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HIGHLIGHTS

« Electrically conductive cement composites containing MWCNT and CF were prepared.

« Test specimens with various CF length, filler content, and w/c ratio were fabricated.

« The incorporation of CF into the MWCNT-embedded composite causes the bridge effect.
« The improved electrical and viscous properties of proposed composites was observed.
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In order to overcome these limitations, we studied the electrical characteristics of multi-phase cement
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composites containing multi-walled carbon nanotubes (MWCNTs) and economical pitch-based carbon
fiber (CF). Test specimens with various formulations of the CF length, content, and water/cement (w/c)
ratio are manufactured and their properties are evaluated. The pitch-based CFs used in the experiments
were analyzed by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). The resistance of the
Pitch-based carbon fiber conductive cement composites was measured by a two-probe method, and the viscosity was evaluated
Electrical resistivity using a rheometer immediately after the mixing process. In addition, the internal structure of the spec-
Viscosity imens was analyzed using a scanning electron microscope (SEM) and by micro-computed tomography
Multi-walled carbon nanotube (Micro-CT) analyses. It was observed that the incorporation of CFs into the CNT-embedded cement com-
posite causes the CFs to serve as a bridge between CNT particles, thus maintaining the homogeneity of the
conductive network in the composites. In addition, although an increase of the w/c ratio improved the
viscosity of the composites by 90%, the electrical resistivity was retained due to the bridging effect of
the CF.
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1. Introduction future smart buildings [1-3]. Due to the nature of the construction
field, which is most exposed to humans and the atmosphere [4],
Nanofiller- and cement-based multifunctional construction the development of nanofiller-embedded cement composites has

materials have attracted substantial interest as a basic element in the potential to have a considerable impact on our daily lives [5].
However, a significant challenge is the high viscosity and prices
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In the early days of applying nanofillers to a cement matrix,
many studies paid attention to strength improvements. For
instance, Li et al. [6] prepared surface-treated multi-walled carbon
nanotubes (MWCNTs) which were mixed into cement materials. It
was observed that the incorporated MWCNTSs act as bridges across
cracks and voids, ultimately improving the compressive strength,
flexural strength, and failure strain of composites [6]. It was also
reported that carbon nanotube (CNT)/cement composites with
improved mechanical performance capabilities can be obtained
by increasing the amount of high stiffness C-S-H and decreasing
the porosity [7].

However, various inexpensive and convenient methods have
been proposed to improve the mechanical characteristics of
cement-based materials. The incorporation of steel or polymer
fibers represents a typical means of achieving strength improve-
ments without excessive cost and labor problems [8-12]. Hence,
studies of the functional characteristics of cement composites con-
taining nanofillers are actively underway in recent years, and one
strand in this research seeks to improve the electrical conductivity
[13-16]. The electrical conductivity of construction composites
containing carbon fiber (CF) has been investigated with varying
the CF volume, size, and relative humidity [10,13,17]. However,
the improvement of the electrical conductivity caused by inserting
CF into cement was not remarkable [13].

Kim et al. [14] proposed a means of improving the dispersibility
of CNTs by the incorporation of silica fume. It was found that the
addition of silica fume led to an enhancement of the CNT disper-
sion properties, and increased the mechanical and electrical char-
acteristics of cement composites [14]. It was also confirmed that
the electrical conductivity was enhanced by incorporating CNT
and CF into the cement matrix [ 15]. Although the electrical proper-
ties were reduced in comparison to cases in which only CNT was
added, the durability was measured and found to be superior.
The cement composites with improved electrical conductivity
could be applied to various fields, such as electromagnetic wave
shielding [ 18], energy harvesting [19], sensing [20,21], heat gener-
ation [22], and in curing application based on the pyretic mecha-
nism [23].

According to the studies carried out in the past, there are three
limitations in the study of cement composites incorporating nano-
fillers: (1) decrease in workability due to high viscosity, (2) high
price of the final product, and (3) low durability. In order to over-
come the above problems, the present study is to develop cement
composites with a low weight fraction of CNT and economical
pitch-based CF. CNT is known to be a material that raises prices
and lowers workability levels; thus, the weight fraction of CNT is
fixed at the minimum level, near percolation thresholds with refer-
ence to the literature [14,15,18,22-24]. Pitch-based CF is a material
produced from petroleum residue. The mechanical properties of
pitch-based CF are lower than that of ordinary CFs; however, their
electrical properties are known to be similar [25,26]. Above all,
there is great potential to use CFs in the construction field given
the advantage of a reasonable price. By adding CF, nanoscale and
microscale changes occur simultaneously in the cement composite.
From the viewpoint of durability, the addition of microscale CF fil-
ler is expected to induce the conductive path more rigid and min-
imize the deterioration of material properties.

In the present study, the electrical characteristics of multi-
phase cement composites containing MWCNT and pitch-based CF
were investigated. Test specimens with various formulations of
the CF length, content, and water/cement (w/c) ratio are manufac-
tured and their properties are evaluated. The pitch-based CFs uti-
lized in this study were analyzed by Raman spectroscopy and X-
ray photoelectron spectroscopy (XPS). In addition, the electrical
resistance levels of the cement composites were measured by a
two-probe method, and the viscosity in each case was evaluated

using a rheometer immediately after the mixing process. The inter-
nal structures of the specimens were analyzed by scanning elec-
tron microscopy (SEM) and by micro-computed tomography
(Micro-CT) analyses.

2. Experimental program
2.1. Mix proportions and specimen preparation

It is important to note that the present study investigates the effects of MWCNT,
CF, and the wjc ratio on the electrical characteristics of cement composite. Note that
the w/c ratio was calculated on the basis of cement weight. The most essential fac-
tor during the production of cement composites is to ensure uniformity during the
dispersibility of the fillers. In the literature [14,27] it is reported that the use of silica
fume and a superplasticizer reduces the van der Waals force of CNT particles and
effectively disperses the CNTs. Hence, silica fume (EMS-970 manufactured by Elkem
Inc.) and a polycarboxylic-acid-based superplasticizer (GLENIUM 8008 by BASF
Pozzolith Ltd.) were utilized in this study at 10 and 1.6 wt%, respectively. Herein,
the weight percentage of silica fume and superplasticizer were based on the weight
of cement. In addition, adding CNTs in an amount that exceeds the percolation
threshold causes agglomeration in the cement matrix [15], which negatively affects
the overall performance of the composites. The weight fraction of MWCNT (Jeno
Tube 8© by Jeio Co. Ltd.) is thus fixed at 0.3 wt% in the present study. The length
of MWCNT is 30-45 pum, and Supplementary Material regarding the SEM analysis
of MWCNTSs is available in the online version of the paper. The cement material
used in the experiment was ordinary Portland cement (OPC). To investigate the
effects of the pitch-based CF (GS Caltex Co.) length on the composites, samples with
various lengths of CF (3, 5, and 10 mm) were also prepared. It should be noted that
the length of CF was estimated based on reliable papers in the existing literatures
[28-31]. In most studies, the length of the CF was considered to be 1-10 mm,
and some studies reported that lengthy CFs can cause clumping and adversely affect
the cement composites [28,29]. For these reasons, the length of the CF in the pre-
sent study is estimated to be 3, 5, and 10 mm. The cement and silica fume were sep-
arately classified in the present study (Tables 1 and 2), and all weight fractions were
based on cement.

Fig. 1(a) shows a schematic representation of the mixing procedure of the com-
posites used in the experimental study here. The materials listed in Fig. 1(a) were
incorporated into a mortar mixer (Heungjin, HJ-1150) and were mixed for 7-10
min [23]. Fig. 1(b) presents the notation method used for the specimens according
to the combination of the material parameters, where L and F correspondingly
denote the length and weight of the CF, W is the w/c ratio, and C means CNT. The
mix proportions of the specimens in the study are listed in Tables 1 and 2. After
mixing, the cement composites were fabricated by casting them into a mold 25
x 25 x 25 (unit: mm) in size, as shown in Fig. 1(c). The specimen size was deter-
mined in accordance with ASTM C 109 [32] and the relevant literature [23]. Copper
electrodes with a height of 20 mm and a width of 10 mm were inserted into each
specimen to measure the resistance. Each specimen was then sealed with wrapping
material to prevent water evaporation after the manufacturing process.

2.2. Testing methods

The macro-morphology of the CF morphology was observed by field emission
scanning electron microscopy (FE-SEM) (NOVA nanoSEM 450, FEI, USA) using Pt-
coated samples. It is noted that the SEM images can be obtained by detecting the
secondary electron signal on the surface of specimen, and a certain level of electri-
cal conductivity is required for the specimen. However, the inherent conductivity of
the cement is very low for SEM analysis, and thus the Pt coating was applied to the
surface of the cement material to analyze the SEM image at the appropriate resolu-
tion. The Raman spectra were obtained using a Renishaw invia Raman microscope
(514 laser lines). XPS (K-Alpha, source: Al Ko (1486.6 eV)) was adopted in order to
measure the surface composition of the nanotubes.

The composite specimens were analyzed to assess their electrical and viscosity
characteristics. The electrical resistances at different ages (3, 7, 14, and 28 days)
were measured using a two-probe method (FLUKE, True-rms Multimeter), and
the measured resistance was converted to the resistivity using the following
equation

A
p—rA (1)

where p and R denote the resistivity and the measured resistance, respectively, and L
and A correspondingly represent the distance (cm) between the copper electrodes
and the cross-sectional area (cm?) of the electrode embedded in the cement compos-
ite. The electrical conductivity of cement composite was measured by referring to
the ASTM standards [33,34] and previously published papers [15,23] related to con-
ductivity measurement of materials. The viscosity of the specimens was measured
using a Rheometer (TA instruments, Discovery Hybrid Rheometer-3). The uncured
fresh specimen after mixing was placed on a static basal plate and measured at a
temperature of 25 °C and a shear rate of 1-100/s.
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Table 1

Mix proportion of the specimen with variation lengths of CFs.
Specimen CF Length CF CNT Water Cement Silica fume Superplasticizer

(mm) (g) (g) (g) (g) (g) (8)

3L1F 3 1 3 220 1000 100 16
3L3F 3
3L6F 6
3L10F 10
5L1F 5 1
5L3F 3
5L6F 6
5L10F 10
10L1F 10 1
10L3F 3
10L6F 6
10L10F 10
3L1F-C 3 1
3L3F-C 3
3L6F-C 6
3L10F-C 10
5L1F-C 5 1
5L3F-C 3
5L6F-C 6
5L10F-C 10
10L1F-C 10 1
10L3F-C 3
10L6F-C 6
10L10F-C 10

Table 2

Mix proportion of the specimen with variation of the w/c ratio.
Specimen CF (g) Water (g) CNT (g) Cement (g) Silica fume (g) Superplasticizer (g)
3L1F0.20W 1 200 3 1000 100 16
3L1F0.22W 220
3L1F0.24W 240
3L1F0.26W 260
3L3F0.20W 3 200
3L3F0.22W 220
3L3F0.24W 240
3L3F0.26W 260
3L6F0.20W 6 200
3L6F0.22W 220
3L6F0.24W 240
3L6F0.26W 260
3L10F0.20W 10 200
3L10F0.22W 220
3L10F0.24W 240
3L10F0.26W 260
3L1F0.20W-C 1 200
3L1F0.22W-C 220
3L1F0.24W-C 240
3L1F0.26W-C 260
3L3F0.20W-C 3 200
3L3F0.22W-C 220
3L3F0.24W-C 240
3L3F0.26W-C 260
3L6F0.20W-C 6 200
3L6F0.22W-C 220
3L6F0.24W-C 240
3L6F0.26W-C 260
3L10F0.20W-C 10 200
3L10F0.22W-C 220
3L10F0.24W-C 240
3L10F0.26W-C 260

A SEM analysis (FEI, NOVA Nano SEM450) of the fracture surfaces in the cement
composites was conducted for the specimens after curing them for 28 days.
Through this analysis, we observed the distribution morphology and connectivity
of each type of filler in the composites at a magnification level of 8-200 k (500
nm-10 pm). A micro-CT (Bruker, SkyScan 1172) analysis was also carried out to

investigate the internal structure of the cement composites with different w/c
ratios (0.20, 0.22, 0.24, and 0.26). A cylindrical specimen (¢5 mm, length = 7 mm)
was separately prepared for this analysis, and the measurement condition was as
follows: an Al + Cu filter, voxel size of 4 K x 2 K/3.3 um, 100 kVp X-rays, and object
rotation angles of 360°.
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Fig. 1. (a) A schematic of the mixing procedure of MWCNT/CF-embedded cement composites, (b) specimen notation method according to the combination of the material
parameters, and (c) layout of the composite specimen with a copper electrode (unit: mm).

3. Results and discussion
3.1. CF characteristics

Fig. 2 presents the structure and spectroscopic characteristics of
the pitch-based CF utilized in the present study. SEM images of the
surface and cross-section of the CF are shown in Fig. 2(a). The fig-
ure shows a typical CF structure, in which the outer surface is
smooth (or clean), with no pores observable on the fracture sur-
faces. The diameter distribution of the CF is approximately 10-
20 pm. A result of spectroscopic analysis performed using Raman
spectra (4A=514nm) to confirm the structure and to search for
the defectiveness in CF was shown in Fig.2(b). The D-band
(defect-induced mode) shown at the defect structure of CF was
observed at 1300 cm™! and the G-band arising from the E,; mode
in graphite was confirmed at 1580 cm ™! [35,36]. The G-band with
a larger peak than the D-band indicates the typical CF structure
found in general isotropic pitch-based CF [37,38].

An XPS analysis was also carried out to ascertain the presence of
functional groups on the CF surface, and the results are shown in
Fig. 2(c). The characteristic peak of Cls near 284.48 eV can be
assigned to the sp®-bonded carbon atoms, while the broad peak
at 286.2 eV originates from the sp>-bonded carbon atoms (i.e., dan-

gling bonds) [39,40]. In addition, the peak intensity of —COOH, and
—C—0— at the binding energy of 288.5 and 286.2 eV indicate a
substantial introduction of oxygen-containing functional groups
on the outer surface of the CF. Also, Binding energy corresponding
to Ols at 531.5 eV and 533 eV, which are ascribed C=0 and C—OH
on the outer surface of the CF. It was confirmed that the carbon
content was 82.35% of the total; the oxygen content was 17.25%
and a small amount of nitrogen was found at 0.4% on the surface
of the CF. From these results, it can be concluded that the pitch-
based CF used in this study is a pure CF material.

3.2. Electrical characteristics of composites

Figs. 3 and 4 present the electrical resistivity of the cement
composites according to the length of the CF and the w/c ratio,
respectively. For the specimen containing only CF, the resistivity
exceeded 10° Q.cm regardless of the length of the CF (Fig. 3(a)).
It was reported in previous studies that the electrical resistivity
of cement composites with CFs was lower than 500 Q-.cm when
the amount of the CF exceeded a percolation threshold (>1.5 wt
%) [13]. The percolation threshold indicates that the electrically
conductive fillers contained in a composite are continuously con-
nected, leading to a significant reduction in the electrical resistivity
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Fig. 2. Analysis results of the pitch-based CF used in the experiment: (a) SEM, (b), Raman spectroscopy, and (c) XPS analyses.
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Fig. 3. Electrical resistivity outcomes of cement composites according to the
variation length of the CF for specimens containing (a) CF and (b) MWCNT and CF.

of the composite [41,42]. Hence, an increase in the CF content did
not clearly contribute to the reduction of the electrical resistivity of
the composites in the present study because the CF contents added
to the composites did not reach the percolation threshold value. In
contrast, when MWCNTs were incorporated into the specimen
together with CFs, it was confirmed from Fig. 3(b) that the resistiv-
ity was significantly reduced compared to that of the specimen
using only CFs. Furthermore, the resistivity tends to decrease as
the incorporated amount of CF increases. The effect of the CF length
on the resistivity of the composites, however, did not show a clear
trend, even for the specimens containing both MWCNT and CF
(See, Fig. 3(a) and (b)).

Fig. 4 shows the electrical resistivity of the specimens with
varying w/c ratios according to the curing age. It is well known that
the electrical resistivity of cement composites containing conduc-
tive fillers is determined by the homogeneity of the filler network
and the presence of an electrolytic pore solution [43]. According to
the references [15,44], when the electrically conductive pathways
in cement composites with electrically conductive fillers are not
homogenous, the electrical resistivity of the composites can be
fluctuated by the electrolytic pore solution. The pore solution in
the 3L1F-C specimen possibly caused polarization and depolariza-
tion effects, thereby fluctuating the electrical resistivity.

For the specimens containing only CFs, it can be observed in
Fig. 4(a) and (b) that the resistivity of the cement composites
increased over time. This phenomenon likely stems from the effect
of the electrolytic pore solution on the electrical resistivity of the
composites, which increases when the electrically conductive
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Fig. 4. Electrical resistivity outcomes of composites with w/c ratios of: (a) 0.20, (b) 0.22, (c) 0.24, and (d) 0.26.

pathways consisting of only CFs are not homogenous. The conduc-
tive network, consisting of CFs and the pore solutions, becomes
more discontinuous as the electrolytic pore solution evaporates,
leading to an increase in the electrical resistivity of the composites
(Fig. 5(a)) [12]. Meanwhile, for the specimens with a w/c ratio of
more than 0.24, the resistivity tends to increase sharply from 14
to 28 days. This occurs due to the presence of a sufficient amount
of electrolytic pore solution in the composite to form a conductive
network for up to 14 days. However, after 14 days, the electrolytic
pore solution constituting the conductive network becomes mostly
evaporated, causing damage to the conductive pathways in the
composites. Consequently, a rapid increase in the electrical resis-
tivity of the composites occurs.

For the composites containing both MWCNT and CF, an increase
in the w/c ratio did not clearly affect the electrical resistivity, indi-
cating that the electrical resistivity of the composites was less
affected by the electrolytic pore solution because a homogeneous
conductive network consisting of MWCNTs and CFs had already

formed in the matrix. However, the influence of pore were also
considered to be an important issue, and should be studied further
in the future. It is also shown in Fig. 4(a-d) that the resistivity of
the composites mixed with MWCNT and CF tended to decrease
with the curing age. It was reported in previous studies that a
growth of hydrates induced by hydration reaction may redistribute
the fillers in the matrix of electrically conductive cement compos-
ites, which in turn reduces the electrical resistivity of the compos-
ites [45]. That is, this outcome is attributable to the formation of
hydration products during the curing process, which lead to the
redistribution of the conductive fillers (Fig. 5(b)) [45].

The synergistic effects of MWCNT and CF in the cement matrix
can be explained by the experimental data illustrated in Fig. 4. The
first synergistic effect was that the decrease in the resistivity of
MW(CNT-incorporated composites was more pronounced as the
content of CF increased. Regardless of the w/c ratio, there was a
more positive response when CF and MWCNT were used together
than with MWCNT alone in all cases. Experimental evidences with



490 H.M. Park et al./Construction and Building Materials 165 (2018) 484-493

Cement composites with CFs

... o Connected point
% by electrolytic
pore solution

solution
E—

The electrically conductive
pathways in the matrix consist
of the CFs and ionic charge
carriers in electrolytic pore
solution.

(a)

—)

Directly A
connected
point > X\ . | Hardening
....... A
7 Electrolytic pore

Voids
(evaporated
electrolytic
pore solution)

Part of electrolytic pore
solution is evaporated as the
hardening process of the
composites is progressed; thus
the conductive pathways are
partially damaged.

Cement composites with MWCNT and CFs

The electrically conductive
pathways mainly consist of
MWCNT and CFs due to the
bridging effect among them.

(b)

I—

Hardening

e, Reduced
TN evaporation effect

~ - Redistribution
| of conductivity
fillers

The evaporation of the pore
solution affects the resistivity
of the composites less, while
redistribution of the fillers is
induced by the hydration
reaction.

Fig. 5. Schematic descriptions of the variation of the electrical resistivity for cement composites (a) with CFs and (b) with MWCNT and CFs.

similar mechanisms have been published, and a more detailed
description can be found in [22,23]. Herein, a direct comparison
of the MWCNT/CF-incorporated composites with the composites
containing only MWCNTs is not included since they are sufficiently
comparable through the papers published previously
[15,22,23,27,46]. With the same amount of MWCNT, it is obvious
that the case where MWCNT and CF are mixed together into the
composites is superior to the case where only MWCNT is used [22].

3.3. Synergetic effects between MWCNTs and CFs

Fig. 6 shows the viscosity results of the cement composites with
MWCNTSs and CFs. The test results show that the viscosity of the
composites decreased with an increase the w/c ratio. Specifically,
when the w/c ratio was 0.22, the viscosity is significantly reduced
compared to that of the composite with a w/c ratio of 0.20. Nam

et al. [47] reported that as the w/c ratio increases, the connectivity
of MWCNT in the matrix deteriorates significantly, which in turn
simultaneously increases the flowability and the electrical resistiv-
ity of the composites. Based on the literature, it is presumable that
an increase in the w/c ratio increased the distance among the
MW(CNTs, thereby leading to a decrease in the viscosity of the mix-
ture [24]. In contrast, interlocking of the MWCNT particles in the
composite occurred when the w/c ratio was lower than 0.22, lead-
ing to an increase in the viscosity. Meanwhile, it was reported that
the rheological properties of cement materials with CFs were sig-
nificantly affected when the content of CFs exceeded 1.0 wt%
[48]. The content of CFs in this test was 0.1 wt%, indicating that
the viscosity of the composites here is likely affected mainly by
the MWCNT content. The second evidence of synergistic effect is
that the resistivity of composites was maintained even with
increasing w/c ratio. As the result, the change of resistivity was



H.M. Park et al./Construction and Building Materials 165 (2018) 484-493 491

20000
—e—w/c=0.20
16000 —=—w/c=0.22
» —+—w/c=0.24
© =
& 12000 ——w/c=0.26
2
8 8000
(3]
2
S
4000
0 & & * 3
1 10 100

Shear rate (1/s)

Fig. 6. Viscosity results of the MWCNT and CF-embedded cement composites with
0.3 wt% of MWCNT and 0.1 wt% of CF.

minimized even though the viscosity decreased by 80.4% compared
with the normal specimen as shown in Fig. 6.

Fig. 7 shows SEM images of the composite with MWCNT and CF.
Fig. 7(a) illustrates that the conductive network was well con-
structed with MWCNT particles when the w/c ratio was 0.20;
whereas the MWCNTs were more agglomerated when the w/c
ratio used was 0.26 (Fig. 7(b)). In previous studies, it was observed
that an increase in the w/c ratio increased the micro-sized pores
that can act as a site in which the CNT agglomerates settle down
[27]. Meanwhile, it can be observed in Fig. 7(b) that the CF con-
nected the MWCNT agglomerates, consequently helping to main-
tain the homogeneity of the conductive network in the matrix. In

Carbon fiier

(b)

summary, although the connectivity between the MWCNT parti-
cles was reduced by increasing the w/c ratio, the incorporation of
CFs into the MWCNT-embedded cement composite caused a bridg-
ing effect between the MWCNTSs and the CFs, thus improving the
homogeneity of the conductive network in the composites. By con-
sidering the scale difference between MWCNT (lywent = 30-45
pm) and CF (Icp = 3-10 mm), the agglomerated MWCNT particles
in the cement can be bridged by CF penetration, and the related
mechanisms were represented in Fig. 7.

Fig. 8 shows the results of micro-CT analyses of cement com-
posites with various w/c ratios. Due to the limitations of the equip-
ment available for use, we could observe the internal structures of
the specimens only on the microscale. It is thus difficult to analyze
the effect of CNT incorporation into the cement composites. How-
ever, the difference in the internal structure with respect to w/c
ratio, which was the object under analysis, could be observed, as
shown in Fig. 8(a-d). It was found that black spots, considered to
be voids, occur at a higher frequency in the composite as the w/c
ratio increases. These pores increase as the w/c ratio increases
due to the correlation between the moisture and the electrolytic
pore solution, as shown in Fig. 5. Fig. 8(e) shows the volume frac-
tion of void in the specimens with respect to w/c ratio measured
by micro-CT. It is observed that the amount of void increases lin-
early as the w/c ratio increases. Internal voids are expected to have
a negative effect on the electrical resistivity of these composites;
however, the incorporation of CF serves to prevent this phe-
nomenon. This is in accordance with the mechanism of the mate-
rial described above.

Through previous studies [15,22,23,27,46], it have found that
MW(CNT-incorporated cement composites are very sensitive to

Fig. 7. SEM images of specimen: (a) conductivity network of the CNT/CF- embedded cement composite with a w/c ratio of 0.20 (3L1F0.20W-C) and (b) connections between

CF and CNT particles within the specimen with a w/c ratio of 0.26 (3L1F0.26W-C).
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w/c ratios, and increasing the w/c ratio deteriorate the resistivity of
cement composites significantly. It should be noted that various
cement composites incorporating CF and CNT were fabricated
and evaluated in the present study, and meaningful values of elec-
trical resistivity was confirmed at a relatively low viscosity.

4. Conclusions

This paper presents an experimental study of cement compos-
ites containing MWCNT and CF in an effort to resolve various
obstacles of the conductive construction materials. With the addi-
tion of pitch-based CF, the utilization amount of MWCNT could be
reduced, which promoted better viscosity and greater economic
efficiency. In order to clarify the mechanism proposed in this study,

0.24 0.26
w/c ratio (wt.%)

(e)

Fig. 8. Micro-CT analysis results of the cement composites with different w/c ratios: (a) 0.20, (b) 0.22, (c) 0.24, (d) 0.26, and (e) measured porosity values.

SEM and micro-CT analyses of cement composites were carried
out. It was observed that the incorporation of CFs into MWCNT-
embedded cement composites causes the CFs to bridge the CNT
particles, thus maintaining the homogeneity of the conductive net-
work in the composites.

There are various economical and functional fillers have
recently been developed in the field of materials science, and the
synergistic effects induced by the combinations of fillers should
be studied. However, this is too broad to be covered in the present
study and will present a new study for the future. In addition, the
focus of this study is on the improvement of the electrical conduc-
tivity of cement paste level, and it is the previous stage of concrete
which aggregate is mixed. The addition of coarse aggregates that is
non-conductive materials can significantly deteriorate the
connectivity between the electrically conductive fillers, thereby
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increasing the electrical resistivity of the cement composites. This
is attributed that the aggregates can act as an insulation gap in the
cementitious composites. Thus, it is beyond the scope of the pre-
sent paper; however we plan to extend our work along this direc-
tion in the near future.
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