the cyclic heating test.
The details of the set up for the cyclic heating test are given in Fig. 1.
In a long-term heating test, input power identical to that in the
cyclic heating test was continuously applied to the cementitious
composites with CNT and CF for 240 h to investigate the heat
generation and electrical stability during heating.
3. Experimental results

3.1. Heat generation and tunneling-induced electrical
characteristics

Fig. 2 shows the temperature increase in the cementitious
composites with CNT and CF as a function of the input voltage. The
relationship between the temperature increase in each specimen
and the input voltage was linear, meaning that the heat generation
capability of the specimen is proportional to the input voltage [15].
The content of the fine aggregate added to the cementitious com-
posites with CNTand CF affected the heat generation capability. The
test results show that the temperature increase in the cementitious
composites with CNT and CF was reduced as the fine aggregate
content increased. This is possibly attributed that the addition of
fine aggregate as an insulation gap damaged the electrically
conductive pathways in the cementitious composites [28]. Mean-
while, the heat generation capabilities of the N5F1-50 and N4F2-50
specimens were improved compared to those of the N6 series
specimens. The heat generation capabilities of the N3F3 series
specimens, excluding N3F3-50, were lower than those of the N6
series specimens.

Fig. 3 shows the variation of the tunneling-induced electrical
Fig. 1. The schematic of the set up for the cyclic heating test. (A colour version of this
figure can be viewed online.)
resistance of the cementitious composites with CNT and CF as a
function of the input voltage. The electrical resistance of all speci-
mens was measured within one second when applying input
voltage, since the temperature increase in the specimens can affect
the electrical resistance [29]. Note that the electrical resistance of
the N3F3-150 specimen at 5 V was not recorded, since the current
value was lower than the resolution limit of the DC supply used in
the test. The test results show that the reduction in the electrical
resistance values of the composites became more pronounced as
the content of the fine aggregate and the replacement ratio of CF
with CNT increased, when the input voltages were applied to the
composites. This is possibly attributed that the increase in the
content of fine aggregate and the replacement ratio of CF with CNT
cause the damage of electrically conductive pathways in cementi-
tious composites [30]. The reduction in the electrical resistance of
the composites was possibly caused by the tunneling effect [31].
The tunneling effect is that an activated electrons probabilistically
hop an insulation gap, thereby reducing the electrical resistance.
The variation of the current density induced by the tunneling effect
can be expressed by the tunneling theory equation of Simmons (Eq.
(1)), as shown below [31],

J ¼
"
3ð2m4Þ12

2s

#
ðe=hÞ2U,exp

�
�
�
4ps
h

�
ð2m4Þ1=2

�
(1)

where e and m denote the electron charge and the mass of the
electron, respectively, and h represents Planck's constant [31]. U, s,
and 4 are the applied voltage through the barrier, the width of the
potential barrier and the tunnel potential barrier height, respec-
tively. It can be inferred from Eq. (1) that the tunneling effect is
significantly affected by the distance between the electrically
conductive fillers (i.e., the width of the potential barrier). That is,
the damaged electrically conductive pathways are favorable for the
occurrence of tunneling effect, since the variation of the electrical
resistance induced by the tunneling effect occurs when the gap
between the electrically conductive fillers is present [30]. The
decrease in the electrical resistance of the cementitious composites
with CNT and CF led by the tunneling effect was reduced as the
replacement ratio of CNT with CF increased. It can be inferred from
these results that the CNT content added to the cementitious
composites was mainly responsible for the reduction in the elec-
trical resistance induced by the tunneling effect. That is, the pos-
sibility of the tunneling effect was reduced when the CNT content
added to the cementitious composites decreased, since the addition
of CF to the composites with CNT improved the homogeneity of
electrically conductive pathways. In contrast, the addition of fine
aggregate to the composites deteriorated the homogeneity of the
electrically conductive pathways and thus the possibility of the
tunneling effect increased [15,30,31].

Fig. 4 shows the relationship between the temperature increase
and the electrical resistance of the cementitious composites with
CNT and CF at 20 V. The test results indicate that the heat genera-
tion capabilities of the cementitious composites incorporating CNT
and CF were significantly affected by the electrical resistance when
the electrical resistance level is less than 100U. That is, a slight
increase in the electrical resistance of the cementitious composites
with CNT and CF below 100U can lead a considerable reduction in
the heat generation capability. This is attributed to the fact that the
heat generation capability of cementitious composites with CNT
and CF is governed by Joule's first law [4]. The relationship between
the heat generation capability and the electrical resistance of the
cementitious composites with CNT and CF can explain the reason
that the temperature increases were clearly different in the com-
posites with a similar tunneling-induced electrical resistance level



Fig. 2. Temperature increase in cementitious composites with CNT and CF as a function of input voltage. (A colour version of this figure can be viewed online.)

Fig. 3. Variation of tunneling-induced electrical resistance of cementitious composites with CNT and CF as a function of input voltage. (A colour version of this figure can be viewed
online.)
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(see Fig. (2)). That is, the tunneling-induced electrical resistance of
the cementitious composites incorporating CNT and CF below
100U was slightly increased when the fine aggregate content
increased, thereby considerably reducing the heat generation
capability.
3.2. Relationship between thermal expansion and heat-induced
electrical characteristics

Fig. 5 shows a schematic diagram of the electrical resistance and
thermal strain characteristics of the cementitious composites



Fig. 4. Relationship between temperature increase and electrical resistance of
cementitious composites with CNT and CF at 20 V. (A colour version of this figure can
be viewed online.)

Fig. 5. Schematic expression on electrical resistance and thermal strain characteristics
of cementitious composites with CNT and CF as a function of temperature (Kim et al.,
2016a). (A colour version of this figure can be viewed online.)

Fig. 6. Temperature and thermal strain of cementitious composites with CNT and CF at
inflection point during cyclic heating. (A colour version of this figure can be viewed
online.)
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incorporating CNT and CF as a function of the temperature [18]. An
increase in the electrical resistance occurs with an increase in the
temperature within the area that positive temperature coefficient
(PCT) effect arises as shown in Fig. 5 [30,32]. As noted earlier, the
NTC effect in previous studies was generally observed in cementi-
tious composites fabricated with conventional electrically
conductive fillers such as graphite, CF and steel fiber [5,33]. In
contrast, the PTC effect can be observed in cementitious composites
with CNT. Kim et al. reported that the NTC effect was observed in
cementitious composites incorporating CNT at an initial stage of
heating and that the PTC effect subsequently occurred at a rela-
tively high temperature [18]. The occurrence of the PTC effect in-
dicates that the homogeneity of the electrically conductive
pathways was damaged by thermal expansion [18]. In the present
study, such electrical characteristics associated with an increase in
both the temperature and thermal strain were also observed and
thus an inflection point was defined as shown in Fig. 5. The
occurrence of inflection point indicates that a damage of electrically
conductive pathways is initiated, generating the PTC effect [18].

Fig. 6 shows the temperature and the thermal strain of the
cementitious composites with CNT and CF at the inflection point
during cyclic heating. The occurrence of the inflection point of the
N6 series specimens was significantly affected by the fine aggregate
content. That is, the temperature and the thermal strain occurring
the PCT effect increased as the fine aggregate content increased.
This is possibly attributed that the fine aggregate added to the
cementitious composites damaged the electrically conductive
pathways prior to the heating process [15]. That is, parts of the
electrically conductive pathways capable of being damaged by the
thermal expansion were reduced by the addition of the fine
aggregate. In addition, it is well known that the thermal expansion
coefficient of a cement paste is approximately 15-20� 10�6/�C,
while that of a fine aggregate is approximately lower than 10�
10�6/�C [34,35]. Furthermore, it is well known that the addition of
fine aggregate reduces the thermal expansion coefficient of
cementitious composites [36]. Consequently, it can be inferred
from the fact that the electrically conductive pathways surrounding
the fine aggregate were less affected by the thermal expansion
[34,35] and thereby increased the temperature occurring the in-
flection points. However, a further study is needed to investigate
relationship between the temperature and thermal strain at in-
flection point and thermal expansion coefficient.

Meanwhile, the inflection points in the N5F1 series and the
N4F2 series specimens, excluding the N4F2-150 specimen, were
occurred at a relatively high temperature. In addition, the effect of
the fine aggregate content on the occurrence of the inflection point
was clearly mitigated. The use of the micro-sized electrically
conductive filler in previous studies caused the NTC effect in the
electrically conductive cementitious composites during heating
process because of the overlapped area between the fillers
[1,4,20,37]. That is, the reduction in the overlapped area during
heating improved the connectivity among the fillers, showing a
reduction in the electrical resistivity of the composites with them.
In the present study, the addition of the CF probably formed the
overlapped area in the electrically conductive pathways consisting
of CNT and CF and the reduction in the overlapped area during
heating mitigated the damage of the conductive pathways [37].
Consequently, the occurrence of the inflection point was delayed
when the CF was added to the cementitious composites incorpo-
rating CNT. In addition, the effect of the fine aggregate content on
the occurrence of the inflection point was mitigated since a part of
the CF added to the cementitious composites may have passed
across the fine aggregate [21].



Fig. 7. (a) Temperature and (b) electrical resistance of cementitious composites with CNT and CF during long-term heating. (A colour version of this figure can be viewed online.)

G.M. Kim et al. / Carbon 134 (2018) 283e292288
3.3. Heat generation and electrical stability

Fig. 7 shows the temperature and the electrical resistance of the
cementitious composites with CNT and CF during the long-term
heating. In this test, the applied voltages were changed every
24 h to apply input power of 12Wat the initiation of each day. Note
that the input voltage capacity of the DC power supply used in the
present study was limited at 60 V. Thus, the input power applied to
some specimens was reduced when the initial input voltage to
ensure an input power of 12W was above 60 V. For instance, the
applied input power to the N6-50 specimen after 72 h was
approximately 5.8W since the applied input voltage was fixed at
60 V, despite that the electrical resistance of the N6-50 specimen
increased steadily.
The test results show that the temperatures of all specimens

were reduced during the initial 24 h. This is attributed that the
electrical resistance of all specimens increased within 24 h as
shown in Fig. 7(b). In particular, the electrical resistance of the N6-
50 specimen significantly increased from 0 to 72 h. Kim et al. re-
ported that an increase in the electrical resistance of electrically
conductive cementitious composites was caused by an additional
hydration reaction induced by the generated heat and internal
cracks resulting from thermal expansion [18]. That is, internal
cracks and an additional hydration reaction in the N6-50 specimen
likely occurred during the heating step. The temperature of the N6-
50 specimen after 72 h was maintained at approximately 45 �C,
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since the increase in the electrical resistance was mitigated after
72 h. For the N6-100 specimen, the electrical resistance sharply
increased at approximately 120 h. This can be attributed that the
occurrence of internal cracks damaged the electrically conductive
pathways consisting of CNT. The temperature of the N6-100 spec-
imenwas steadily reduced up to 144 h owing to the steady increase
in the electrical resistance. In contrast, the electrical resistance of
the N5F1 series and N4F2 series specimens within 24 h slightly
increased and then became stable, thereby mitigating the tem-
perature reduction in these specimens. Meanwhile, the tempera-
tures of the N5F1-50 and the N4F2-50 specimen were higher than
those of the N5F1-100 and the N4F2-100 specimens. The
improvement of the heat generation capability in the N5F1-50 and
the N4F2-50 specimens was attributed that the increase in the
electrical resistance during heating was less than those in the
N5F1-100 and the N4F2-100 specimens. That is, the addition of CF
to cementitious composites with CNT improved the homogeneity
of the electrically conductive pathways and probably created an
overlapped area in the pathways. The overlapped area in the
electrically conductive pathways consisting of CNT and CF enabled
to resist the damages induced by thermal expansion during heating
and an additional hydration reaction. Consequently, the charac-
teristics of the electrically conductive pathways consisting of CNT
and CF improved the heat generation and electrical stability of the
composites.

Overall, the electrical and heat generation characteristics of
cementitious composites during heating process was closely
related to thematrix change induced by the thermal expansion. The
combination of CNT and CF mitigated the damage resulting from
the thermal expansion and improved electrical and heat generation
characteristics of cementitious composites, since the combination
created homogenous electrically conductive pathways with an
overlapped area in the composites. Meanwhile, the fine aggregate
acted as an insulation gap, reducing the homogeneity of the elec-
trically conductive pathways in cementitious composites. However,
the combination of CNT and CF reduced an adverse effect of fine
aggregate on the electrical and heat generation characteristics of
the composites.
4. Prediction of long-term electrical properties of
cementitious composites

The long-term electrical conductivity (s) of cementitious com-
posites is estimated through the effective-medium theory
[23,24,38]. The adopted theory is modified in the present study to
reflect the characteristics of the present cementitious composites,
and thus the following four assumptions were considered (Fig. 8):
Fig. 8. Schematics of the cementitious composites. (A c
(1) the CNT and CF are thinly coated with electrical resistivity, (2)
the aspect ratio of CNT is varied according to the degree of CNT
waviness, (3) the curved CNT gradually expands as the temperature
in the cement composites increases, and (4) the tunneling region
can be transformed to various sizes by heat-generation. The deri-
vation process and the implicit equation of the effective-medium
theory are given in Eqs. (1)e(3) and Eq. (8) of [23]. The above-
mentioned assumptions can be applied by replacing the length of
CNT (L(q)) and scale parameter (g) of the effective-medium theory
with the following equations:

8>>>><
>>>>:

q¼6K,tþ3Kþ20
10ð2tþ1Þ ; g¼K,T,t; if fCF¼0

q¼2ð30tþKþ15Þ
Kð2tþ1Þ ; g¼K,T,

 
1

exp
�
fCF,t

2�
!
; if fCFs0

(2)

where K, T, and t are the thermal expansion coefficient, tempera-
ture, and time, respectively; q is the waviness factor that affects the
length of CNT and is defined in Eq. (8) of [15]; fCF signifies the
volume fraction of CF.

To represent the influence of model parameters on the resis-
tance of composites, a series of numerical simulations is carried out
and presented in Fig. 9. The material and model parameters are:
sCement¼ 5� 10�5 S/m, sCNT¼ 1.943� 104 S/m [39], sCF¼ 1.0�
103 S/m; LCNT¼ 10 mm, dCNT¼ 26 nm, LCF¼ 3mm, dCF¼ 7.2 mm;
fCNT ¼ 0.5%, fCF ¼ 0.1%, q¼ 3�, K¼ 15� 10�6/oC, and
T¼ 0.005tþ60 �C. First, the electrical resistance-time relation of the
composites incorporating CNT or CNT/CF is shown in Fig. 9(a). It
shows the typical electrical properties that the resistance of CNT/
composites gradually increases over time, while the constant in-
crease in resistance is mitigated when the CNT and CF are simul-
taneously incorporated into the composites [40]. It is due to the
synergistic effect from CF, bridging the conductive networks of
CNTs. The detailed descriptions of the synergistic effect are covered
in the experimental section, and the proposed model closely sim-
ulates such phenomena, as shown in Fig. 9(a). Fig. 9(b) and (c) show
the resistance of composites as a function of the time. It is seen that
the cementitious composites with high volume fraction of CNT and
CF fillers becomemore conductive materials [41]. It is also observed
that the bridging phenomenon appears earlier and the electrical
improvement is more pronounced as the volume fraction of CF
increases.

The present prediction is compared with the experimental
measurements to assess the potential of the modified model. The
comparison with the prediction is based on the experimental data
shown in Fig. 7, and the results are given in Fig. 10. The applied
values of fCNT, fCF, and K in the predictions are summarized in
olour version of this figure can be viewed online.)



Fig. 9. The predicted electrical resistance-time curves of the composites with various conditions. (A colour version of this figure can be viewed online.)
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Table 2, and the temperature over time is assumed to follow the
trend line for the measurement values shown in Fig. 7(a). As
depicted in Fig. 10, the present predictions match well with the
experimental results for the cementitious composites, showing the
potential of the model considering CNT/CF synergistic effect.

5. Concluding remarks

The heat generation and electrical characteristics of cementi-
tious composites incorporating CNT and carbon fiber were inves-
tigated in the present study. The heat generation characteristics of
the composites and the relationship between the thermal expan-
sion and the electrical characteristics were examined under various
heating conditions. The electrical resistance of composites for a
longer period than the experiment was estimated based on the
modified micromechanical model. The model parameters which
are difficult to quantify theoretically are derived from the experi-
mental results, and the potential of the modified model is assessed
via numerical simulations and experimental comparisons. The re-
sults obtained in this study could contribute to the expansion of
knowledge on the electrical and heat generation characteristics of
cementitious composites with CNT and CF, and to an increase in the
applicability of the composites as floor heating and de-icing ma-
terials in construction fields.

1) The addition of CF improved the heat generation capability of
the cementitious composites incorporating CNT, while the
addition of fine aggregate decreased the capability of all
specimens.

2) The occurrence of an inflection point was delayed by adding CF
to the cementitious composites with CNT. In contrast, the elec-
trically conductive pathways in the cementitious composites
with CNT were readily damaged by thermal expansion during
heating.

3) The heat generation and the electrical stability of the cementi-
tious composites with CNT and CF during the long-term heating
tests were improved compared to those of cementitious com-
posites with CNT. This is possibly attributed that an overlapped
area was formed by adding the CF to the cementitious com-
posites with CNT and reduced the damage to the electrically
conductive pathways induced by the thermal expansion,



Fig. 10. The comparison between the present experimental data and predictions for overall electrical resistance vs. time responses of cementitious composites. (A colour version of
this figure can be viewed online.)

Table 2
Filler volume fraction, coefficient of thermal expansion, and temperature gradient values applied to proposed model for experimental comparisons.

Specimen CNT volume fraction, f1 (%) CF volume fraction, f2 (%) Coefficient of thermal expansion (E�6/�C) Temperature gradient (�C)

N6-50 0.786 0 18.23 0.0108t þ 43.862
N6-100 0.593 0 9.42 �0.0425t þ 59.904
N5F1-50 0.655 0.096 19.10 0.0556t þ 60.138
N5F1-100 0.494 0.072 8.65 0.0006t þ 64.96
N4F2-50 0.524 0.192 14.78 0.0703t þ 59.101
N4F2-100 0.395 0.145 18.00 0.0276t þ 60.58
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addition hydration reactions, and internal cracking during the
heating process.

4) The electrical resistance-time responses of the present com-
posites with various mix proportions are predicted based on the
proposed model. The present predictions match well with the
experimental results for the cementitious composites, showing
the predictive capability of the derived model considering CNT/
CF synergy and tunneling effects.
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